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Preface

A one-part or Just Add Water (JAW) geopolymer system is an
environmental- and user-friendly alternative to Ordinary Portland
Cement (OPC) and conventional geopolymers. It helps with producing
lower CO2 emissions avoiding OPC processing and eliminating the need
for unnecessary liquid transportation for conventional geopolymers. A
one-part geopolymer is ideal for large-scale deployment of geopolymers
in well-cementing applications. It can help with quality control processes
and reduce the need for extensive end-user knowledge of the chemistry
involved.

Accordingly, this study is to design a successful one-part naturally
occurring  (i.e., unprocessed nor pre-processed) granite-based
geopolymer formulation. It aims to understand all possible impacts on
the performance of these geopolymers of the utilized components
including precursors, activators, water content and chemical admixtures.
It is also to take into account petroleum engineering standards.

This research is part of the SafeRock Project which is in collaboration
between the University of Stavanger and operator and service
companies. Additionally, it is done with a tight collaboration with
academic institutes including Delft University of Technology (TU Delft,
Netherlands), Universidade Federal do Rio de Janeiro (UFRJ, Brazil)
and University of Oklahoma (OU, United States).

The outcomes of this thesis have been published in seven scientific
articles: four journal papers, two peer-reviewed conferences, one SPE
conference, and a filed patent application in Norway and a PCT
application in Europe. This section is composed of a brief description of
the published articles and their scientific findings. The outcomes of this
research can be summarized as the following:



Paper I shows the normalization of a Norwegian grounded granite in the
solid phase by slag, microsilica, potassium silicates and alkali-metal
hydroxides. It illustrates the synthesis of a one-part granite-based
geopolymer for well-cementing applications (JAW). It reveals the
chemical composition of granite needs normalization. Fluid-state
properties at 50 °C and solid-state properties at 70 °C are investigated.
These investigations include pumpability, strength development,
mineralogy, and morphology.

Papers Il and 11l present monitoring and screening of the modified JAW
mixes after the utilisation of various chemical admixtures to improve the
early-age strength development at 70 °C of bottom-hole static
temperature. Mechanical, chemical and mineralogical properties of the
one-part geopolymers are investigated.

Papers IV and V study the influence of different superplasticizers on the
rheology of these granite-based geopolymers at 20 and 50 °C of bottom-
hole circulating temperatures.

Papers VI and VII illustrate various early-age characteristics of the
screened and developed samples including their chemical, physical,
mechanical, mineralogical, and morphological properties at 20 and 50 °C
at bottom-hole circulating temperatures. Additionally, Paper VII further
investigates and characterizes the aged JAW properties at 20 and 50 °C
at bottom-hole circulating temperatures for up to two months of curing.

Appendix 10 is a filed patent in Norway and Europe titled ONE-PART
GEOPOLYMER COMPOSITION - ref. P31562NO — June 2022.

Vi
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Introduction

1. Introduction

This chapter offers the essential background for this research,
encompassing the objectives of well cementing, and presenting key
aspects of both conventional and one-part geopolymers.

1.1 Background of this research

1.1.1 Well Cementing

In the context of oil and gas exploration and production, the successful
planning and construction of wells are of utmost importance. These
wells must be able to address a range of challenges, including drilling
fluid-related issues, maintaining wellbore stability, optimizing
operational parameters, and particularly, ensuring effective well
cementing. Nowadays, annular cement and cement plug have new and
diverse challenges, leading to significant increases in the number of
reported well integrity issues rooted in the failure of cement and/or
cementing operations [1-5].

Most of the related literature focuses on potential problems and
challenges that must be overcome to ensure proper zonal isolation. These
challenges of well cementing include but are not limited to highly
deviated wells, deepwater offshore applications, high-pressure high-
temperature (HPHT) wells, dealing with annular pressure build-up, as
well as cement contamination and shrinkage at downhole conditions [6-
11].

Oil well cement is usually used as an annular barrier or as a plug for slot-
recovery or abandonment purposes, see Figure 1. In the context of well
cementing, the successful placement of barrier material is mainly a
function of downhole conditions and operational parameters. After the
successful placement of cement, the hardened cement sheath serves as a
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physical barrier. Ensuring the long-term integrity of the cement sheath
at downhole conditions is a must.

17 I\

Annular cement

Cement plug

Cement plug

Plug & Abandonment

Figure 1: Well barriers inside the wellbore [11].

Regardless of the intended purpose of the well, whether for geo-energy
extraction (e.g., oil and gas, geothermal), or carbon capture, utilization,
and storage (CCUS), ensuring optimal production or injection hinges on
maintaining the well integrity [4, 11].

NORSOK-D-010 [12] defines the term “well integrity” as the technical,
operational, and organizational activities undertaken to consolidate all
components of the well, and thereby minimize the likelihood of
uncontrolled fluid flow from/to formation during the well's lifecycle.
Zonal isolation materials are exposed to harsh downhole conditions.
These barrier materials should be properly designed and selected to



Introduction

withstand chemical, thermal, and mechanical stresses. Additionally,
other operational factors including pressure and temperature variation,
corrosive agents, erosion, and fatigue, must also be considered during
the design and selection of such materials. Various issues can affect the
well integrity throughout the lifecycle of a well during various phases,
including well construction, production, intervention, and post-
abandonment stages [11-13].

NORSOK-D-010 [12] specified the well cementing material to have
different functions including but not limited to providing zonal isolation
by preventing formation fluid migration among wellbore strata,
protecting and sealing casing from corrosion, and mechanically
supporting the wellbore structure in place. In addition, well placement of
cement is important to avoid any migrations or contaminations to the
surface aquifer by any produced hydrocarbons or other hazardous fluids.
Thus, it should also hinder any further environmental issues [11-13].

The American Petroleum Institute (API) established standards to
evaluate the effectiveness of cement and various additives for well
cementing applications. Many additives were investigated and are
available to enhance and regulate the performance of well cementing
materials such as Ordinary Portland Cement (OPC). This trend evolves
to reduce the risk of cement sheath failures [14-16]. These well
cementing materials should successfully fill the annular gap between the
casing and formation, and/or the space between two different casing
strings, as shown in Figure 1. After its well placement, cement should
solidify and seal off the annular space [14-16].

OPC has been the prime material used for zonal isolation and well
abandonment in the oil and gas industry for more than a century. This
wide utilization of OPC is primarily due to its global manufacturing
infrastructure, locally available raw materials, established chemistry and
reliability, and cost-effectiveness known as viability [10, 17-18].
Despite the well-developed knowledge of OPC chemistry, many studies
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reported technical limitations in its short- and long-term properties
including cement shrinkage, gas influx (i.e., permeable), durability
issues with aging, and instability at high temperatures and in a corrosive
downhole environment [19-20], especially under the harsh conditions of
oil and gas wells [10, 21].

1.1.2 CO2 Emission from OPC Production

The primary environmental limitation associated with the utilization of
Ordinary Portland Cement (OPC) lies in its production process, which
contributes significantly to global carbon dioxide (CO2) emissions. This
can be attributed to factors such as the decomposition of carbonates and
high consumption of fossil fuels, accounting for up to 8% of CO:
emissions [22]. Thus, the use of any other supplementary cementitious
materials is important to avoid or minimize the CO> emissions from the
process. These challenges and limitations serve as strong motivation for
the development of new cementitious materials that have lower, or net-
zero carbon footprints. Such materials are crucial to meet global targets
for reducing carbon dioxide emissions [23-24].

Fantilli et al. [25] highlighted that the carbon footprint of the cement
industry is expected to get even higher due to the rapid increase in global
demand. However, they did not include the efforts made by the cement
industry to decarbonize the process. Of these one may refer to a blend
of pozzolanic materials, re-cycling of concrete elements, energy
efficiency improvements, etc. Despite these efforts, there is a pressing
on the cement industry for a green shift, aiming to reduce carbon dioxide
emissions through the adaption of environmentally friendly alternatives
to Portland cement. Hence, various ongoing research projects are
focusing on developing novel cementing materials that address the
potential shortcomings of traditional well cement operations in the Oil
and Gas industry [3-5]. One of these alternative materials proposed to
replace oilwell cement is geopolymers [26].
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1.1.3 Conventional Geopolymers

The difference between geopolymers and alkali-activated materials and
their categorization is disputable, and they have been discussed in
different scientific articles [27-30]. Considering two-part alkali-
activated materials (AAM) or geopolymers, they have been found to
have outstanding chemo-physical properties that can outperform at
downhole conditions while having significantly lower CO2 emissions per
ton of produced material (70-80%) when compared to API class G
oilwell cement [31-32]. Hence, research is needed to tailor the utilization
of geopolymers and to fully understand the principles that govern their
chemistry [27, 33].

The use of AAM technology can provide a broader range of
environmentally friendly cementitious products and decrease CO>
emissions without competing with OPC on a global scale. Despite
fulfilling the required rheological and pumpability characteristics and
possessing excellent mechanical properties, they are not utilized in the
oil and gas industry in comparison to OPC [1-5]. This limited adoption
could be attributed to various factors but not limited to the uncontrolled
thickening time, unknown long-term properties, and a lack of large-scale
results in real-life downhole conditions [34-35].

Alkali-activated materials including conventional geopolymers are
formed by mixing raw materials, or so-called precursors, with activators,
in a highly alkaline medium. The activators are high pH solutions, which
are typically alkali metal hydroxide solutions, either alone or in
combination with alkali metal silicates. However, the precursors can be
naturally amorphous minerals, fuel ashes, and/or in combination with
industrial wastes, demolition wastes, and red mud waste [36].

Geopolymer precursors can also be derived from processed naturally
occurring sources such as aplite, norite, and granite to produce rock-
based geopolymer mixes [37-40]. Eventually, they are combined with
industrial by-products such as Ground Granulated Blast Furnace Slag
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(GGBFS). The practical application of geopolymers has been proposed
as early as 2008 for well-cementing applications, with reports of
laboratory and yard tests [41-42].

1.1.4 One-part Geopolymers

In the context of oil and gas applications, logistical and environmental
challenges besides health and safety concerns associated with the
transportation and handling of highly reactive alkaline solutions for
activating conventional two-part geopolymers can present obstacles to
their field implementation. Hence, transportation of the liquid activator
phase in large quantities can lead to additional carbon dioxide emissions
when compared to using a single-phase geopolymer powder system, i.e.,
one-part geopolymers [43]. These limitations and concerns highlight the
importance of developing one-part geopolymers as a critical strategy for
their use in oilwell cementing operations, which would promote their
commercialization [44-45].

A one-part geopolymer product would be the user-friendly alternative
while having lower CO> emission and eliminating the need for
unnecessary transportation of the liquid activator used in conventional
geopolymers [43]. A one-part process is ideal for the large-scale
deployment of geopolymers. To better understand the progress done in
the field of one-part geopolymers and alkali-activated materials, research
has been done on relevant publicly available scientific documents. Table
1 presents previously published papers revealing the development of the
one-part geopolymers and alkali-activated materials (AAM).
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Table 1: List of relevant publications considering JAW geopolymers and alkali-activated

Authors

Wan-En et al.
[43]

Hajimohammadi
et al. [46]

Ma et al. [47]

Ke et al. [48]

materials.

Precursors & Significant Outputs
A high calcium content (Class C) fly ash was
activated by mixing anhydrous solid sodium
silicates, sodium hydroxide and sodium carbonate, at
different water contents.
The utilization of Na,SiOs; and Na,CO3 without
NaOH gave the optimum performance with better
fluidity, longer setting time and highest compressive
strength due to the incorporation of Na,COs; that
reduced water demand.
A geothermal silica as a Si-rich source was utilized
as a reactive precursor after being purified and
milled. It was activated by various concentrations of
solid sodium aluminate and water-to-solid ratios.
Crystalline products of the geopolymer system were
increased by lowering the water content.
Geopolymerization reaction can be hindered by the
aluminum content in the system though the sorption
of aluminum onto the silica surface and then slow
down its dissolution.
An ultra-fine fly ash sinking beads (FASB) mixed
GGBFS were activated by hydrous and anhydrous
sodium silicates.
The activation by anhydrous sodium silicate gave the
best performance with having the highest
compressive strength and the lowest porosity if it is
compared with the hydrous ones.
The hydrous activator showed longer acceleration
period and lower heat release rate than the anhydrous
activated geopolymer.
It also resulted in the presence of micro-cracks which
was identified as an additional shortcoming for the
hydrous activated geopolymers.
An alkali-thermal activation development for an
aluminium- and calcium-rich red mud based one-part
system was examined.
Na-rich aluminosilicate salts provided enough alkalis
during their dissolution, and then enhanced the
reactivity.
Shortcomings due to the excess of alkalis in the
system that resulted in limited strength development
and efflorescence were identified.
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Hajimohammadi
& van Deventer
[49]

Hajimohammadi
et al. [50]

Luukkonen et.
al. [100]

A low calcium content (Class F) fly ash was
activated by solid sodium silicates and sodium
hydroxide at various concentrations and different
water contents.

The dense microstructure of the one-part
geopolymers was a result of having a high Si/Al ratio
in the binder design.

To achieve optimal mechanical performance, the
geopolymer design needed to have low water content
and high participation of Si in the final geopolymer
gel.

A reactive geothermal silica precursor was milled
and then activated by solid sodium aluminate. The
mix was seeded with various types of oxide
nanoparticles.

Unlike the unseeded mix design, the seeded one-part
geopolymer mix with nanoparticles of zinc oxide
showed an improvement in mechanical properties,
particularly during the early-age performance.

This process enhanced the dissolution of silica and
controlled the silica release rates in the initially
aluminum-rich reaction mixture. It also enhanced the
nucleation stage of the geopolymer though hindering
the sorption of aluminum on the silica surface.

A review paper on different formulations of one-part
alkali-activated materials.

It shows the development of one-part AAM may
have greater potential than the conventional two-part
AAM, especially in cast-in-situ applications.

It presents various recent studies and results of these
AAM with different types of precursors, solid
activators, chemical admixtures.

It also illustrates their effects on mechanical,
chemical, and physical properties, besides their
environmental impacts.
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Motivated by that, this research is to design a new viable and sustainable
one-part granite-based geopolymer. It focuses on thoroughly evaluating
the early age and long-term properties of these designed mixes.

Moreover, this study includes but not limited to investigating the
geopolymerization process under downhole conditions. It is studying
each stage of the geopolymerization process starting from the
characterization ~ of  dissolution,  reorganization, and then
polycondensation processes, integrating them with a wide range of
physical and chemical characterizations. Additionally, this study is to
take into account downhole operational conditions and petroleum
engineering standards.
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2. Objectives and Scope of the Research

The main objective of this research is to synthesize and develop a
sustainable one-part granite-based geopolymer to eliminate concerns
associated with the liquid hardener used in conventional two-part
geopolymers. This is done either with a hybrid activator or completely
a solid phase activator. This activator should be blended with naturally
occurring solid powder of granite as a precursor, i.e., non-processed
granite powder. It may help with enabling a successful synthesis and
design of a one-part geopolymer formulation. Accordingly, this one-part
geopolymer design will be examined and investigated for oilwell
cementing applications.

2.1 Strategy and Outline of this Research

This doctoral project implements systematic and scientific
methodologies that imply various possible screenings and solutions
including the following steps:

1. Normalization of a Norwegian grounded granite in solid phase
by slag, microsilica, potassium silicates and alkali-metal
hydroxides, all in powder form.

2. Monitoring and screening the modified mixes.

3. Analysing various early-age characteristics of the screened
samples  including  chemical,  physical,  mechanical,
mineralogical, and morphological properties.

4. Afterwards, properties of the aged geopolymers are characterized
as well as the role of contributing parameters.

11
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Normalization of Granite and Synthesis of the JAW Paste

Paper I |

1 r

N/

Screening and Developing JAW

Paper 11 Paper 11 | Paper IV Paper V |

1 L

N/

Characterization of the JAW System - Short-term

Paper VI | Paper VII |
N
Durability and Aging of JAW
Paper VII

Figure 2: Steps of the research plan.
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Figure 3: Infographic showing examined properties of the granite-based JAW system.
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3. Geopolymerization State-of-the-Art

This chapter presents the current state-of-the-art for the complexity of
geopolymer  systems including Just Add Water (JAW)
geopolymerization reactions. Moreover, the chemical characteristics of
geopolymers are introduced, including their dissolution process,
geopolymerization reaction Kkinetics and the expected geopolymer
products.

3.1 Geopolymerization Reaction

In 1975, Joseph Davidovits introduced the concept of geopolymers and
coined the term “geopolymer”. He presented them as materials that are
characterized by being formed in long repeating chains of tetrahedral
Al,SiOs polymer-like structure. Various types of alkali-activators” and
hardeners have been reported and studied in literature to solidify the raw
materials, i.e., geopolymeric precursors. The activators provide the
highly alkaline medium needed to initiate the dissolution of precursors,
while hardeners bind precursors [51-54].

The dissolution of these complex mineralogical structures can lead to the
formation of various 3-D aluminosilicate structures through
transportation, nucleation, and polycondensation [51-54]. Pacheco-
Torgal et al. [55] investigated the geopolymerization reaction and
presented it as a dissolution of the precursors in the alkaline solution at
high pH, followed by the transport and reorganization of silica and
alumina tetrahedra, condensation in dimers and oligomers, and then
polymerization of the aluminosilicate network as shown in Figure 4.

* From a scientific point of view, the reader should differentiate between hardener and
activator.
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Figure 4: Geopolymerization process steps: a) geopolymer precursor, b) dissolution and
formation of monomers and dimers, c) reorganization and condensation, and d)
geopolymerization. (Paper VII)

Polymerization of aluminosilicates requires free tetrahedral SiO7 and
AlO s ions. These free tetrahedral ions bond in units through oxygen
atoms and then form repetitive chains such as poly-sialates, poly-sialate-
siloxo, and/or poly-sialate-disiloxo structures. Komnitsas [56] defined
the geopolymerization reactions as the following:

(Si205.Al,02)n + H20 + OH™ — Si(OH)4 + AI(OH)* (1)
]

Si(OH)s + AI(OH)* — _s|1 —0- ‘}1 —0- |n+4H0 @)
0 0

The products of this reaction are water and solidified aluminosilicate
matters.
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3.1.1 Dissolution of Geopolymers

In the case of one-part geopolymer systems (i.e., Just Add Water; JAW
geopolymers), the presence of water (as the only liquid phase) and
having the right water-to-binder ratio are essential for having the
optimum geopolymer formulation and properties. Water content is very
crucial parameter to initiate the dissolution of the solid activator to
provide the required alkaline medium for the geopolymerization reaction
[46, 57]. Hajimohammadi & van Deventer [49] investigated the kinetics
of low calcium fly ash JAW geopolymer. They observed that the
dissolution of their precursor was increased with having higher alkalinity
from the solid activator. However, the dissolution was significantly
decreased with increasing the water to binder ratio (i.e., water content).

Although geopolymers are made of aluminosilicate elements where
silicon and aluminium make up the structural framework, alkali and
alkali earth metals such as calcium and magnesium are modifying
elements to this framework. The available studies of the pore solutions
and chemical kinetics of JAW alkali-activated materials are scarce and
even much fewer on rock-based geopolymer pastes. As shown in Figure
5, the dissolution process of aluminosilicate precursors is divided into
four steps [58-60].
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Figure 5: Schematic diagrams illustrate of the dissolution of aluminosilicate materials [60]

Metal/proton exchange reactions are initially started by dissolving the
alkali and alkali earth metals from the surface of the aluminosilicate
source. Then, aluminium-to-oxygen bonds start hydrolysis, followed by
breaking silicon-to-oxygen bonds. Finally, the aluminosilicate
framework keeps releasing more aluminium and silicon into the alkaline
solution and the tetrahedral aluminosilicate source is gradually dissolved
[60].

Oelkers & Gislason [61] studied the dissolution process of the
aluminosilicate precursors.  They found out that tetrahedrally
coordinated aluminium can dissolve much faster and easier than
tetrahedrally coordinated silicon. It is more difficult to break silicon-to-
oxygen bonds if they are compared with aluminium-to-oxygen bonds.
The hydrolysis of aluminium to oxygen bonds favours the dissolution of
the partially coordinated silicon where this partially coordinated silicon
dissolves much faster than the fully coordinated ones. Thus, the
dissolution of the framework of aluminosilicate materials starts with the
initial dissolution of a fraction of aluminium and then the dissolution of
silicon adjoins the dissolved aluminium. This is the reason that quartz
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(crystal form) is more robust when it comes to dissolution in an alkaline
medium compared to amorphous silica.

Others experimentally investigated the dissolution rate of
aluminosilicate as a function of aluminium content [62]. They showed
higher dissolution rates of the aluminosilicate precursors such as fly ash
and metakaolin, with higher aluminium content. In other words, the
dissolution of aluminosilicate materials within different alkaline
mediums indicates the preferential release of aluminium over silicon [62-
64].

The dissolved aluminium and silicon from the aluminosilicate
framework generate aluminate and silicate species through the
hydrolysis step. The hydrolysed silicon and aluminium can be present
in the forms of silicic acids [SIO(OH)s], [SiO2(OH)]? and Aluminate
ion [AI(OH)4]" in the pore solution [63-65]. While the ratio of
[SIO(OH)s] to [SiO2(OH)]? can be decreased by increasing the pH of
pore solution. Unlike the dissolution of OPC, the dissolution of
geopolymer pastes can produce hundred times higher free silicon and
alkali metals contents and ten times lower calcium content [66].

Swaddle [67] and Duxson et al. [68] studied the elements produced from
aluminosilicate materials in various alkaline solutions. These produced
elements existed in the form of aqueous species for using Si-NMR
(nuclear magnetic resonance) spectroscopy. Their studies revealed the
distribution of silicon in different forms of aqueous species with the
alkaline medium by showing that the silicon was incorporated into two
silicate species of monomeric and non-monomeric species. These
monomeric and non-monomeric species are dependent on the modulus
ratio of the alkaline medium. The higher the modulus ratio of the
alkaline medium (SiO2/M20, M= Na* or K*) the higher the number of
silicate centre coordinated (Qn). This leads to a lower percentage of the
total available silicon elements in the solution, and then more non-
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monomeric silicate species. NMR Qn, represents a silicate centre
coordinated to n other tetrahedral centres of silicon.

3.1.2 Kinetics of Geopolymerization

Isothermal calorimetry and differential scanning calorimeter are
common techniques used for investigating the reaction kinetics of alkali-
activated materials. The kinetics of OPC and high calcium content AAM
is either partially or entirely based on the hydration reaction while
geopolymers (i.e., low calcium AAM) are more chemically complex
materials that show several reaction stages with different reaction
mechanisms. So, the application of calcium-based cement (i.e., calcium
based cementitious materials) knowledge and its thermodynamics may
not be directly relevant.

Unlike conventional geopolymers, Just Add Water (JAW) geopolymers
activation process is slower since it is mainly dependant on adding water
first to the solid mixture. Afterwards, the system starts to move from
neutral to a higher alkaline medium. Accordingly, it is slowing down the
geopolymerization kinetics [48, 69-70]. Additionally, it is worth
noticing that the type and chemical composition of alkaline activators
and aluminosilicate sources have great impact on the reaction kinetics
[71-72].

Researchers studied the reaction kinetics of low calcium alkali-activated
fly ash and metakaolin by sodium silicate and sodium hydroxide
activators between 25 to 80°C [73-75]. These studies observed only one
peak on the calorimetric curve as an exothermic dissolution of the
precursor and the formation of reaction products proceeded concurrently,
see Figure 6. In addition, the effect of temperature on the reaction rate
was observable whereas the cumulative heat of the system is impacted.
It showed very small reaction rates of fly ash at low temperatures. While
after increasing the temperature, the calorimetric peak had a larger
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exothermic amplitude. This shows that the higher the temperature, the
higher the reaction rates of alkali-activated aluminosilicate sources.

e
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Figure 6: Initial exothermal peak on the calorimetric curve was observed as an exothermic
dissolution [73].

Other researchers studied the reaction kinetics of geopolymers made of
fly ash and slag in combination with different molar ratios of activators
and fly ash/slag mass ratio [69-70, 76]. They observed two exothermic
peaks in the heat flow, see Figure 7. The first calorimetric peak was right
after mixing and was more directed to the initial wetting and dissolution
of the solid activator and then aluminosilicate sources. The second peak
was observed after 6 to 24 hours and more directed the formation of

geopolymerization reaction products.

An induction period occurred

between the two peaks and lasted up to 10 hours [76].
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Figure 7: Two exothermic peaks in the heat flow were observed from fly ash and slag in
combination with different activator moduli and fly ash/slag mass ratio [76].
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Their calorimetric signs showed a clear effect of slag on the reaction
rates; the higher the slag content the faster and larger the two peaks'
amplitudes. Moreover, increasing the slag content results in higher heat
flow in the dissolution phase. While with lower slag content, the second
calorimetric peak was lowered, shifted, and delayed the formation of the
geopolymerization reaction products or gels. On the other hand, an
increase in the activator molar ratio led to a decrease in the two
calorimetric peaks' intensities. The lower the activator moduli, the more
intensive dissolution of the aluminosilicate sources and the faster and
more intensive the geopolymerization reactions [69-70, 72, 76].

3.1.3 Reaction Products of Geopolymers

Studies investigated the primary geopolymerization reaction products of
low calcium-content alkali-activated materials and JAW geopolymers
[46, 49, 70, 77-78]. Their primary reaction product is a three-
dimensional hydrous type of gel of alkali-aluminosilicate (denoted as M-
A-S-H, where M can be Na* or K*) gels’. Figure 8 presents a schematic
representation of M-A-S-H gels (where M=Na* is an example).

Figure 8: NASH gel structure [72].

T Note that gels are amorphous.

20



Geopolymerization State-of-the-Art

The three-dimensional structure M-A-S-H gels have tetrahedrally
coordinated silicon and aluminium which are linked by oxygen bonds.
The alkali cations of Na® and K" balance the tetrahedra aluminium
negative charge. Itis worth noticing that these gels depend on the curing
conditions, curing time and alkaline activator [79]. It should be
respected that gels are an indication of incomplete and/or ongoing
geopolymerization reaction [80].

Others studied the effect of curing time and curing conditions on the
reaction products of the low calcium-content alkali-activated materials.
Fernandez Jimenez et al. [81] examined the M-A-S-H gels formed from
an alkali-activated fly ash paste, which was cured at 85°C for 5 hours up
to 7 days. During the first 5 hours of curing, the tetrahedra silicon in the
M-A-S-H gels were attached by four tetrahedra aluminium. After 7 days
of curing, these tetrahedra silicon were attached by two or three
tetrahedra aluminium. It is also reported that the influence of increasing
the curing temperature leads to increasing the M-A-S-H gels degree of
crosslinking and long-range ordering [82-83].

Reaction products of hybrid geopolymers were also studied in the
literature. In the case of slag-based geopolymers in which the slag
content is > 50%, formed C-(M-)A-S-H gels as the main binding product
in addition to tracers of M-A-S-H gels. While in hybrid geopolymers
with lower than 50% slag content, (C-(M-)A-S-H) gels were found [70,
84-85]. Figure 9 shows a schematic representation of the C-(M-)A-S-H
gel structure (M=Na"* or K*).
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Figure 9: C(N)ASH gel structure [72].
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4. Materials

4.1 Granite-based Precursor

One of the most common and available rock types found on Earth is
Granite. It is an igneous rock and has wide differences in its
characteristics and mineralogy dependent on the surrounding conditions
and environment. Its main rock characteristic is mineral crystals and
contains a combination of quartz, feldspar, mica, hornblendes, albite
and/or pyroxene [86]. Different types of granite have been studied and
investigated in literature with different classification systems [87-91].

Commonly, granite can be found at which two continental plates have
collided. According to the tectonic movements, granite accessibility and
location can be easy to be revealed around the globe [86]. Granite in
some continents has high alkali feldspars while in other continents it has
a mix of alkali feldspars and plagioclase. Brazil, China, Canada, Italy,
India, Sweden, and Norway are some of the many large exporters of
granite globally [87-88].

In Norway and Sweden, granite can be found in the Sveconorwegian
orogenic belt. In the south of Norway, granite deposits are very large,
especially around the southern coast. Many types of granite can be found
in Norway such as Larvikite, Gneiss and Drammensgranitt. They are
composed of monzonite, migmatite, biotite, etc. Each granitic rock type
can be made up of various compositions and minerals including but not
limited to feldspar, quartz, plagioclase, etc [88, 92].

According to the Geological Survey of Norway, granite can be classified
as a massive structure and a rich aluminosilicate source [93]. On the
other hand, it is considered as a non-reactive material and highly rich in
crystalline minerals [92-94]. It has been used as an aggregate for cement
or as a sustainable concrete filler [95]. Due to its low reactivity, one may
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refer to applying some activation mechanisms for granite including
chemical, thermal, and/or mechanical processes.

This study focuses on synthesizing and developing granite-based
geopolymers whereas the base of the geopolymer system is granite. Due
to its chemical composition, a granite powder was normalized with
microsilica and slag to introduce amorphous content and cations to the
mixture. This normalization is to modify the chemical and amorphous
content of the precursor phase towards more favorable reactive
geopolymerization conditions using slag and microsilica. Hence, the
used precursors were ground granite (local granite from Sandnes,
Norway), a rock-based material and aluminosilicate-rich source; ground
granulated blast furnace slag (from Sweden), a calcium silicate material
rich in aluminium and magnesium; and microsilica (from Elkem
Norway) which is pure amorphous silica.

Microsilica (MS) was needed to balance the reactive Si/Al ratio in the
mixture. The used microsilica was a highly amorphous and reactive
silica with 95.5 wt.% purity. It was used to provide the early free silica
that can enhance geopolymeric systems by supporting their early
strength development and decreasing the permeability of the rock-based
geopolymers [5, 26]. The reason behind using microsilica for rock-based
geopolymers has been thoroughly studied by Khalifeh [26].

Ground granulated blast furnace slag (GGBFS) is an industrial by-
product from steel industry. It is characterized by containing large
amounts of amorphous silicates, alumina silicates, calcium and
sometimes magnesium oxides [96]. This by-product plays a huge role in
alkali-activated materials (AAM). In geopolymers, GGBFS is commonly
used as combined-, or stand-alone in the precursor phase. It is usually
utilized as a partial replacement for precursors like fly ash, rice husk ash
and red mud which have low calcium and magnesium content to improve
their geopolymeric performance [96-98].
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Accordingly, GGBFS is regarded as an early strength enhancer or what
iIs commonly known as a strength booster precursor for AAM and
geopolymers. It is amorphous and rich in calcium content that can
support the geopolymeric network though creating interconnected
hydrates [99-104]. GGBFS hydrates like C-S-H and C-A-S-H are gels
formed after the dissolution of GGBFS in water or alkaline medium.
These hydrates can act as primary binding products within the
geopolymeric system [99-104].

Unlike GGBFS, granite has a very low calcium content, i.e., granite is
rich in aluminosilicate and poor in calcium. To achieve the required
early-age well-cementing properties from the geopolymer, partial
replacement of the granite by GGBFS and microsilica is necessary. Both
are considered as composition normalizers to the total weight of the
granite-based precursor [105-106] and combinations of these and the
solid activator are labelled as the neat sample.

Table 2 presents the chemical composition of each precursor using XRF
analysis, Paper |. Table 3 shows their physical properties including the
specific gravity at 25°C using Ultrapyc 3000 Helium pycnometer from
Anton Paar, Paper I. Figure 10 illustrates their particle size distributions
(PSD) and specific surface areas (SSA) using a Malvern Mastersizer
3000 particle size analyzer with size limitations over 3000 microns and
with laser diffraction in water dispersion for granite and GGBFS while
in isopropanol dispersion for microsilica, Paper V1. Table 4 illustrate the
electrokinetic potential of the precursors using a Zetasizer Nano ZS
(Malvern) equipped with a laser source, Paper VII.
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Table 2: Chemical composition of the precursors. (Paper I)

Chemical composition Granite GGBFS Microsilica

(wt.%)

SiO2 73.44 35.78 95.50
Al2Os 13.33 12.72 0.70
Fe20s 2.06 0.18 0.30
MgO 0.44 12.77 0.50
CaO 1.12 33.74 0.40
Na20 3.12 0.55 0.40
K20 5.11 0.82 1.00
TiO2 0.23 2.23 0.00
MnO 0.04 0.58 0.00
LOI* 0.90 0.30 2.00

* Loss on ignition

Table 3: Physical properties of the components. (Paper I)

Physical properties SG dio dso doo SSA
(g/cm®)  (um) (Hm) (Hm) (m?kg)

Granite 2.63 3.52 21.1 131 631

GGBFS 2.90 2.79 15.9 46.6 944
Microsilica 2.29 0.19 0.34 0.60 19320

*SG: specific gravity; d10, d50, d90: particle size distribution percentiles; SSA: specific surface
area.

26



Materials

0.01 0.1 1 10 100 1000
;\o\ D B | L T —r—rrm 4
~ [ —— Granite cummulative
& 100 - - Granite PSD
bt F 43
S 80| -
° r S
2 60} 12 3
g ol 2
S 40 |
= | 41
]
O 20|
S 0l “ 0
=) .
~ I —— GGBFS cummulative . ]
& 100 - - — GGBFS PSD P q1°
2 | |
S 80 44 ~
£ 00 g
= 60 43 n
= | | n
= o
S 40 42
= | |
]
O 20 41
g 0 L 40
put [ — MS cummulative 412
& 100 _ — Mspsp -
5 L - 10
© 80 /\3
— | 48 S
2 60} a
N 16 2
2 40 - 14
]
O 20| 42
ol meb il el
0.01 10 100 1000
Particle Size (um)

Figure 10: Size distribution of precursors; granite and GGBFS in water dispersions while
microsilica in isopropanol dispersion. (Paper V1)

Table 4: Electrokinetic potential of the precursors. (Paper VII)

Material / Powder Particle Zeta Potential  Standard Deviation
Refractive Index (mV) of Zeta Potential
(mV)
Granite 1.59 -9.61 +1.74
GGBFS 1.52 -20.77 +3.00
Microsilica 1.46 -33.53 +0.33
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XRD patterns of the precursors are shown in Figure 11. Granite has a

very high crystalline content. Its
quantified in Table 5 and Pape
exhibit mainly amorphous profi
refinement was conducted for th
amount of akermanite and spinel
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mineralogy has been reinterpreted and
r VI. Since GGBFS and microsilica
les, compared to granite, no Rietveld
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that could be barely detected [106].
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Figure 11: XRD mineralogical characterization of the raw materials. (A) Albite, (Ak)
Akermanite, (B) Biotite, (Ch) Chlorite, (M) Microcline, (O) Oligoclase, (Q) Quartz and (Sp)

Spinel.
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Table 5: Granite's mineralogy obtained from Rietveld quantification. (Paper VI)

Minerals Granite
(Yowt/wt)

Feldspar 44.3
Quartz 30.4
Plagioclase 5.1
Muscovite 4.9
Biotite 3.5
Chlorite 11.8

Grand Total 100.0

The precursors” morphology and microstructure were examined prior to
mixing at ambient conditions using scanning electron microscopy
(SEM), see Figure 12 and Paper I. These characterizations and analyses
for the precursors show that granite has the largest particle size
distribution (PSD), the highest crystalline content, and more irregular
shapes than GGBFS and microsilica as shown in Figures 10-12,
respectively.
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Figure 12: SEM images of the precursors: a) granite at magnitude 1.0 K X, b) GGBFS at
magnitude 1.0 K X, ¢) microsilica at magnitude 16.0 K X. (Paper I)

4.2 Activators and Chemical Admixtures

The main utilized solid activator was potassium silicate (K2SiOz)
anhydrous powder with a molar ratio of 3.9. Potassium hydroxide
(KOH) pellets were used to lower the solid activator molar ratio between
2.0-2.4. These pellets were 99 wt.% pure KOH. The reason behind using
a potassium-based activator than a sodium-based one has been presented
by Khalifeh [26].

Furthermore, various chemical admixtures were investigated in this
study. These chemical admixtures were in solid powders used and added
separately to the geopolymer precursor directly to the dry blend, all in
solid phase. Each chemical admixture was used for its expected role and
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effect on the investigated granite-based geopolymer mixes.

Table 6

provides a list of the main utilized chemical admixtures and their
references. These admixtures are either partially or completely soluble
in water and/or in alkaline medium.

Table 6: List of the main chemical admixtures used in this study.

Chemical
Admixture

Potassium
Hydroxide

Sodium
Hydroxide

Calcium Oxide

Sodium
Aluminate
Calcium
Carbonate
Aluminum
Hydroxide

Zinc Oxide

Sodium Poly-
Naphthalene-
sulphonate
powder
Auxilchem
Naphthalene-
based powder
Di-Sodium
Tetraborate
Decarbonate

Sodium
Lignosulfonate

Chemical
Formula

KOH

NaOH

CaO

NaAlO»
CaCOs
AI(OH)s

ZnO

N/A
(commercial)

N/A
(NS 181,
commercial)

Na:B:O710H
20

N/A
(commercial)

State /
Purity

Pellet /
+99%

Pellet /
+99%

Powder /
+99%

Powder /
+99%
Powder /
+99%
Powder /
+99%
Powder /
+99%

Powder /
N/A

Powder /
N/A

Powder /
+99%

Powder /
N/A

31

Purpose

Accelerator

Accelerator

Accelerator

Accelerator
Accelerator
Accelerator

Accelerator

Superplasticizer

Superplasticizer

Superplasticizer

Superplasticizer

Function
Reference
Activator &
Accelerator
[28, 80, 100, 132]
Activator &
Accelerator
[28, 80, 100, 132]
Admixture &
Accelerator
[5, 80, 100, 132]
Activator
[46, 100]
Accelerator
[5, 80]
Reactive
precursor [107]
Admixture
[50, 100, 123]

Superplasticizer
[108, 109]

Superplasticizer
[108, 109]

Superplasticizer
[108, 110]

Retarder &
Superplasticizer
[100, 109, 110]
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5. Methodology

5.1 Formulations & Mix Design

In this research, the synthesized one-part granite-based system entails
mix design and mixing various parameters including but not limited to
the granite-based precursor, water content, chemical admixtures, curing
temperature and curing duration. Just Add Water (JAW) mix design was
prepared in a stepwise manner, considering several parameters. These
parameters included varying concentrations of GGBFS, ranging from 0
to 90 wt.%, different concentrations of microsilica, ranging from 0 to 5
wt.%, diverse concentrations of solid activator, ranging from 10 to 20
wt.%, various concentrations of chemical admixtures, ranging from 0 to
1.5 wt.% of the total solid phase, and different concentrations of
deionized water, ranging from 30 to 40 wt.% of the total weight of the
solid phase.

This research mainly focuses on the successfully synthesized mix
designs that could achieve a minimum compressive strength of 500 psi
(i.e., around 3 MPa) within the first 24 hours of curing. While the rest
were considered neither effective nor efficient throughout the early
screening phase. These other mixes could not develop sufficient strength
to set within 24 hours nor achieve the minimum requirements of the API
standards [14-16]. Therefore, they are not presented in this dissertation.

The successfully synthesized design is a granite-based mix that was
adjusted by incorporating GGBFS and microsilica to account for the
remaining weight of the precursor. Considering API standards [14-16],
the following selected mixes were considered promising neat and
developed JAW recipes for well-cementing applications. Table 7
presents the chemical composition of the investigated granite-based
precursors” mix. Table 8 shows the effectively formulated geopolymer
mix design investigated in this work.
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Table 7: Chemical composition of the selected granite-based precursors mix.

Chemical
composition SiO2 AlOs Fe:03 MgO CaO Na:O KO TiO2 LOI*
(wt.%)
Pre,f/l“i)rfor 566 125 11 62 165 18 29 12 06

* Loss on ignition.

Table 8: JAW geopolymer formulation investigated in this study.

Components Precursor Solid Activator Liquid

Composition . K2SiO3/ Water ,
(% bwop*) Granite GGBFS MS Tp* KOH/ TP TSPk
JAW**** 48.6 47.1 4.3 0.21 0.04 0.33

* By weight of precursor mixture (granite, GGBFS and MS).

** Ratios to the total precursor content (TP = Granite + GGBFS + MS).

*** By weight of the total mixture of all solid components (TSP = Precursors + Solid Activators).
****% JAW has the same precursor mixture for neat and modified mixes with chemical admixtures.

5.2 Slurry Preparation

In the first step, all dry phases were blended in a closed container by hand
shaking. Afterwards, the well-blended solid phase was introduced to a
certain amount of deionized water to prepare the slurries in accordance
with API RP 10B-2 [15]. The recommended practice includes using a
high-shear commercial lab blender for mixing cement slurries in 50
seconds. The solid phase was added to water during the first 15 seconds
at 4000 RPM and then the slurry was mixed for additional 35 seconds at
12000 RPM [15]. This procedure was followed to ensure a fixed amount
of mixing energy to be given to the slurry and to ensure the
reproducibility of the experiments.
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5.3 Analytical Methodologies

Various analytical methods were utilized in laboratory scale tests for
synthesizing and screening towards the desired JAW formulation which
could follow and fulfil the specifications specified in relevant API
standards [14-16]. The approach considers that first an acceptable neat
recipe must be synthesized. Hence, chemical admixture(s) could be
introduced to the neat mix design to modify the properties of interest.

Accordingly, series of properties were tested in accordance with
standards defined for well cements [14-16]. Oil and Gas industrial
standards and recommended practices were used to provide credibility
and comparable procedures related to geopolymers vs OPC products.
The testing strategy shown in Figure 13 was followed to characterize the
slurry.

Rheological Properties:

» Workability and Thickening Time
* Viscosity Profile

Water « Static fluid loss

Mechanical Properties:
¢ Uniaxial Compressive Strength | | ~ ©—=~======~= 1

Granite-based Preparation of * Sonic Sl.rcn.glh th\_‘dnp'"cm ! Chemical
1 M * Hydraulic Sealability

Precursor JAW , Admixtures

Structural Analyses: ——--
* X-ray Diffraction

* Scanning Image Microscopy

+ Fourier-transform Infrared Spectroscopy

Solid
Activator

Chemical and Physical Analyses:
* Density and pH

* Zeta Potential

* Inductively Coupled Plasma

* Isothermal Calorimetry

s
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Figure 13: The applied testing strategy for JAW design.
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5.4 Slurry Properties

5.4.1 Workability and Thickening Time

After the slurry preparation using an OFITE Model 20 Constant Speed
Blender, each geopolymer mix was conditioned in an atmospheric
consistometer. An atmospheric consistometer was used for conditioning
and estimating the thickening time for all mixes between 20 to 50°C
Bottom Hole Circulating Temperature (BHCT). This temperature range
was selected to simulate the conditions for BHCT that correspond to 25
to 70°C Bottom Hole Static Temperature (BHST). The ramp-up rate for
conditioning and thickening time measurements was selected to be
1°C/min and the conditioning duration was selected to be at 30 minutes
in total. This conditioning duration was selected to ensure equipment
safety.

The thickening time of the investigated slurries was measured from the
initial consistency point until reaching the consistency at 40 Bearden
units (Bc). The consistency profiles were tested to reach between 40-50
Bc. All the examined slurries of the JAW system set and harden rapidly,
typically within minutes, once they reach a consistency between 40-50
Bc. This range was selected to provide a comparable benchmark for all
mixes, to match the operational criteria and to ensure equipment safety.

5.4.2 Density and Rheology

Prior to density and viscosity measurements, all slurries were
conditioned. A pressurized mud balance was used to estimate slurry
density [15]. A viscosity-gel VG-meter was used to measure the
viscosity and evaluate the rheological behavior of the slurries including
the APl Gel-Strength measurements. This viscometer apparatus was
equipped with a cup and a heater to control the test temperature.
Following API procedures, rotational speeds of 5.1, 10.2, 51, 102, 170,
340, and 511 s were used in ascending (ramp up) and descending (ramp
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down) orders, and then average values were reported for each shear rate
[15].

5.4.3 Static Fluid Loss

After conditioning the slurries, an APl HPHT static fluid-loss test cell
was used to measure the fluid loss of the slurry at 6.9 MPa and 25°C [15].
The cell was equipped with a sieve, a mesh gird of 250 micros and a
hardened filter (to ensure clear filtrate for further analysis). All fluid loss
tests were running up to 30 minutes unless the blow-out was experienced
earlier. Afterwards, the produced fluids (i.e., filtrates; pore solutions)
were collected, sampled and then examined for pH and Inductively
Coupled Plasma Mass Spectroscopy (ICP-MS).

5.4.4 pH and Zeta Potential

pH and zeta potential of all mixes were measured after mixing the
components right prior to conditioning the slurries. A Mettler Toledo
pH meter equipped with an electrode, was used to measure the pH for
slurries and pore solutions. Zetasizer Nano ZS Malvern equipped with a
laser source of wavelength 633 nm at a scattered angle of 13° was used
to estimate the zeta potential of the mixes through Electrophoretic Light
Scattering (ELS) mode.

5.4.5 Inductively Coupled Plasma

The dissolution of each solid component and their mixes were analyzed
by inductively coupled plasma-mass-spectrometry (ICP-MS) at ambient
conditions. ICP MS tests were performed after mixing the components
in the alkaline medium. Additionally, the examined pore solution
samples of JAW mixes for ICP-MS tests were extracted after performing
the static fluid-loss test at 6.9 MPa and 25 °C.
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5.4.6 Differential Scanning Calorimeter

Due to the limited access to an isothermal calorimetry apparatus, a
Differential Scanning Calorimeter (DSC) was used instead at constant
temperature. DSC tests were performed to study the heat evolution of
JAW raw components and JAW mixes in the alkaline medium. The DSC
tests were conducted at 20-50°C (note the BHCT) for up to 180 minutes.

5.5 Mechanical and Micro-structural Properties

5.5.1 Uniaxial Compressive Strength (UCS)

Right after conditioning, all samples were cured at a controlled curing
temperature (i.e., in an oven) at 25 and 70 °C BHST. All specimens were
cured in closed or sealed cylindrical plastic molds to avoid any possible
water evaporations. Following APl 10B-2 [15], all cured specimens
were cured in cylindrical molds with a slenderness height-to-length ratio
of 2. JAW specimens were cured for 1 to 112 days interval. Uniaxial
compressive strength (UCS) tests were measured using an MTS
Criterion C45.105 Load frame mechanical tester and Toni Technik-H
mechanical tester at loading rates between 7-30 kN/min. The loading
rates were fixed and selected based on the curing duration and the
sensitivity of the mixes. Additionally, at least three specimens were
provided per each mix design at each curing duration and condition.

5.5.2 Sonic Strength Development

Non-destructive (i.e., sonic) strength development of the specimens was
measured following APl RP 10B-2 [15]. A high-pressure high
temperature (HPHT) ultrasonic cement analyzer (UCA) was used at the
confined downhole conditions of 13.7 MPa and 70 °C for up to two
months. The UCA equipment measures the sonic waves' transit time
throughout the slurry by means of transducers. The recorded transit time
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is used to estimate the sonic compressive strength of the slurries using
pre-defined and custom algorithms.

The built-in algorithms and correlations depend on the chemistry of the
material under examination. In this research, a new algorithm was
generated based on the testing conditions of the JAW system. This new
algorithm was generated by integrating UCS and transit time results at
different time intervals to develop a new polynomial equation for
estimating the strength development of JAW system. The developed
correlation is found in Paper II.

5.5.3 Hydraulic Sealability

A hydraulic sealability test setup of a cylindrical steel tube (KF HUP
S355J2H) was used to examine the hydraulic sealability of the JAW mix.
This mix was cured at 25°C and 34.5 bar for 7-28 days. After curing
inside the cylindrical steel tube, bottom of the test cell was connected to
nitrogen gas and then the gas was injected into the system. The setup
was also connected to a separator, flowmeters, and a data logging system.
Increments of 5 bar pressure steps were applied to the cell to examine
sealing ability of the hardened JAW system. Hence, any production or
breakthrough of gas bubbles along the contact area or through the
geopolymer plug was registered as leakage and failure pressure.

5.5.4 X-Ray Diffraction (XRD)

Crystallography of the hardened JAW specimens was examined by using
X-ray diffraction (XRD). XRD analysis was performed on the remains
of each crushed geopolymer specimen after performing UCS tests on the
final day of aging (7 days — 2 months). These UCS remains were ground
and dried in an oven at 30°C overnight, and then they were kept in a
vacuum dryer for 1 day to maximize the removal of moisture. A CuKa
radiation Bruker-AXS Micro-diffractometer D8 Advance XRD setup
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was employed, selecting a 2theta (20) range between 5-92 © with 1 ° /min
step and 0.010 ° increment step.

Due to the complexity of JAW's chemical composition and random
distribution of the raw minerals, this study was mainly focused on
presenting the main detectable peaks of the XRD patterns. EVA v5
Bruker software was used to identify crystalline phases of the precursors
and pastes. Hence, the obtained XRD patterns and TOPAS v5 Bruker
software were used and integrated for the Rietveld quantification
analysis.

5.5.5 Fourier-transform Infrared Spectroscopy
(FTIR)

An Agilent Cary 630 Fourier Transform Infrared (FTIR) spectrometer
was used to analyze the powdered pastes. Aliquots from the samples
prepared for XRD tests, the FTIR spectra were collected and analyzed in
a transmittance mode between 600-4000 cm™.

5.5.6 Scanning Electron Microscopy (SEM)

The morphology of the precursors and pastes was examined by
employing Scanning Electron Microscopy (SEM) technique. SEM
analyses were done using an SEM model Gemini Supra 35VP (ZEISS).
Prior to coating, all samples were dried the same way as the samples for
XRD. All SEM samples were small pieces of ~2 mm thickness and were
coated with 10 nm palladium plasma to prevent charging before running
SEM tests.
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6. Results and Discussion

6.1 Normalization of Granite and Synthesis of
the JAW Paste

As described previously in Section 4.0, the low reactivity of untreated
granite may result in low and very slow early strength development when
used as a precursor [111-118]. On the other hand, granite is rich in
aluminosilicates, it may be capable of providing the necessary elements
for participating in geopolymerization reaction when involving a highly
alkaline medium and an activation mechanism [114].

Furthermore, normalizing the cationic content of granite-based
geopolymers with a rich calcium content substance may be enough to
perform properly and to develop sufficient early strength and mechanical
properties in due time [115-118].

Therefore, GGBFS was selected to normalize the chemical composition
and mineralogy of the granite to compensate for its low early-strength
development. GGBFS content ranged from 0 % to 90 % of the total
weight of the precursor. Additionally, fluid-state and solid-state
characteristics of the mixes were studied including consistency,
thickening time, uniaxial and ultrasonic compressive strength, and
composition analysis. Table 9 presents the mixes and their classification.
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Table 9: Mix design for one-part AAM mixes.

Mix design name**? GGBFS (wt.%) in Classification
Precursor

GGBFS-0% 0 Granite-based JAW
GGBFS-10% 10 Granite-based JAW
GGBFS-20% 20 Granite-based JAW
GGBFS-25% 25 Granite-based JAW
GGBFS-30%" 30 Granite-based JAW
GGBFS-33% 33 Granite-based JAW
GGBFS-36% 36 Granite-based JAW
GGBFS-40% 40 Granite-based JAW
GGBFS-43% 43 Granite-based JAW
GGBFS-47%" a7 Granite-based JAW
GGBFS-50% 50 AAM JAW
GGBFS-60% 60 Slag-based JAW
GGBFS-70% 70 Slag-based JAW
GGBFS-80% 80 Slag-based JAW
GGBFS-90 % 90 Slag-based JAW

*1- All recipes had the same water-to-solid and solid activator-to-precursors ratios, 0.33 and 0.20,
respectively.

*2- All recipes had the same microsilica content, 4.3 wt.% of the precursors.

*3- GGBFS-30% is the so-called JAW-a. which is a comparable back-calculated two-part granite-
based geopolymer mix formulation.

*4- GGBFS-47 % is the so-called JAW-b, which is the neat one-part granite-based geopolymer.

6.1.1 Consistency and Thickening Time

Consistency profiles of the normalized granite-based JAW mixes at 50
°C bottom hole circulating temperature (BHCT) are given in Figures 14
and 15. As mentioned previously in the methodology section, the 40 Bc
consistency value was selected as a cut-off point for the workability
benchmark for all investigated slurries.

42



Results and Discussion

100 100
90 — GGBFS-0% —GGBFS-10% 90
20 — GGBFS-20% — GGBFS-30% 80
= 70 GGBFS-40% GGBFS-50% 70
@ - --Temperature Profile
> 60 60 =)
é 50 e E e e IR bt S 50
E w0/ ’ 0 =
“ 30 30
20 20
10 10
0 0
0 60 120 180 240 300 360
Time (min)

Figure 14: Consistency development profile of the granite-based geopolymers slurries at 50°C
BHCT. (Paper I)
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Figure 15: Consistency development profile of the two neat one-part granite-based
geopolymers recipes at 50 °C BHCT. (Paper I)

Figure 14 shows the consistency profile of the GGBFS-0% mix that
could not be set nor hardened within 6 hours of pumpability at 50 °C
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BHCT. However, as shown on the black curve at 60 min and onwards,
its consistency gradually increased. Thus, the GGBFS-0% recipe does
not fulfil an acceptable pumping time for well cementing applications
where the circulating temperature is around 50 °C of BHCT.

The introduction of GGBFS to the granite-based slurry has shown its
impact in two ways: on the pumping time and consistency values. On
one hand, the GGBFS reduces pumping time of the given granite-based
mix to a range between 41 — 57 minutes at 50 °C BHCT. All the granite-
based mixes which contained GGBFS experienced a rapid gain in
consistency or the so-called “right-angle set”. On the other hand, it
increased the initial consistency from 17 for GGBFS-0% to 28 Bc for
GGBFS-50%. A trend was observed with increasing the partial
replacement of granite by GGBFS in the precursor phase; by increasing
the GGBFS content, the slurries become thicker and the initial
consistency values were increased. Consequently, in addition to the
shorter pumping time down to 43 minutes, shorter setting and hardening
time were observed, as shown in Appendix 3; Table 10. Moreover, the
right-angle-set behaviors were identified.

To better present the results from Figure 14, Figure 15 shows that JAW-
b recipe with GGBFS-47% had higher initial consistency, shorter setting
time and workability than JAW-a with lower GGBFS content (GGBFS-
30%). These two granite-based mixes performed acceptable workability
according to the operators’ criteria due to their rapid gelation time or so-
called right-angle-set behaviors upon reaching 30 Bc.

Considering the consistency profiles, the presence of GGBFS facilitates
oligomerization and polycondensation mechanisms for the JAW mix
design. This will be further investigated through this dissertation.
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6.1.2 Uniaxial and Sonic Strength Development

Uniaxial and sonic compressive strengths of the JAW mixes were
revealed as a function of the GGBFS content. Figure 16 illustrates the
effect of increasing the partial replacement of GGBFS to granite on 1-
day UCS for the heat-cured specimens at 70 °C bottom hole static
temperature (BHST) which is equivalent to 50 °C bottom hole circulating
temperature (BHCT). Figure 17 shows the 7-day sonic strength
development of GGBFS-0%, JAW-a with GGBFS-30% and JAW-b with
GGBFS-47% at 70 °C and 13.7 MPa.
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Figure 16: 1-day UCS data for heat cured samples, 70 °C. (Paper I)
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Figure 17: Sonic strength development for GGBFS-0%, JAW-a and JAW-b. (Paper I)

Figures 16 and 17 revealed how beneficial is the utilization of GGBFS
for providing early-age strength development. GGBFS-0% could not set
nor withstand sufficient compressive strength. On the other hand, the
partial replacement and normalization of granite by GGBFS up to 50
wt.% showed a significant improvement in UCS and UCA data.

Nevertheless, the replacement of granite with more than 50 wt.% by
GGBFS in the precursor phase could not be examined for UCA nor UCS
due to the presence of horizontal cracks and observable 3D expansion in
the specimens right after setting. In line with other researchers, they also
observed cracks in their GGBFS-based samples, that might be caused by
chemical shrinkage or dry shrinkage [28, 119-120]. Figure 18 shows the
observed horizontal cracks in the specimens that contain more than or
equal to 50 wt.% of GGBFS in the precursor phase. These cracks could
also be due to the specimen expansion rooted in the high magnesium
content of the used GGBFS. The utilized GGBFS was rich in expanding
components including magnesium oxide (see Table 2). Li et al. [121]
presented magnesium oxide as an expansive agent after its hydration. Its
hydration product is magnesium hydroxide (Mg(OH)2). Once Mg(OH)2
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produced crystals are confined, their volume increase and their
crystallization pressure may cause expansion of the hardened cement
paste.

Although the early-age strength of the mixes was improved by the use of
the GGBFS, in well construction activities, the 1-day strength at
corresponding downhole conditions should be over 7 MPa, which could
not be achieved by only the normalization of granite with GGBFS and
microsilica. Therefore, further development was suggested, see Section
6.2.
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Figure 18: Three vertical sample pictures (4 x 4 cm); a) GGBFS-47% (without horizontal
cracks), b) GGBFS-50% (a small horizontal crack on the surface), c) GGBFS-60% (with
observable large horizontal cracks) after heat curing at 70 °C for 1-day (Paper I)

6.1.3 Compositional Analysis XRD

According to Bowen’s reactions series, each mineral has a stability
region when considering pressure and temperature [122]. The used
granite is a highly crystalline material which also contains clay minerals
in addition to quartz. It might be fair to assume that granite-based
precursor mixes produce low amorphous content geopolymers. In other
words, part of the crystalline phases may be consumed during the
geopolymerization reaction. While a considerable amount of these
crystals can remain unreacted. Hence, the precursor normalization by
GGBFS which is a highly amorphous material can lead to achieving a
higher amorphous geopolymer system. Figure 19 and Table 10 show
XRD patterns and XRD crystallinity quantification, respectively, of
GGBFS-0%, JAW-a with GGBFS-30% and JAW-b with GGBFS-47%.

47



Results and Discussion

m_ GA M?‘L a @
Q
M QIA M L{\ Q Cf Q
= —GGBFS-0% —JAW-a —JAW-b
B M Qamfta Qa a
0 20 40 60 80 100
Angle 2Theta (20)

Figure 19: XRD patterns of selected mixtures after 7 days of heat curing at 70°C BHST, Q:
Quartz, A: Albite, M: Microcline, B: Biotite. (Paper I)

Table 10: XRD crystallinity quantification of JAW samples using “EVA v5” software. (Paper I)

Mix GGBFS in the Crystalline Amorphous
Design precursor (wt.%b) content (wt.%) content (wt.%b)
Granite
Powder 0 79.9 20.1
GGBFsS-
0% 0 75.2 24.8
JAW-a 30 64.9 35.1
JAW-b 47 51.7 48.3

From Figure 19 and Table 10, the higher the granite content, the higher
the remaining crystalline phases. GGBFS-0% mix had the highest
granite content in the precursor phase without any addition of GGBFS.
It got the highest intensity of the major crystalline peaks such as quartz,
Albite, and minor peaks such as Microcline and Biotite. This XRD
pattern is very comparable to the stand-alone granite powder pattern.
JAW-a (i.e., GGBFS-30%) had less XRD spectrum intensity if it is
compared with GGBFS-0%. JAW-b (GGBFS-47%) had the lowest
XRD pattern intensity with the highest GGBFS normalization to the
granite-based precursor. Additionally, JAW-b got the highest detectable
amorphous content after geopolymerization reaction if it is compared
with GGBFS-0% and JAW-a.
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In the case of JAW-a and JAW-b, their geopolymerization reactions
lowered down and diminished the presented minor crystalline phases in
granite such as albite, microcline, and biotite. One may conclude that
the higher the granite content in the precursor phase, the higher the
remaining crystalline phases in the matrix, and vice versa for GGBFS.
These observations match the detected high PSD of granite, at which
over D50 of granite can be considered as non-reactive particles and large
crystalline filler in the JAW matrix. Thus, this partial granite
replacement or its normalization by GGBFS is decisive for synthesizing
the granite-based JAW system.

6.2 Screening and Developing JAW

One should note that 1-day strength development is critical for well
construction purposes. Therefore, it was considered in this work. Based
on the outcomes of normalization and synthesis of the JAW system,
subsection 6.1 and Paper I, the selected chemical composition for the
developed mix design of JAW is presented in Table 7. In this subsection,
the objective is to further develop the neat JAW granite-based
geopolymer. It shows the effect of water content and different chemical
admixtures on the early-age performance of the JAW system.

6.2.1 Effect of Water Content

Park & Pour-Ghaz [57] suggested that water only provides a medium for
the dissolution and restructuring of aluminosilicate sources into
geopolymer. It was proven that the effect of water content on the
strength development of geopolymers could be negative [44-45]. Hence,
the kinetics of the geopolymerization reaction and concentrations of the
activator are negatively affected while having high water content (i.e.,
diluting effect). It means that if gels (e.g., N/K-A-S-H, C-A-S-H, or C-
S-H) are not produced enough, water can have a detrimental effect on
mechanical properties and early-age strength development of

49



Results and Discussion

geopolymers. Figures 20-22 reveal the effect of water content on the
synthesized JAW system.
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Figure 20: Effect of water content on 1-Day UCS of the JAW system at 70 °C BHST. (Paper
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Figure 21: UCA for JAW with two different water content; SS: sonic strength, TT: transit time;
JAW-b (33% wi/s) and JAW-b-35 (35% wr/s). (Paper II)
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Figure 22:Effect of water content on the consistency of JAW at 50 °C BHCT; JAW-b (33%
wi/s) and JAW-b-35 (35% w/s).

The given JAW mix with higher water content than 35 % liquid-to-solid
ratio (i.e., JAW-b-39 & JAW-b-37) could not set nor develop any reliable
compressive strength. In addition, JAW-b-35 (i.e., 35 % w/s, grey color
bar) was much weaker than JAW-b (i.e., 33 % wi/s, black color bar). The
obtained UCS results indicate that the optimum water content for this
JAW system is below 33 % of the total solid powder. The measured
sonic strength data agrees with the trend of the measured UCS values
with higher water content. Both data show and prove the severe effect
of water content on the JAW system.

JAW-b-35 had higher water content, it had lower initial consistency by
74 % and a longer pumpability profile by 111% than JAW-b with 33 %
w/s ratio. JAW-b was a much thicker slurry with higher initial
consistency right after mixing. Thus, a superplasticizer might be
required to improve the rheology and lower the initial consistency of
JAW-b.
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6.2.2 Screening of Chemical Admixtures

From Table 6, five chemical admixtures were investigated and examined
in this research. These admixtures were added to the neat slurry of JAW-
b to improve its early-age strength in the same quantities between 0-1.14
wt.% to the total solid mix as given in Paper Il and Appendix 4. These
chemical admixtures include Calcium Oxide (CaO, JAW-b-CO),
Calcium Carbonate (CaCO3, JAW-b-C), Sodium Hydroxide (NaOH,
JAW-b-N), Aluminum Hydroxide (AI(OH)3z, JAW-b-Al) and Zinc Oxide
(Zn0O, JAW-b-Z). The samples were then screened to identify the most
effective early-age strength booster for JAW-b. Figure 23 illustrates
UCS results for the utilized 0.14 wt.% chemical admixtures after 1- and
7 days of heat curing at 70 °C.
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Figure 23: The effect of 0.14 wt.% chemical admixtures on 1- and 7-Day UCS at 70 °C BHST;
Please consult the text for a description of the different samples. (Papers Il and 111)

Calcium Oxide (CaO, JAW-b-CO), Calcium Carbonate (CaCOs, JAW-
b-C), Sodium Hydroxide (NaOH, JAW-b-N) and Aluminum Hydroxide
(Al(OH)3, JAW-b-Al) could not improve the early-age strength when
comparing the results with the neat JAW-b mix design. In fact, most of
them had either a negligible or negative effect on the early strength. This
could be due to the production of gels or products that depleted the
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system from silicates while conserving the molar ratio at 2.4 [132].
Conducting an experimental sensitivity analysis, it was revealed that by
an increase of the dosage of these admixtures, the early-age strength
development rate was reduced for JAW-b-C, JAW-b-CO and JAW-b-N
[44-45, 132].

On the other hand, the addition of Zinc Oxide (ZnO) remarkably
improved the early-age strength of the system. Unlike the other utilized
chemical admixtures, the addition of 0.86 wt.% ZnO facilitated
achieving the highest 1- and 7-day UCS up to 10-13 MPa. JAW-b-Z had
more than two to three times higher 1-day UCS than the neat JAW-b [44-
45].

6.2.3 Effect of ZnO

Based on the positive 1-day UCS results obtained by utilization of Zinc
Oxide (see Figure 24), this mix design was further investigated and
analyzed. To simplify the naming of mix designs, from now on JAW-b-
Z is called JAW-Z.
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Figure 24:Effect of ZnO on JAW for 1-Day UCS at 70 °C BHST (Papers Il and 111).
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Zailian et al. [123] showed that utilization of ZnO as a chemical
admixture with low concentrations in the solid phase mixture could
enhance the geopolymeric properties by positively controlling the
formation of K-Z-Al-S-H, (N, K)-Z-S-H and/or C-Z-A-S-H gels through
a complete geopolymerization reaction. This admixture may improve
the thermodynamics of the geopolymerization reaction to achieve higher
early strength [44-45, 123-124].

Figure 25 presents the sonic strengths of JAW-b and JAW-Z mix designs
where ZnO shows its performance in the first hours of curing at 70 °C.
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Figure 25: Sonic strength profile of JAW-b (neat) & JAW-Z (JAW-b + 0.86 wt.% ZnO). (Paper
VI).

Considering the sonic strengths measured at 70 °C, zinc oxide containing
mix design (JAW-Z) achieved around 8.5 MPa strength during the first
heat curing hour which was three times higher than the neat one (JAW-
b). It also achieved around 15.7 MPa strength within the first 5 hours
while JAW-b got around 5.8 MPa after the same duration. Thus, ZnO
can be considered an early-age strength booster for the JAW system
developed in this research. Additionally, these observations, the early-
age strength development studies, match the DSC results presented in
subsection 6.3.2.
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One may note that zinc (Zn) is a heavy transition metal, and its
application can be challenged in Oil & Gas industry. This required
further assessments; however, this is outside the scope of this work.

6.2.4 Effect of Superplasticizers

As above-mentioned, water content shall be optimum to facilitate the
geopolymerization reaction. After lowering the water-to-solid ratio of
the JAW system from 0.35 to 0.33, to ensure suitable rheological
behaviour, various types of superplasticizers were examined. These
superplasticizers were two naphthalene-based superplasticizers and a
Na-based lignosulfonate superplasticizer. These superplasticizers were
investigated separately after blending 1 wt.% by weight of the total solid
in the JAW-Z mix design.

The selection of these three superplasticizers was based on their stability
and effectiveness in high alkaline medium, especially for the given
granite-based geopolymer system [108]. Figures 26 and 27 present the
effect of these superplasticizers on the rheological and mechanical
performance of JAW-Z. Tables 11 and 12 show their rheological and
electrokinetic potential measurements, respectively.
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Figure 26: (a) Shear stress - Shear rate curves of JAW-Z with 1 wt.% superplasticizer, (b)
consistency profile of JAW-Z with 1 wt.% superplasticizer at 50 °C BHCT. AX: Auxilchem
Naphthalene-based powder, Ns: Sodium Poly-Naphthalene- sulphonate powder, Ls: Sodium
Lignosulfonate. (Paper VI)
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Figure 27: Uniaxial compressive strength of JAW-Z with 1 wt.% superplasticizer after 1- and
7-day at 70 °C BHST.

Table 11: Yield stress and API Gel-strength results of JAW with 1 wt.% superplasticizer.

(Paper V1)
10 sec 10 min Estimated
API API .
. . Yield Flow

Recipes Superplasticizer Gel- Gel-

Stress Index
strength strength [Pa]
[Pa] [Pa]

JAW-Z 18.5 19.1 154 0.37
JAW-Z-Ns Naphthalene-SP 10.5 10.6 8.5 0.44
JAW-Z-AX  Auxilchem NS181 10.4 11.3 8.5 0.42
JAW-Z-Ls  Lignosulfonate-SP 5.6 6.9 4.1 0.64

Table 12: Zeta potential measurements of JAW with 1 wt.% superplasticizer. (Paper VI)

Recipes ZP (mV) Standard
Deviation
JAW-Z -25.4 +0.3
JAW-Z-Ns -27.9 +1.3
JAW-Z-AX -31.7 +0.6
JAW-Z-Ls -33.1 +0.7
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The rheology profile of the geopolymer slurries revealed non-Newtonian
shear-thinning behavior for mixes with and without the superplasticizers.
It was also observed that the absolute zeta potential value of these mixes
was increased after the utilization of these superplasticizers. Considering
the zeta potential and geochemistry of the precursors (see subsection
4.1), adsorption of these superplasticizers on the surfaces of GGBFS
might have increased the magnitude of double-layer repulsive forces and
then effectively reduced their yield stress and APl gel strengths.
Moreover, the addition of these superplasticizers efficiently lowered the
initial viscosity and initial consistency of the slurries.

Furthermore, utilization of these admixtures had a negligible effect on
the early-age strength development of JAW-Z (see Figure 27). Thus,
these results show a stable and effective plasticizing behavior of these
three superplasticizers, especially Lignosulfonate-SP.

6.3 Characterization of the JAW System -
Short-term

Building on the work done on screening and developing JAW granite-
based geopolymer mixes, JAW-b and JAW-Z were selected for
characterization. Motivated by that, this subsection presents properties
of JAW-b and JAW-Z (containing 0.86 wt.% of ZnO to the precursor) at
20-50 °C BHCT (i.e., 25-70 °C BHST).

The main objective was to understand each phase of geopolymerization,
starting from the dissolution, reorganization, and then polycondensation
phases of JAW-b and JAW-Z. Table 13 presents their formulations.
JAW-Z contains 0.86 wt.% of ZnO to the total precursor content
equivalent to 0.7 wt.% to the total solid content including precursors and
activators.
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Table 13: Formulations of JAW-b and JAW-Z. (Paper VII)

Composition Precursor . Water /
(Wt.%") Components Activator Zno TSP
JAW-b 80.3 19.7 0.0 0.33
JAW-Z 79.8 19.5 0.7 0.33

* By weight of the total mixture of all solid components (TSP).

6.3.1 Dissolution of JAW

ICP-MS was utilized to study the dissolution stage of JAW components
and their mixes. More ICP-MS details are provided in Appendix 8 and
Paper VI regarding the pore solutions preparation and extraction from
JAW system. Tables 14 and 15 provide the measured dissolutions. The
pure solid activator dissolution data was used as the concertation baseline
for silicon and potassium. In this evaluation, the given components and
mixes had the same amount of solid activator and water.

Table 14: ICP evaluation for JAW components (Paper VI).

Material* Silicon Aluminum Potassium Sodium Zinc

(mg/l) (mg/l) (mgl/l) (mg/l) (mgl/l)
Activator 750 0.7 20000 100 0.7
Granite 1200 6.5 20000 110 5.2
GGBFS 220 23.0 19000 110 1.2
Microsilica 2800 2.1 20000 100 3.0

* By weight of precursor used on each paste

The ICP results showed that granite increases the concentration of silicon
in the solution, perhaps due to mechanical friction between granite
particles with the activator. On the other hand, although GGBFS was
supposed to increase the silicon content, due to its reactivity and mixing
condition, silicon containing products were precipitated, i.e., silicon
being consumed. This observation could be due to the possible
adsorption of silicates on the surfaces of GGBFS particles [17]. It could
be also due to the formation of C-S-H or C-A-S-H gels. The microsilica
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was effectively dissolved into the provided alkaline medium. Despite
having comparable alumina content in granite and GGBFS (see Table 2),
GGBFS released more aluminium than granite.

The extracted pore solution of JAW-b and JAW-Z was also investigated
using ICP analysis, see Figure 28 and Table 15.
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Figure 28: ICP analysis (Dissolution) of the pore solutions of JAW-b vs JAW-Z. (Paper VII)

Table 15: ICP evaluation for JAW recipes (Paper V1)

Material Silicon Aluminum Potassium Sodium Zinc
(mg/l) (mg/l) (mg/l) (mg/l) (mg/l)

JAW-b 1100 94 71000 540 0.6

JAW-Z 530 140 60000 530 1900

The ICP results show a lower silicon concentration for JAW-b and JAW-
Z when they are compared with the utilized granite and microsilica
themselves. The phenomenon of consuming the silicate as it was
released could be due to adsorption on the GGBFS surface or the
formation of gels. Contrary to the sum of the precursors, more aluminum
dissolved from JAW-b and JAW-Z pastes. This dissolution may favour
JAW system towards adjusting the silicon-aluminum ratio.
Additionally, the dissolution of JAW-b and JAW-Z resulted in higher
potassium concentrations than their granite-based precursors and the
activator. The pastes™ dissolved potassium content was more than 75%
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mainly coming from the utilized activator. Thus, this increase in the free
dissolved potassium could be due to the improvement in the
solubilization of the potassium-based activator.

The main effect of zinc oxide in JAW-Z was a further decrease in or
consumption of the free silicates. In addition, the dissolution of JAW-Z
showed a small increase in aluminium content and a decrease in
potassium concentrations. The addition of ZnO to the JAW system
forms zincate and then captures silicates in the form of zincate-silicate
complexes. Furthermore, the consumption of silicon and potassium
concentrations for JAW-Z could be also due to the formation of
potassium zincate-silicates. The ICP results and observations for JAW-
Z are in line with the XRD pattern with the presence of crystalline tracers
of additional potassium and zinc containing species and crystals, see
Figure 29.
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Figure 29: XRD mineralogical characterization of JAW-b (neat) and JAW-Z (JAW-b + 0.86
wt.% ZnO of the precursor). (A) Albite, (Kh) Potassium containing species/crystals, (KZh)
Zinc containing species/crystals, (M) Microcline and (Q) Quartz. (Paper V1)

6.3.2 Kinetics of JAW

Differential Scanning Calorimetry (DSC) technique was used to analyze
the heat release of the JAW system after being normalized by the total
amount of each tested paste. Figures 30 and 31 show the DSC curves of
JAW main precursors and mixes, respectively. All heat flow curves of
the JAW components and mixes showed exothermic reactions.
Moreover, a big difference in the heat release rate between 25 and 50 °C
curves was noticed. At 50 °C, the observed single peak was earlier with
higher intensity, and had larger total heat released. This behaviour
reveals the dependency of the JAW geopolymer system on the total
cumulative heat.
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Figure 30: Differential scanning calorimetry data of Granite vs GGBFS; (a) heat rate (b) energy
release. (Paper V1)

The DSC analysis of the granite and GGBFS showed that GGBFS reacts
quickly and releases more heat, especially at 25 °C. As mentioned
before, unlike the highly crystalline granite, GGBFS is characterized by
its high amorphous content and is more readily available for reaction.
Furthermore, it can further react for much longer times than the given 3
hours. At 50 °C, the GGBFS sustained a longer geopolymerization
reaction than the granite. Hence, granite's total heat evolution was much
lower than GGBFS. It means that the granite needs to be further
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activated so that its reaction to take place at the same time or the total
heat release of the system to be increased.

In the case of JAW mixes and by comparing the heat evolution curves of
JAW-b and JAW-Z, utilization of the strength booster in JAW-Z
provided earlier, higher, and wider heat release peaks with a higher total
amount of heat release than the neat JAW mix (JAW-b). In addition, a
significant positive effect of temperature on the heat release rates and
total energy releases from both mixes was expected. Nevertheless, the
precursors and mixes were observed to yield a single heat release peak
in agreement with the literature [74, 125-126]. It could be fair to assume
that this exothermic peak could be an indication of the occurrence of the
geopolymerization reaction [125-126]. Both the dissolution and
formation of geopolymers may occur simultaneously right after the
initial mixing [125-126].
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Figure 31: Differential scanning calorimetry data of the developed JAW; (a) heat rate (b)
energy release; JAW-b & JAW-Z. (Paper VII).

6.3.3 Workability of JAW-b vs JAW-Z

An atmospheric consistometer was used to study the effect of circulating
temperature between 20-50 °C BHCT on the workability of JAW-b and
JAW-Z (See Figure 32).
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Figure 32: Consistency of the slurries (a) JAW-b and (b) JAW-Z. (Paper VII)

Both JAW mixes had very comparable consistency behaviour even at
different circulating temperatures. The circulating temperature had a
significant effect on pumpability and workability of the geopolymers. In
line with Salehi et al. [35], geopolymers are significantly temperature
dependent whereas the reduction in temperature prolongs the pumping
time. However, the temperature dependency of the JAW system is not
linear whereas 40 °C seems to be the critical temperature. The longest
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observed pumpability up to 6 hours was at 20 °C, while the shortest down
to 45 minutes was at 50 °C.

As a result, these consistency observations match their DSC profiles,
where the dissolution of the JAW system was accelerated by increasing
the conditioning temperature. This phenomenon could be due to
speeding up the dissolution and solubility of aluminosilicates and silica
ions at higher temperatures, i.e., higher cumulative heat given to the
slurries. This could lead to accelerating the geopolymerization reaction
and then shortening the setting time [125, 127].

6.4 Preliminary Study on Aging of JAW

Researching the properties of the aged geopolymers is a must when
considering the integrity of wellborest. This alongside the limited
available research on the JAW geopolymer systems highlights the
necessity for further investigating and studying the durability of the
developed geopolymers. Accordingly, this subsection is to study the
properties and performance of the aged geopolymers. The aged
geopolymers (i.e., JAW-b and JAW-Z) were mechanically and
structurally analyzed over the given temperature ranges in the previous
subsection 6.3, 25-70 °C bottom hole static temperature (BHST).

6.4.1 Uniaxial & Sonic Strength Development

Uniaxial compressive strength and sonic strength of geopolymers were
examined for up to two months. Figures 33 and 34 show the uniaxial
compressive strength of the JAW specimens after being cured at 25 °C
and 70 °C in atmospheric pressure, and the extended sonic strength tests
at 70 °C BHST and 13.8 MPa hydraulic pressure.

t Controlling fluid flow in wellbores during life cycle of wells.
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Figure 33: UCS data for JAW-b vs JAW-Z for up to two months of curing. (Paper VII)
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Figure 34: UCA profiles for JAW and JAW-Z up to two months; JAW-b (neat) & JAW-Z
(JAW-b + 0.86 wt.% ZnO). (Paper VII).

The compressive strength of the JAW mixes was improved with ageing
for longer curing time at 25 °C and 70 °C. Additionally, higher curing
temperatures with longer ageing improved the compressive strength of
both JAW-b and JAW-Z. Considering 25 °C as a curing condition, the
effect of ZnO as a strength booster for the JAW system was still
significant and crucial to develop compressive strength, both early- and
long-term. Appendix 1 includes extended UCA and UCS data for up to
three and four months, respectively.

Furthermore, it was observed that the uniaxial compressive strength of
JAW-b was higher than JAW-Z after a month when the sample was cured
at 70 °C. Consistent with the UCS data, the UCA profiles show a positive
overcoming and higher sonic strength for JAW-b than JAW-Z after three
weeks of heat curing at 70 °C and 13.6 MPa. Hence, at 70 °C BHST,
two strength regimes were identified for the JAW mixes. The early-age
sonic strength curve lasted for two weeks for JAW-b and three weeks for
JAW-Z. While the second development curve was a continuously
increasing long-term strength development for more than two months for
both mixes.
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This long-term development curve could be an indication of participation
of the remaining unreacted precursor particles such as granite and/or
could be an additional internal structural reorganization within the
formed geopolymerization network. This ageing of the JAW system at
high curing temperatures could result in a more favourable long-term
maturation of the geopolymerization products (in agreement with
subsections 6.4.3) and then yield effective improvements for strength
development. One should note that when compressive strength started
to improve, other properties such as matrix permeability, volume change,
etc. may also be affected. However, studying these properties have not
been the objective of this study.

An extended ICP pore solution study was performed to examine the
dissolution of JAW after curing for 0.5-, 1-, 3-, 7-, 14- and 28-day, see
Figure 35. Unlike the dissolution trend of the other elements and in line
with the extended UCA and UCS observations, silicon concentration was
the only element which was significantly increased again after two weeks
of curing. This could be an additional indication for the additional
dissolution of granite and then its participation in the long-term strength
development of the synthesized JAW system.
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Figure 35: JAW dissolution behavior between 0.5-28 days.
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6.4.2 Hydraulic Sealability and Morphology of
Geopolymer Plug

To study the performance of the JAW mixes and their ability to withstand
pressures at the geopolymer-casing interface, hydraulic sealability tests
were performed, see Figure 36.

25 50
----- Applied Pressure JAW-b Flow Rate 45
20 —JAW-Z Flow Rate — -~ JAW-b 28D o — 40

= [
o @]
NoW oW
v o wnm
Flow Rate (ml/min)

Pressure (bar)

=
o

o v

0 0.2 0.4 0.6 0.8 1
Normalized Time (fraction)

Figure 36: Hydraulic Sealability for JAW after 7-day & 28-day and JAW-Z after 7-day. (Paper
VII)

This sealability test showed that the JAW system could withstand gas
pressure before the complete gas breakthrough at the geopolymer-casing
interface. After 7-day curing, the JAW mixes could withstand up to 15
bars of pressure at 25 °C. These sealability results can be considered
positive indications for the JAW mixes since they are comparable to the
performance of neat API class G cement used in well-cementing
applications [128].

Despite the positive sealability results after 7-day curing, the aged JAW
system cured for 28 days could not withstand any pressure with a gas
breakthrough at the geopolymer-casing interface. In addition, a clear gas
breakthrough at the geopolymer-casing interface was observed, see
Figure 37. This phenomenon could be due to the shrinkage of the aged
JAW system after 1 month of curing at 25 °C and 3.4 MPa. This
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observation matches Salehi et al. [35], who studied the volumetric
shrinkage of low calcium fly ash geopolymers. Their study showed that
geopolymers continuously shrink with ageing for two weeks up to 2.5

v.%.

a) mainly geopolymer reacténté after 7- ) mainly geopolymer produéts after 28-
day curing day curing

|
‘ri
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Figure 37: a) SEM image of early-age JAW mix, b) SEM image of aged JAW mix, c) Top view
of the sealability cell after gas breakthrough of the aged JAW. (Paper VII)

The reason behind this shrinkage could be a chemical shrinkage after the
consumption of the aged JAW reactants during the geopolymerization
reaction as shown in the SEM images in Figure 37.
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As a result, it is necessary to have or consider utilizing an expansive
agent for the JAW system to improve its long-term hydraulic sealability.
In addition, further shrinkage quantification and evaluation tests are
needed to study volume change of the geopolymers over a longer period.

6.4.3 Fourier Transform Infrared Spectroscopy
(FTIR) and X-ray Diffraction (XRD)

FTIR and XRD were used and characterized to identify JAW's
functional groups and crystalline materials, respectively. Furtherly, they
were integrated to confirm the geopolymerization products from JAW
after 7-, 28- and 56-days of curing at 25 °C and 70 °C, see Figures 38-
40.

In the FTIR spectra, the T-O-T (T is a tetrahedral Si or Al) band position
(in the range of 1400 — 700 cm™) could be an indication of
aluminosilicate source dissolution, gelatinous product formations and/or
degree of geopolymerization network crosslinking. This is a critical
region of interest to identify chemical bonding and peak shifts for the
geopolymer formulations. Hence, the O-C-O adsorption band (in the
range of 1500 — 1400 cm™) is allocated to the calcium and/or carbonates
groups' existence. Furthermore, the broad hump intensities (in the range
of 3600-3000 cm™ and 1700-1600 cmt) are correlated to the stretching
vibrations of H-OH groups [47, 129].
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Figure 38: FTIR patterns of JAW-b and JAW-Z at 25 and 70 °C. (Paper VII)
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Figure 39: XRD patterns: a) JAW-b and b) JAW-Z, both cured at 25 °C BHST. 1: Quartz, 2:
Microcline, 3: Albite, 4: Potassium containing species/crystals, 5: Zinc containing
species/crystals. (Paper VII)
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Figure 40: XRD patterns: a) JAW-b and b) JAW-Z, both cured at 70 °C BHST. 1: Quartz, 2:
Microcline, 3: Albite, 4: Potassium containing species/crystals, 5: Zinc containing
species/crystals. (Paper VII)
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From FTIR spectra of the aged geopolymers, JAW spectra were affected
and shifted by the ageing duration and curing temperature. At 25 °C,
there was a detectable shift in the wavelength of the T-O-T bands
(between 1400 — 700 cm'?) for both mixes from 962-966 cm after 7-day
to be centered around 975 cm™ after 56-day of curing. This shift could
be an indication of the aluminosilicate source dissolution (i.e., granite or
activator) and formation of a higher crosslinking degree of geopolymers,
CASH, NASH, and/or other aluminium silicate hydrates [46-47, 129].
Additionally, all T-O-T spectra bands hump were getting smaller in size
with longer ageing, see Appendix 2; Figure 45. This could be due to the
further dissolution and participation of granite or activator within the
geopolymerization network. This observation is also in accordance with
the presence of the second strength development regime for the aged
JAW system.

On the other hand, the O-C-O adsorption band was negligible or
undetectable for the given JAW mixes. This could be due to the low
calcium content in the developed JAW mixes. Moreover, the
concentration of ZnO was very low in the system, it did not give a
detectable influence on FTIR spectra around 1100 — 1000 cm'™.

In the case of the stretching vibrations of H-OH groups, both JAW mixes
spectra were similar because of having comparable compositions and
concentrations of the geopolymerization products. However, a higher
wavelength shifting in their T-O-T and H-OH bands after ageing and
curing at 70 °C was observed. Compliant with Shah et al. [130], these
lateral shifts could be an indication of a higher degree of polymerization
for the geopolymerization products at elevated curing temperatures.
Thus, it is favourable for the JAW system to be aged and cured at
elevated temperatures to achieve more geopolymerization products.

XRD patterns were also helpful in characterizing the effects of ageing
and curing temperatures on the geopolymers. Both ageing and curing
temperatures provided a detectable effect on the peaks™ intensity of the
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XRD patterns of the JAW system. The higher curing temperature with
longer ageing duration gave higher and more crystalline XRD peak
intensities. These observations match with other studies [46, 125, 131].
Additionally, they showed that alkali-activated materials with low
calcium content have an overlapping of the natural (i.e., Quartz,
Microcline & Albite) and synthesized potassium and zinc containing
species and crystal structures in their XRD patterns.

Appendix 2 includes SEM micrographs that reveal the formation of
geopolymerization products as a function of curing temperature for the
aged JAW system. Elevated curing temperature accelerated the
formation of denser structures. Moreover, longer ageing of JAW mixes
also had a low presence of unreacted particles of the granite and GGBFS.
This phenomenon is also in line with the FTIR and XRD data.
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7. Summary & Conclusion

7.1 Summary

One-part granite-based geopolymers (JAW) mixes have been
synthesised and then developed for well-cementing applications. JAW
mixes were studied and developed under a wide range of curing
durations and temperatures. They have been characterized chemically,
physically, mechanically, rheologically,  structurally, and
morphologically.

It started with the synthesis and selection of an applicable neat one-part
granite-based geopolymer recipe for well-cementing applications by
screening and improving the early age performance. GGBFS and micro-
silica were utilized as normalizers within the solid precursor. Their effect
on fluid-state and solid-state properties such as precursors, slurry
characterizations, mineralogy, morphology, compressive strength, sonic
strength, and pumpability were characterized.

Afterwards, various chemical admixtures (including strength boosters
and superplasticizers) and water concentrations were screened and then
investigated to improve the early-age performance of the synthesized
neat JAW under wellbore conditions.

Zinc Oxide (ZnO) as a strength booster showed the best early-age
development performance on JAW to establish the so-called JAW-Z.
Additionally, a Na-based lignosulfonate admixture was an effective
superplasticizer for JAW-Z. Because of its positive early-age
performance and strength development, JAW-Z has a promising
potential to be utilized in well construction and well abandonment
applications.

Consequently, further investigations were done on JAW-b (neat) and
JAW-Z (developed JAW) to examine their durability including the effect
of temperature and aging on the JAW system.
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7.2 Conclusion

The main conclusion of this research can be summarized in the following
points per each result and discussion subsection:

7.2.1 Normalization of Granite and Synthesis of the

JAW Paste

The utilized pure granite was considered as insufficient reactive
in the geopolymer system, especially during the early-age
performance.

The low early strength of the granite-based geopolymer required
modification with an amorphous phase containing cationic and
silicate content such as GGBFS and microsilica.

Partial replacement of granite with a cationic-rich source such as
GGBFS is necessary to obtain a satisfactory reactive precursor
system.

This normalization helps to achieve acceptable early-age
cementing properties.

GGBFS-47% (neat, JAW-b) was considered a sweet spot for a
neat one-part granite-based geopolymer mix design to be further
developed.

7.2.2 Screening and Developing JAW

The higher water content in the one-part granite-based
geopolymer system negatively affected the early strength and
setting time.

Utilization of calcium-based admixtures can negatively impact
on early strength of the geopolymers.

ZnO was an effective early strength development booster.
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The top candidate recipes were having lower water content (0.33)
and especially with lower concertation of ZnO chemical
admixture than 1.14 wt%.

ZnO might have a role in the polycondensation phase in the
geopolymer system.

7.2.3 Short-term Characterization of the Developed

JAW

The addition of zinc oxide powder as a strength booster increases
the rate of heat evolution and improves the early-age strength of
the geopolymers.

The higher the heat and energy evolution from the
geopolymerization reaction, the higher the early strength.
Utilization of zinc oxide decreases the silicate concentration and
increases the aluminate content.

Moreover, the addition of zinc oxide powder does not have any
effect on the slurry properties nor show a retardation effect.

7.2.4 Preliminary Study on Aging of JAW

The utilization of ZnO as a strength booster is very crucial to
develop acceptable and durable mechanical properties for low-
temperature well cementing applications.

The longer the ageing duration, the denser, harder and then
stronger the JAW matrix becomes.

Late dissolution of the granite after two weeks of ageing and then
its participation in the long-term strength development was
experienced.

Heat curing favours the geopolymerization reaction resulting in
a reduction of unreacted precursor particles.
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Heat curing improves long-term strength development and helps
in the formation of denser structures and higher crystalline
products.

The geopolymers shrink and this is intensified with curing time.
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8. Recommendations

The granite-based JAW showed a positive potential as a replacement for
cement in well-cementing applications to provide environmentally- and
user-friendly cementitious material. Nevertheless, more investigations
and studies are still needed to fully understand the complexity behind the
JAW system.

It would be interesting to further consider and study the following:

Thermal and mechanical activation of granite and investigating
its particle size distribution (PSD).

Development of a numerical microstructure simulation to predict
any possible reactions and calculate stable phases of the products
from the geopolymerization reaction to properly design/optimize
JAW.

Investigating the applicability of JAW for CCS applications.
Investigating various expansive agents to avoid chemical
shrinkage and to ensure JAW's aging durability.

Investigating the effect of inorganic and organic retarders on
JAW to control its pumpability, especially at elevated
temperatures.

Investigating the utilization of seawater for the JAW system.
Optimization of the JAW system towards more viable and
sustainable development to be cheaper than OPC.
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Appendix 1 — Extended UCA & UCS Profiles
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Figure 41: Extended UCA data for JAW-b vs JAW-Z.
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Appendix 2 — Additional Structural Characterizations
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Figure 43: SEM after curing at 25 °C BHST, Magnification of 10 K.X. Results of curing time
up to two months. The red arrow points towards unreacted particles.
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Figure 44: SEM after curing at 70 °C BHST, Magnification of 10 K.X. Results of curing time
up to two months. The red arrow points towards unreacted particles.
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Figure 45: FTIR patterns from 1500-500 cm™* of JAW-b and JAW-Z at 25 and 70 °C.
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ARTICLEINFO ABSTRACT

Keywards: This work describes the synthesis of 2 novel one-part granite-based geopolymer mix design for well cementing
One-part applications by ing and improving the sarly-age per of the Iy The dissolution rate of
f::l'"_' based geopolymes granite and potassium silicate (3,5i0;) i slightly enhanced whan thay are blandad, compared to the simation

pementng when gramite was mixed with alkali solution. It was revealed that the chemical comporzition of gramite requires
modification. Ground granulated blast-furnace slag (OGBFS) was incorporated up to 909% of total weight (wt.36)
within the zolid precursor to find out the optimum design, based on ite effect on fluid-atate and solid-ctate
propesties. Pumpability and strength development of the slurries were smudied to establish the spplicability of
the mix designs. To further characterize the final products, the mineralogy and morphology of the specimens
weze examined. The use of GOBFS, to modifi the chemical composition of the granite, reduces the pumping time
significantly. Moseover, the use of GOBFS increases the density and initial consistency value of the shurry pro-
portionally to the increase in GOBPS content. Additionally, a thrachold effact wasz ok 1 in the hanical
awength development. The higher the GOBFS content (up to 50 wtst), the higher the early-age compressive
stmength. The highest measused compressive strength for the neat rock-based geopolymer recipe was asound 6
MPa within 1-day to 7-day for a mix of 47 w36 OGBS to the solid precursor, whils itz optimized mix was around
12 MPa within the same period.

Chemical compasition modification
Role of slag

1. Introduction elemental compasitions (Shang et 2019).

To differentiate between the different types of granite, a classifica-

Granite iz one of the most abundant rock-type found on the eanth’s
erust, and it iz available globally, although its mineralogy could be
different. Granite iz an igneous rock and possesszes several characteriztics
bazed on where it iz located, and how the environment has affected the
rock. A granitic rock’'s main characteristics and components are mineral
crystals made up of a combination of quartz, feldzpar, mica, hornblende,
or pyroxene (Myers and Watkinz, 1925). The proportion of minerals
prazent in the gr: o rock iz divided into several different typez. The
dominant minerals in gramite are normally a combination of guartz and
feldspar, which make up almost 90% of the rock composition. Feldspar,
an alumi , contains the el calejum, potassium, and so-
dium. Bazed on the three elements, feldspar iz divided into two main
groups: potaszium alkali feldspar, and plagioclase. Increasing or
decreazing the ratio of these elements present in the granite will rezult in
different granite familiez (ie, granodiorite, syenite, and quartz

which all a granitic rock, but with different

* Corresponding author.
E-mail address: mohamed = omean

doiorg 16/.geoen

tion system was frzt proposed by Chappell and White in 1974. Chappell
and White (Clemens et al., 1986), through extensive research of two
zpecific granite types, agreed upon dividing the granites into an igneous
zource, and a sedimentary source granite, referred to as I-Type and
5-Type, respectively. The list ha:z been extended in recent yearz to
further differentiate the granites. Using this classification made it easier
to distinguish which type of granite is one of the interests based on the
composition of the rock. The classifications are briefly described as
follows in Table 1.

Granite iz commonly found where two continental plates have
collided. Following the tectonic plate movements, it reveals where and
how easily accessible granite iz all around the world (Myerz and Wat-
Linz, 1985). Some continents are prone to have a higher content of alkali
felspar, while other continents may have granite containing a mix of
potassium feldspar and/or plagioclaze. Following the use of modern
technology, global industry, global production, and exporters located at
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Table 1
Different types of granite and their description.
Classification  Description
LType Crogenic, and have high sodium and calcium, (Clemens e al., 1965)
SType Soditm-pear and ahuminum-rch. (Clemens ot a6
AType Particularly high silicon and potassium at the expense of calciom
and magnesium. (Whalen et al., 1987)
M-Type Crystallized mafic magmas are generally sourced from the mantle.
Chappell and Stephens, 1988)
H-Type Hybrid - Resubt of mixing two different magma sources. (Castro

et al., 1951)

larger facilities have made granite easily accessible. Countriez like
Brazil, China, Canada, Italy, India, Sweden, and Norway are just a few of
the larger exporters of granite (Castro et al., 1991; Granite and erude or
roughly trimmed, 2022; Rosing-Schow et al, 2022).

F ing on the 5 gian orogenic belt of granite originating
in the South of Norway and the South-Western side of Sweden, it reveals
zeveral larger deposits of granitic rock types such as pegmatites and A-
Twpe granites, which datez back to about 1 billion years ago. From these
depasits, especially around the coast of zouthern Norway, one may come
across granitic rock types such as larvikite, gneiss and Dramr itt
composed of, monzonite, migmatite, and biotite, respectvely (Granite
and crude or roughly trimmed, 2022; Rosing-Schow et al., 2022). Each
of theze granitic rock types is made up of a different composition of
feldspar, quartz, and plagioclase mentioned in the section above. With
the easily accessible granite available, research and development facil-
ities have had the opportunity to be zelective to what kind of
granite-specific characteristics they would like to approach, and what
their granitic composition should contain.

Pure granite is idered a non- t for geo-
polymerization, meaning that granite by itself will not readily react in
alkaline medium. If the granite does not react with the other compo-
nantz ie, in terms of geopolymer miwes, the early mechanical
compressive smength may not sufficiendy develop, and the granite will
be deemed as not applicable for the geopolymer system (Bacarji et al.,
2013). However, depending on the mineral composition of granite, it
may provide the g ili to be able to a
chemiecal reaction involving the alkali-silica reaction (Coppola et al.,
2020). The alkali-zilica reaction has a significant effect on the durability
of mechanieal strength.

The commaon problem behind granite, being a non-reactive material,
rezults in very low early strength (Vijavalakshmi and Sekar, 2013), this
haz been a challenge for a long time. Researchers have tried to activate
and utilize granite in slag-based geopolymers and alkali-acti ma-
terials (Jain et al, 2020). Of the activation mechanizms, one may refer to
chemical, thermal, and mechanical activation; however, each haz a
certain performance on the activation of granite due to itz quantz and
feldspar content.

Ground granulated blast furnace slag (GGBFS) iz uzed in the geo-
polymer system when low caleium and magneszium content of the pre-
cursor is a concern (Shilar et al., 2022). GGBFS is a by-product of the
steel industry and it contains large amounts of amorphous silicon di-
oxide, caleium oxide, and sometime: magnesium oxide, which play a
huge role in the alkali-activated geopolymer system. C-5-H and C-A-5-H
gels are formed when GGEFS iz introduced to water, which actz as the
primary binding component in cementiious materials (Shilar et al.,
2022; Math and Sarker, 2014). GGBFS a:z a by-product has not been
serving any major use other than in smaller, specific concrete systems i
e., Portland cement and other pozzolanic materials. This iz due to the
low hydraulic properties of GGBFS when compared to Portdand cement.
The utilization of GGBFS as a combined-, or stand-alone product to fly
ath and red mud, haz given way for new research to explore the poszi-
bilities within the development and rezearch of geopolymer concrete
(Math and Sarker, 2014).

Several studies have thoroughly investigated the use of zlag in

Geoenergy Science and Engineering 227 (2023) 211823

geopoly and alkali. materials (AAM), which concluded
the potential use of GGBFS as a strength booster (Aliabdo et al., 2016;
Saha and Rajasekaran, 2017; Loukkonen et 2019;

- 2018; Sazaki et al
Mahva et al, 2019%; Jingming et al., 2020; Singh an iddendorf, 2020).
Together with zeveral i to alk i geo-
polymers, materials such as fly ash, rice husk ash and red mud have been
mentioned in Table 2. GGBFS has often been introduced together with, i.
e., fly ash, but until recent years was not tested az a stand-alone

a

component for the geopolymer system. Table 2 presents a list of

Table 2
les of publizhed Li

reviews and articles on the role of calcium-rich
byproducts uzed in one-part alkali-activated geopolymer concrete and cement

Title Significant Custpats:

Effect of cement addition, solution
resting time and curing
characteristics on fly ash-based
geopolymer concrete performance {

d ).

By introducing Portland cement to fly
ash based geopolymers, compressive
strength, tersile strength and modubus
elasticity of the product were increased.
In additian, it reduced water adsoeptian
and resulted in a denser structure.
fzing ones part o the: reacticn of rice husk
from rice husk ash (Soarm e al, ash containing silicates when introducsd
2016). to a geopalymer system in combination
with soditm aluminate to compersate for
the lack of alaminitm needed to initite
geoplymerization reaction.
Compressive strength of ane-part alkali  Used red mad as the alkali sipplier, and
activated fly ash using red mud as fly ash as a source of aluminosilicates in
alkali sapplier (Chos et al., 20161 the geopolymer system, revealing an
almust Haear increase in the Uniaial
Campressive Strength (UCS) when
comsidering the Na/Si ratio relation.
ignificant decrease in setting time when
GGEFS was introdaced to a fy ash-based
Seanning electzon
microscope (SEM) images reveal a mach
denser stracture when increasing the
amaant of GGEPS present in the system. It
also enhanced the compressive strength

of s of fly ash

based geopalymer paste by

blast furnace lag (Saha and
Rarjasekaran, 2017)

of the samples.
Ome-part alkali-activated material: & A review of one-part alkali-activated
review (Lisukkanen et al., 2018). materfals introduced the idea to e

GGEFS s a stand-alone instead of mixing
it with fly ash in both a liquid and solid
activator. Ball-milling of the precursors
and salid activator is a promising way of
mechanochemical activation.

Oserving how excessive GGEFS in a
geapolymer system may lead to a oo
rapid setting time. Intreduring different
chelatars as retarders to prolong the
setting time. Adding higher
concentrations of GGEFS & revealed to
create calcium aluminium silicate
hydrate “C-ASH" gels which improve
strength development.

Effesct of retarders on flow and strength
development of alkali-activated fy
s blast farmace slag composite (

Sasaki et

Mix ition and fzat ing between different activatars
of ane-part geapolymer with different  in solid form with the use of GGEFS
activators [ et all, 2019). combined with fly ash in geopolymer

concrete. UCS of the concrete was
observed to be positively affected for bath
early as well as final strength
develupment, compared to the reference
mix. The use of slag increased the
formation of CeAS-H gels.

The use of GGEFS increases heat
evelution and subssquently reduces the
n200). setting time and increases the early
strength development of a fly ash-based
grapelymer.

An overview of geopalymers as an
alternative to Portland cement. Explain
the rale of GGEFS in geopolymers due 1o

Thermal and compressive behavioes of
fly ash and metakaolin-based
geopolymer (Jingming et al.,

Geapalymers as an allermative to
Purtland cement: An averview (Singh
and Middendorf, 2020),

fits reactive amorphaus phiss,
aluminpsilicates needed for the
geapulymerization reactian to take place.
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zrientific literature supporting the rezearch of caleium-rich, and other
components for the development of geopolymer mixes while focusing on
high early strength, workability, and setting time.

Rock-based geopolymer: have previously been studied thoroughly in
the literature (Kamali et al., 2022). These geopolymers may not perform
properly without normalizing the cationic content (Kamali et al, 2023;
Omran et al, 2023, Omran and Ehalifeh, 2023; Omran et al, 2022a).
Because of their crystalline content and low caleium content, they may
not develop sufficient early strength in due time. On the other hand,
GGBFS zlag can help with achieving early strength development and
zustainability goals for rock-based geopolymers. One of the main chal-
lenges in front of geopaly and alkali-activated materials (AAM) is
the alkaline liquid hardener, which limitz the fali

of

Geoenergy Science and Engineering 227 (2023) 211822

the recommended API mixing procedures and in compliance with the
APIRP 10B-2 (APl and R.P., 2019). Thiz standard speciftes methods and
provides recommendations for testing of cement zlurries and related
materials under simulated well conditions. The experimental phase was

1 i in the following order: h E calori-
metric characterization, curing of samples for strength development,
and compaositional analysiz of the solidified samplez. However, the
calorimetric ization is not in thiz lard.

Tic Co

2.2.1. Mix design and formulations
Mix design entails preparing the solid phase of various alkali-
activated or geopolymer recipes. The mix design was prepared in a

these prod . This chall b i when they are to be
chipped offshore for well-cementing operations.

Th this work d ibes the h of a one-part granite-
bazed geopol for uze in well il ications, i iing to

meet the early-age well-cementing properties outlined in the American
Petroleum Institute (API)} standard 10B-2 (API and R.P., 2019). This
examines both the pumping time and solid-state properties of the mix
dezign by varying and normalizing the chemical composidon of the
granite using ground granulated blast furnace slag (GGBFS). The utili-
zation of GGBFS iz to compensate for the low early-strength develop-
ment of granite, GGBFS content range: from 0% to 90% of the total
weight of the precursor. Furth the sudy i igates the effect of

] manner with different concentrations of GGBFS ranging from
0 to 90 witds of the precursor. Additionally, granite was compenzated
with GGBFS for the remainder of the total weight of the precurszor. First,
having obtained enough components, solids (precursors and the aeti-
wator) were mixed in a clean plastic container. Following API Specifi-
cation 10, the zolid precursor and activator were combined with water
through blending. Table 4 p the di setups of recipes, and
their total amount of GGBFS in the precursor, each with their recipe’s
name and classification, rezpectively.

222 Mixing and conditioning procedures
A commercial Constant Speed Blender, specified in API 10B-2 (API
and B.P., 2019), was utilized for the preparation of the slurry. The

incorporating GGBFS aza r on the mi gy and h 1

material and solid acdvator were inroduced to distilled water

properties of the granite-bazed geopolymer.

2. Materlals and methods

2.1. Materinls
Granite is a widely available rock in the south of Norway (Granite
and crude or roughly trimmed, 2022; Rosing-Schow et al, 2022) and is
considered a rich source of aluminesilicate (Kovler, 2012; Heldal and
MNeeb, 2000). According to the Geological Survey of Morway, granite
from MNorway is classified az a massive structure, medium to
coarse-grained with no weathering, and medium grey in color. The
mineral composition of granite mainly consists of feldspar and quartz as
the dominant crystalline minerals. Other, minor minerals commonly
found in that include plagioclase, muscovite, and biotite (Rozing-Schow
et al., 2022; Geological Survey of Norway and NGU, 2022).

The one-part granite-based geopolymer formulation iz based on zolid

k-based p and a zolid p bazed activator with a
molar ratio at 5i0Kz0 = 2.4, mixed with water to initiate the geo-
polymerization reaction, producing the geopolymer cementing system.
The material: present in the precursor were ground granite acting as the
rock-based aluminosilicate material; GGBFS az caleium and magnesium-
rich silicate material; and microszilica az a pure amorphous zilica
normalizer by 4.3 wit¥ of the precursor content. The chemical compo-
zidon of the precurzors iz presented in Table 3. All the precursors’
mineralogy and components of one-part granite-based geopolymers

in 15 5 at 4000 rpm, and then the slurry was sheared for 35 = at 12,000
rpm.

quently, an herie i was utilized for both
conditioning and determining the thickening time for all the slurries at

50°C, Bottom Hole Circulating Temperature (BHCT). This temperature

Table 4
Mix design for one-part rock-bazed geopolymer mixes.

Mix design mame* ™" GGEFS (wi.%) in Precarsor Classification

GGEFS-0% o Rasck-based geepalymer
GGRFS-10% 10 Rasck-based geepolymer
GGRFS-20% 0 Rasck-based geepalymer
GGRFS-25% 5 Rasck-based geepalymer
GORFS-30% 0 Rasck-based geepalymer
GGRFS-33% ) Rasck-based geepalymer
GGRFS-36% 6 Rasck-based geepalymer

a0 Rasck-based geepolymer

4 Rasc-based gerpolymer

a7 Rasck-based geepolymer

50 Alkali-activated material

60 Slag-based AAM

70 Slag-based AAM

80 Slag-based AAM

%0 Slag-based AAM

* Al recipes had the same water-to-zolid and zolid activator-to-precursors
ratioz, 0.33 and 0.20, respactively.

Y All recipes had the same microsilica contenz, 4.3 wid of the precursors.

© OOBFS-30% iz the so-called OP-a, which iz bazed on 2 back-calculated two-

have previously been thoroughly studied (Kamali et al., 2022). past granite-based geopolymer recipe from Omran et 2l (20225,
4 GOBFS-47% iz the zo-called OP-b recipe, which is the neat one-part granite-
22 Methods based geopolymer recipe.
* A strength booster 0.86 wt.% in solid precursors of pure bulk aluminium
. X . hydroxide or sinc oxide. Both were added separately to OP-a and OP-b.
All the geopol recipes were in a lab ry foll
Table 3
Chemical ition of the from a t ] analyzia (Omran et al, 202
Chemical composition (wt.%) Sii Alalls Feals Mg Cal Kl Kal) iz Mny Lo
Granite (Norway) 734 1333 206 044 L1z 312 511 0.23 0.04 09
GGEFS (Sweden) 3578 1272 018 1277 3374 0.55 0.8z 223 0.58 0.3
Microsilica (Norway) 95.50 0.70 0.30 050 040 040 Lo0 0.00 0.00 0.6
* Lo on ignition.
2
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was chozen to simulate the conditions at the casing shoe of an inter-
mediate casing string in offshore Norway, which iz

Geoenergy Science and Engineering 227 (2023) 211822

70 +C Bottom Hole Static Temperature (BHST).

2.2.3 Curing of samples

All samples were cured at amnospheric pressure in a preheated oven
at 70 “CBHST. Cylindrical plaztic molds equipped with end lids to avoid
water evaporation, were used for storing and curing the samplez. A
cutter machine was uzed to flatten both ends of the cured zamples. The
dimensionz for the cured samples used for the uniaxial compressive
strength tests were 51 mm in diameter and 80 mm in height.

2.2.4. Scanning electron microscopy (SEM)

A zcanning Electron Microscope machine was employed for exam-
ining the precursors and geopolymer surfaces topography. SEM analysis
was conducted on all zolid precursors prior to mixing and on erushed
geopolymer samples after 7 days of curing. The zamples were vacuum-
dried for 1-<day and then coated with an 11 nm layer of palladium
plazma to prevent electrical charging.

225 Ulrasonic and uniaxial compressive strength

A high pressure high temperature (HPHT) ulmasonic cement
analyzer (UCA) was applied to non-destructively measure the zonie
strength development of the geopolymer at conditions of 13.7 MPa and
70 °C for a 7-day period (Omran et al., 2023, Omran and Fhalifeh,
2023). Uniaxial compressive strength (UCS) tests were conducted ae-
cording to API RP 10B-2 (API and E_P., 2019). The 70 “C heat-cured
zamplez were crushed by availing a compressional mechanical tester,
at a constant loading rate of 10 kN/min, and then correlated to the zonie
strength data obtained from the UCA.

2.2.6. Compositional analysis using X-ray diffraction (XRD)

Bruker-AXS Micro-diffractometer D8 Advance with CuKa radiation
(40.0kV, 25.0mA) and an angle 2theta (20) range from 5 to 92 with 1¢/
min step and 0.010° increment was used to amalyze the erystalline
phazes by following relevant procedures were used in previous studies
(Eamali et al., 2022; Omran et al, 2023). Only the main peaks of the
XBD patterns have been considered due to the minor differences that can
occur during sample preparation, or random distribution of minerals, in
addition to the ity of their chemical composition (Famali et al.,
2022; Omran et al., 2023, Omran and Fhalifeh, 2023).

3. Result & discusslon
3.1. Dissolution and eariy strength development of granite

3.1.1. Dissolution and characteristics of precursors

Granite (Norway) powder from a landfill in Norway was uszed to
cynthesize the one-part rock-bazed geopolymer mixes, while GGBFS and
mierosilica were used as normalizers for these mixes. Tables 5 and 6
illustrate the particle-zize distribution (PSD) and electrokinetic potential
of the precursors. Moreover, the morphology of the granite, GGBFS,
mierosilica and their mix afrer solidification iz shown in Fig. 1.

Comparing the PED results in Table 5 with the SEM images in Fig. 1,
one may argue that granite has the largest PSD and more irregular

Table 5

Particla-size distribusion of the precursors.
Material/ Specific Surface  Density Dv (100" Dw(50)"  Dw (907"
Powder Area (mkg) (56G) (e} (jam) (e}
Granite 630.8 2.63 as2 211 1310
GGEFS 9437 280 279 159 66
Microsilica 19,320 2.29 019 0.34 060

* Dv: Volume Median Diameter from PSD indicating the zize below which
10%, 50% or 90% of all particles can be found.

Table &
ive for The Electzokinetic potential of the precursors by Omran =cal | bl
Meaterial/ Particle Zeta Potential Standard Deviation of Zeta
Poweder Refractive Index (mV) Potential (mV)
Gramite 159 961 +1.74
GGEFS 152 277
Microsilica 146 353

chapes than the other two components. Only 50%, by volume, of the
particles in granite, are less than, or equal to 21 pm. In addition, the
granite’s irregular particle chape:z directly influence the diszolution
phaze, where it follows a zet of surface-controlled reactions. This means
that the other 50% of PSD of the granite particles can be considered
large-size non-reactive fillers in the precursor with the lowest specific
surface area (see Table 5, Fig. 1-a and 1-d) in agreement with Moos-
berg-Bustnes et al. (2004).

On the other hand, GGBFS and microsilica yield higher specific
zurface area values and much lower PSD. Furthermore, 0% by volume
of the irregular shape particles of GGBFS, and spherical shape particles
of microsilica, are smaller than, or around 47 and 0.6 pm, respectively
(Fig. 1-b and 1-¢). Thus, GGBFS and microsilica can be considered as
mare reactive having an excelled reaction phase compared to granite.
The higher PSD with a low zpecific surface area will result in lower
chemical reactivity and weaker solid-solid and zolid-liquid interactivity
(Oderji et al, 2019). The electrokinetic data of the given precursors
agree with the PSD data in Tables 5 and 6 The granite is also observed to
have the lowest abzolute zeta-potential value out of the three materials
measured, Table 6, implementing that granite is proven to have the least
interactive particles among the other precursors in the early phase of
strength development.

Omran et al (2022a) presented the compositional analysiz and
dizzolution rates for a one-part rock-based geopolymer zystem. The same
activator and precursors were used, and it was shown that the used
granite was highly erystalline, up to 80%, and had fewer reactive
components. This observation also matches the SEM image of granite, as
seen in Fig. 1-a. This granite iz mainly composed of erystalline phases
including quartz, albite, and microcline az major peaks with tracers of
biotite peaks, while GGBFS and microsilica are amorphous and reactive
components. For GGBFS, tracers of akermanite erystalline peaks could
barely be detectad.

Table 7 prezents a dissolution rate analysiz of the same one-parnt rock-
bazed geopolymer system. The dissolution of granite increased the sili-
con concentration of the solid activator from 750 to 1200 ppm. On the
other hand, GGBFS decreazed the silicone concentraton to 220 ppm.
This could be either due to the adsorption of silicates on the surface of
GGBFS particles or the formation of calcium silicate hydrates (CG-5-H)
bondsz, which could be consuming the zilicate as it is releazed (Hewletr,
2001; Haha et al., 2011, 2012; Ma et al., 2019). Moreover, the utilized
mierosilica was obzerved to be very effective in releazing silica into the
zolution without any observable effect on the potazsium levelz. Although
alumina contents in GGBFS and granite are comparable as zeen in
Table 3, GGBFS releazed 4 times more reactive aluminum-free jons than
gramite (see Tables 7 and Z). Thiz may be explained by noting that the
decrease in zilicate concentration favors the dissolution of aluminosili-
cates (Ma et al, 2019). Furthermore, the surface area of the particles
directly influences their dizzolution rates within the alkaline medium as

i previously. Therefore, granite particles, having the lowest
specific surface area, yield the lowest dissol rates, while mi i
particles have the largest specific surface area implementing the fastest
dizzolution rates.

Table & prezents the dizsolution behavior of the zame precursors
mentioned in a 4 Molar KOH activator system from Omran et al
(2022b). Tablez 7 and & present the main differences in the diszolution
of silicate-based (K-silicate) versus hydroxide-based (KOH) activators. In
the hydroxide-bazed system, the activator iz highly rich in free
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)

d)

Fig. 1. SEM images of the precursors: 3) granite, b) OGBFS, ¢) microsilica, and d) their mix after solidification.

Table 7
Dissolution results of the
analysis from (Omran et al.

using Inductively Coupled Plazma (ICP)
23) in a potassium zilicate-bazed activator.

silicate provider itself in the dissolution phase. Comparing granite data
in Tables 7 and 2, our measurements indicate that either granite gets
more dissolved when K-cilicate in a powder form is used or the powder
silicate gets more diszolved in the presence of granite. Furthermore,
dissolution data for GGBFS is a matter of discussion as the dissolution

ization of silicates may take place and result in deposition
of phases, which subsequently results in lower freed silicon ions in the

The silicate powder does not contain hydroxide (OH-) ions, butithas

Material** Silicon Aluminum Potassium Sodium
(ppm) (ppm) ) ) 5
(ppen) ppen) (ppm (ppm and ol

K,SiOy-based 750 0.74 20,000 100

Activator -
i 1200 6.50 20,000 110 ples aokutiog:

220 23.00 19,000 110

Microsilica*” 2800 210 20,000 100

* Oranite and GOBFS were 3dded with 3 comparable weight$ in the solution.
¥ Mozt likely the reactive silicate phases precipitated, and they were not
detected through the ICP analysis.
© Microzilica waz 10 timeo less than the weight of granite and GOBFS in the
solution.

Table §
Dissolution results of the same precursors (ICP analysis) in 3 hydroxide-based
activator.

Material® Silicon Aluminum Potassium Sodium
(ppm) (ppem) {ppm) (ppm)
KOH-based o 0 140,000 0
Activator
Granite 92 320 130,000 580
GGBFS 300 190.0 110,000 540
Microsilica 17,000 99 110,000 360

* These components were added with the same weight in the activator

zolution.

hydroxide ions that strongly affect the dissolution rate of the silicon ions
from the precursors. During the time, the given potassium silicate-based
activator acted as an additional source of free zilicon ions, or as the

the potential to hydrolyze water into OH- and hydrogen (H-) ions.
Subsequently, OH- will attack the silicate species present in the pre-
cursor phase. The silica-rich medium could have the potential to directly
affect the formation of geopolymer gels or the final product Hence,
faster consumption of the silica ions could happen, especially in the
presence of GGBFS (Haha et al,, 2011, 2012; Ma et al, 2019). The
g y at a high of silicate
oligomers and calcium (Ca®") ions. The higher their concentrations, the
more mature C-A-S-H or potassium aluminum silicate hydrate (K-A-S5-H)
bonds can be produced, in agreement with Ma et al. (2019). Therefore,
in the p i sili based i , the geopol system un-
dergoes through a higher degree of geopolymerization reaction

at which di; and gel i or i may
happen in parallel.

ization is

3.1.2. Sonic strength development of the pure granite

GGBFS-0% is a zero wt.% slag in a granite-based geopolymer recipe.
For this given granite-based recipe, the sonic strength development at
70 °C and 13.7 MPa was measured over the span of 7 days. The exper-
iment was to track both setting-, and hardening time without the pres-
ence of GGBFS, see Fig. 2.

UCA data for the GGBFS-0% recipe matches the previous observa-
tions regarding the need for high reactive, and amorphous materials
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a 1 2 a 4 5 B

Time |Days|

Fig. 2. Sonic strength development curves for GOBFS-0% recipe, cured 2670 °C
and 13.7 MPa.

zuch as GGBFS and microsilica to be udlized in the granite-based geo-
polymer system. In agreement with Bacarji et al. (2013), the dissolution
of granite by itzelf iz not fast nor reactive enough to be integrated within
the early reaction phazes of the geopolymerization. Thus, this can pre-
zent the impracticability for the geopolymer cement to dewvelop

Ty 1 properties for well-cementing appli-

ly-stag
cations. Without the ization, thiz granite-b: i geop

would not be capable to achieve any strength developments higher than
0.4-0.6 MPa within the 7 dayz of heat curing at 70 “C and 13.7 MPa.

3.2. Normalization of the gramite

32.2.1. Uniaxial compressive strength (UCS)

3 and Table 9 illustrate the uniaxial compressive strength of the
warious mixes of the given precursors as a function of GGBFS content
after 1-day of heat curing at 70 “C and atmospheric pressure. All mix
dezigns contain mierosilica, 4.3 wit$ in the solid precursors as shown in

Geoenergy Science and Engineering 227 (202%) 211822

Table 4.

The UCS data reveal a threshold effect, and how increasing the
GGBFS content benefits the early strength in the rock-based geopolymer
recipes. GGBFS-0% recipe did not set and could not withstand any
compressive stress during the firse 24 h. After the addition of GGBFS by
replacing the granite content stepwize up to 50 wit%s, revealed a trend
illustrating that the higher the GGBFS content, the stronger the zamples”
capability withstand compreszive stresses up to 3.8 MPa. GGBFS-50%
recipe can be considered an alkali-activated material and a threshold
peak point for the GGEFS content in the granite-based geopolymer.

For GGBFS content above 50 wit¥% in the precursors, horizontal
macrocracks were easily abzervable with the naked eve, and the samples
were obzerved to be self-zliced into three and four parts horizontally (see
Fig. £). This phenomenon could suggest an expancion in the highly rich
GGBFS content samples. The utilized GGBFS was rich in expanding

such as i oxides (see Table 2). The higher the
GGBFS content, the higher the samples” expanszion, and the bigger the
observable horizontal crack propagations.

Fig. 5 shows the 1-day, and 7-day uniaxial compressive strength of
the two zelected neat, one-part rock-based recipe:s after heat curing at
70 “C. The selected neat recipes are “0P-a” and “OP-b". OP-a was the
GGBF3-30% mix. The GGBF3-30% precursor mix has been already
studied for conventional rwo-part geopolymers in literature (Omran
et al, 2022b). OP-b is the GGBF5-47% mix that iz close to the threchold
GGBFS content for the rock-bazed geopolymer system. Thusz, it compares
the mechanical performance of theze two mixes to clarify the effect of
the GGBFS content in the precurszors both with and without a strength
booster. It also illustrates the possibilities for early strength optimization
after introducing a strength booster admixture to either of the neat
geopolymer systems.

The UCS results reveal a clear effect in the partial replacement of
granite by GGBFS on the rock-based geopolymer system. Moving from
replacing 30 wi¥ to 47 wi¥ of granite by GGBFS led to 157% and 130%,
increazes in 1-day and 7-day UCS, respectively, which iz in agreement
with the findings of previous studies {Saha and Rajasekaran, 2017;
Luukkonen et al., 20 £ ., 201%; Mahya etal,, 2019; Jingming
et al, 2020; Singh and Middendorf, 2020). Additionally, the addition of
the smength boosters, especially zinc oxide, led to a doubling and

10,0

a0 -+ >
_ BD
g Rock-based Geopolymer Slag-based
g AAM

Horizontally
cracked samples

Fig. 3. UCS data for 1-day 70 °C heat cured samples.
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Table @
UGS data for 1-day 70 °C heat cured samples.
Mix design name UCS 1-day (MPa) Color Code
GGBFS-0%*! NIA Black
GGBFS-10% 0.6
GGBFS-20% 1.7 Purple
GGBFS-25% 1.9 N/A
GGBFS-30%" 2.1 Blue
GGBFS-33% 23 NiA
GGBFS-36% 24 NIA
2.6
GGBFS43% 2.8 N/A
GGBFS47%" 33 Brown
3.8
N/A NIA
NIA NIA
NIA NIA
GGBFS-H0%™ N/A NIA
1= GGBFS0 not set after l-day TOPC heat curing.
*2m GOBFS=3 OPag recipe. OP=Da and OF«Fa arc based on OP=a mix with either 0.86 wi% aluminiom

hydroxide
*3m GOBFS4T

oxide as strength boosters, respectively.

OPab recipe. OP=Db and OP=Fh arc based on OP<h mix with cither (.86 wit.% aluminium
hydroxide or exide ag strength boosters, respectively.

*dm All were horizontally eracked samples.

MN/A: Not Available

a) b) c)

Fig. 4. Three vertical sample pictures (4 » 4 cm); 2) OOBFS-47% (without horizontal cracha), b) GOBFS-50% (2 small horizontal crack on the surface), c) GOBFS-60%
(with obeervable largs horizontal cracks) after heat curing 3t 70 °G for 1-day.

14.0
ay © 7-day 122
12.0 1
10.0
10.0
£ g0
= sl? 64
QG-U s 5.1 48 5.0l
37 ]
a0 T 3.3
21 I
20 I
00
OPa OP-Da OPZIa OPb  OPDb  OP-Zb

Fig. 5. UCS data for 1-day and 7-day for 70°C heat-cused geopolymer neat recipes: OP-a and OP-b with and without the exly strength boosters.

tripling of the early strength dewelopment for both neat recipes, as 3.2.2 Sonic strength
obzerved in previous studies (Omran et al., 2023, Omran and Fhalifsh, Sonic strength curves were alzo investigated for the two neat geo-
polymer mixes at 70 “C and pressurized to 13.7 MPa for 7 days (see
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Fig. 6. Sonic strength development curves for GOBPS-0%, OP-2 and OP-b.

Fig. 6). Table 10 shows the setting and times,

defined as the time it requires the geopolymer cement to reach a zonic
ctrength at 100 psi and 500 psi, and the sonic strength development at
both 1-day, and 7-day.

The UCA results both confirm and matech the UCS observations with
respect to the effect of partially replacing granite with GGBFS for the
rock-based geopolymer mixes. The higher the GGBFS content in the

poly stage startz, when the slurry coagulates and trans-
forms into a gel with the formation of a three-dimensional (3D) network
polymeric sructure of the formed oligomers. Thiz rapid gain in consis-
tency iz uzually called a “right-angle set”, and iz a desirable property for
a well-cementing slurry {Omran et al., 2022a).

Figs. 7 and 2 present the consistency profile in Bearden units (Be) ata
bottom hole circulating temperature of 50 “C, for the given rock-based

rock-based precurzors, the higher the early strength OP-b
(with a GGBFS content of 47 wt% in the precursor) provided a higher
early strength development up to 7 days, in addition to an accelerated
hardening time when compared to the OP-a recipe (with lower GGBFS
content). On the other hand, GGBFS-0% had never managed to harden,
or even reach 500 psi within the 7-day UCA test.

3.2.3. Comsistency & thickeming time

According to API standards (API and EP., 2019), cement slurry
chould conserve itz fluidity until being placed correctly at the desired
depth. The cement iz required to develop sufficient early strength to
continue well ry long wail t. The
consistency curves zeen in Fig illustrates these three geo-
polymerization reaction stages. First, the dizzolution of the precursors
into monomers can be obzerved as a decrease in consistency while the
temperature iz ramping up. Second, the reorganization stage can be
initiated by the reorganization of the dizsolved monomers to form
oligomers, which occurs at the lowest consistency ranges. Finally, the

without

% mixes. A v of 40 Be was selected as a reference
for the pumpability period for the geopolymer slurries. Tables 11 and 12
chow the initial consiztency and pumpability duration for each of the
given rock-based geopolymer recipes.

From the workability results (see Fig. 7 and Table 11), the given
rock-based slurries are observed to have pumpability times ranging from
41 to 57 min after utilizing different GGBFS concentrations. Addidon-
ally, the six geopolymer mixes all experienced a rapid gain in consis-
tency, or the zo-called “right-angle set”. On the other hand, the
consistency data of the GGBF3-0% recipe also experienced oligomeri-
zation at which its i i after the i
This can be seen on the black curve at 60 min and cnwards. This GGBFS-
0% recipe had a very long pumpability time. It did not even manage to
zetnor reach 40 Be within 6 h of conditioning at 50 “C BHCT. It is not an

ity for any well: slurry if it cannot be zet
nor hardened for more than 6 h.

The partial replacement of granite by GGBFS drastically increased

the initial consistency for all slurries up to 158%. GGBFS-50% slurry was

Table 10
Summary of UCA data.
e o T . . Sonic Sonic
Mix Design Setting 1 me fo Harde“.mg T""e to strength (Mpa) | strength (Mpa)
10} psi (min) S04 psi (min} h
for 1-day for 7-day
GGBES-0%* 720 1HIE= 068 0.40
OP-a 4 108 511 5.10
OP-b 43 ] 5.85 6.10
*After 7 days of curing at 70°C and 13.7 MPa, trmed the slarey into & gel=like stracture which did not manage to karden.
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Fig. 7. Consistency development profile of the rock-based geopolymers dlurries at BHCT 50 °C.
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Fig. 5. Conzistency development profile of the two neat one-part rock-based geopolymers recipes a: BHCT 50 °C.

Table 11
of conzi daza for rock-based ! slurries 2t BHCT 50°C.
Recine GGBFS- | GGBFS- | GGBFS- | GGBFS- GGBFS-
P 0% 10% 20% 3% S0%
Initial
Consistency 17.8 19.6 21.0 229 25.1 281
{Be)
Pumpability " c
(min) 3604 56.9 49.7 48.4 44.8 41.7
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kb i precurszor p poly with low amorphous con-
tent. In other words, the geopolymerization reaction consumes part of
the crystalline phases in the precursors due to their dissolution within a
highly alkaline medium. After the normalizadon of cations by GGBFS,

i geopolymer mixes were obszarved to achieve a higher
. O presents the ¥RD spectra of GGBF3-0%, OP-a
and OP-b. Table 13 summarizes cryztallinity phaze quantification by

GGBFS-0% and OP-a recipes hawve higher granite content in the
" mix, where all major peaks of crysaalline phases, such as

M. Oemran et al
Table 12
Summary of conzistency data for the two neat rock-bazed geopolymers recipes.
Recipe OFa )
GGBFS wi.% 30 47
the rock-b:
Slurry density (5G) 178 1.87 amorphous content. F
Initial Comsistency (Bc) 229 264
Reorganization period (min) ol S EVA v5 software.
Polycondensation period (min) el g
Pumpability (min) 484 452

much thicker when comparad with GGBFS-0%. Thus, a noticeable rend
can be detected from the utilization of GGBFS with various concentra-
tions in the precursors. The higher the content of GGBFS in the rock-
baszed mixes, the higher the initial consistency and the thicker geo-
polymer slurries. These trends and observations alzo match the literature
(Luukkonen et al, 2018; Sasaki et al, 201% Mahya et al, 2019;
Jingming et al., 2020; Singh and Middend orf, 2020; Yousefi Od
; Oderji et al., 2019).

7. 8 and Table 12 present the consistency data for the selected neat
rock-based recipez. Both the neat rock-b. 1 recipes had ptable and
comparable workability with a “right-angle set”. The same trend was
additionally obzerved and marched with the shown consistency profile
in Fig. 7, and Table 11. OP-b, with higher GGBFS content, had higher
initial consistency than the compared to OP-a. The reason behind this
behavior may be because of a higher zpecific surface area for the given
GGBFS. In addition the increaze in density of the solid precurzors after
adding a higher amount of GGBFS in OP-b. Thiz can be also due to the
higher density of GGEFS when compared to granite. Hence, the behavior
behind granite having the lowest solid-fluid interactivity, and electro-
kinetic potential, may be revealed to how easy it iz for the granite to
cegregate rather than integrate into the system. Furthermore, the higher
the GGBFS content, the more rapid the reorganization phase and poly-
condenzation of the geopolymer slurry (Saha and Rajasekaran, 201
Luukkonen et al., 2018; Sasaki et al, 201%; Mahya etal., 2019;J
et al., 2020; Singh and Middendorf, 2020).

ingming

3.2.4. Compositional analysiz XRD

Others have investigated the XRD spectra of the given precursors
(Kamali et al., 2022; Omran et al., Omran and Khalifeh, 2
Omran et al.,, 2022a). Their studies show that granite has a very high
erystalline content of up to 80% (Omran et al., 2023, Omran and Eha-
lifeh, 2023; Omran et al, 2022a). It may be fair to assume that the

quartz, were lowered for OP-a, but not as lowered as for OP-b. In
addition, the ongoing geopolymerization reaction lowers down and di-
minizhes the prezented minor cryztalline phases in granite such as albite,
microcline, and biotite for OP-a and OP-b mixes. It is here through the
XRD specta and the crystalline content observed that the higher the
content of granice, the higher the remaining crystalline phases in the
mix, and vice verza for the GGBFS content in the precursors” mix. Thiz
trend also matches the high PSD of granite, where a considerable
amount of granite can be id: laza tive, large cry i
filler in the geopolymer system. Thus, thiz partial granite replacement by
GGBFS is deemed to be crucial for synthesizing an early reactive rock-
bazed geopolymer system and to able to achieve acceptable early-age
development for well-cementing applications.

4. Coneluslon

The granite used in this study haz a high particle size disribution,
and over 50% volume of granite can be considered a non-reactive filler
in the geopolymer zystem, especially in early-age performance. The
dizzolution rate of potazzium silicate and/or granite iz increased when
these two are present in the system.

The low early strength of the granite-based geopolymer requires
modification with an amorphous phase containing cationic content.
Partial replacement of granite with a cationie-rich source such as GGBFS
is necessary to obtain a satisfactory reactive precursor system. This
normalization helps to achieve early-age 11 ing
properties. The utilization of a higher content of GGEFS in the granite
precursors’ mix, up to 47 wt%s, yielded higher early strength develop-
ment up to 6 MPa for 1 day of curing. Howewer, the higher the content of
GGBFS, up to 47 wibh, the shorter the workability, and the faster the
zetting time, down to 9 min combined. Negatve threshold effects were
observed when more than 50 wt¥ of the granite was replaced by GGBFS.
A consequence of increasing the GGBFS content more than or equal to
50 wit% iz obvious expansion caused by magnesium comtent in GGBFS.
This expansion resulted in large horizontal cracks. GGBF5-47% can be
conziderad a sweet spot for a neat part granite-based geopoly

M A M?.ﬂ Q
a
_ M QlA Mb a a
a —GGBFS-0% —OP-a —OP-b
8 M Gamfia Qa |
0 20 40 60
Angle 2Theta (28)

80 100

Fig. 9. XRD patterns of selected mixtures after 7 daya of heat curing at 70 °C BHST. : Quartz, A: Albite, M: Microcline, B: Bintite.
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Table 13
XBD cryetallinity quantification using “EVA v5” software.
Mix Desi GGEBFS in the Crystalline content | Amorphous content
SIEL | precursor (wt.%) (wt.%) (wt.0b)
GGBFS-0% [] 75.2 248
OP-a 30 64,5 351
OP-b 47 517 483

mix design to be further developed.
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Development of One-Part Rock-
Based Geopolymers for Downhole
Cementing Applications

The use of geopolymers as a full replacement for cement in oil well cementing applications
reguires the devel, af not only iy friendly but also user-friendly c emen-
titious materials. This study aims to investigate the early-age mechanical and chemical
properties af synthesized one-part geopolymers, which are heat-cured rock-based products.
These geopolymers were synthesized from granite-based precursors and were activated by
solid powders of potassiwm silicate, with a small portion of potassium hydroxide (KOH) as
an accelerator to enhance the setting time and early strength. The mechanical and chemical
properties of the one-part geopolymers were characterized, and the mineralogy of the solid-
ified samples was analyzed through crystallography to better understand their microstruc-
ture. The study found that the investigated one-part geopolyme rmives, which were activated
by a solid activator witha modulus ratio of 2.4, developed acceptable comg strength
af around 7 to 13 MPa within 24 h and up to 7 days. The use of one-part geopolymers has

Eno

the ial to provide lly- and user-friendly slurries that can facilitate their
utilization for large-scale in-situ applications in the petroleum and civil engineering

sectors. [DOL: 10.1115/1.4062250]

Keywords: gew;p’;fynier review, well integrity, water content, chemical admixture. just add

water, | g

1 Introduction

The demand for Ordinary Portland Cement (OPC) and the con-
sumption of limestone reserves are increasing very rapidly. These
demands besides the high increases in carbon taxes have been
tightly challenging the concrete industry on daily basis [1].
Several mandatory carhon emissions reduction policies have been
introduced by governments and regulators, These regulations are
1o support the cementing mduatry towand more focusing on stimu-

lating i and i by hing and ad these
carbonemissions reducmnpohcm [2.3] GPCpmducmnandpm
cessing of are d on the decart of li

and fuel used during the calcination and production of cement
which releases high carbon dioxide emissions. OPC has been con-
sidered one of the main contributors to global carbon dioxide emis-
sions with up to 8% [4.5]. It is very viable to develop low-carbon
and low-energy types of cement alternatives to reduce the green-
house effect [4,5]. Geopolymers are a type of material

ing, | wells-drilling/production/construction

are low calciom content systems consisting of sialate monomers
as repeating units (0-5i-0-A1-0). Several solid aluminosilicate
materials such as feldspar, metakaolin, industrial residues, and
solid wastes have been utilized as solid geopolymer precursors,
However, these precursors ha\'c different reactivity depending on
their chemical logy, morphology, and fineness
[8.9]. The main criteria for producing and developing stable geopo-
Iymer is the solid precursor should be highly amorphous or reactive,
have consistent chemical composition, and have low water content
demand with a water-to-solid precursor ratio of less than 0.4
[o,11].

Geopolymer could be designed to obtain desired mechanical
properties compared to OPC, including higher acidic attack resis-
tance, heat resistance, higher mechanical strength, and lower chem-
ical shrinkage [12,13]. Furthermore, il is important to prepare
and select each component’s proper type and dose, such as
a]]cah-m‘twate achvatcr precursors, and admixtures [14] Moreover,

with the potential to fully replace OPC while having the potential to
significantly reduce carbon dioxide emissions. In astudy by McLel-
lan et al. [6]. the costs and greenhowse gas emissions of geopoly-
mers were compared to OPC. The study found that geopolymer
emits between 14 and 97 wi% less carbon dioxide than OPC.
However, there is some. uncenainty surounding this finding due
to the difficul hing  between geopolymers and
alkali-activated-based types of cement [7]

According to Duxson et al. [8], geopolymers are considered
third-generation cement after OPC and lime. The term “geopoly-
mer” generally refers o partially amorphous and partially crystal-
lire solid aluminosilicate materials in tetrahedal form, also
known as mm-garmc polymers, Some researchers do not distinguish
hetween geopol 5 and alkali d cement. Geopolymers
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logy could be useful for allowing waste
beneﬁmamn routes, known as circular economy, for using various
industrial wastes and unused by-products [15,16]. However, supply
chain availability for geopolymer precursor materials, suitable
admixtures for these materials, and examining protocols are stll
inadequate to be generalized and standardized globally [17].

Binders were mainly formed from the chemical reaction between
the alkali activation source and the aluminosilicate precursor, which
were patented in 1908 by Kuhl [18]. Afterwad, several pioneering
developments were done by Glukhovsky [19], Krivenko [20], Davi-
dovits [21], and Palomo et al. [22], respectively. Table 1 presents
some historcal reviews and recent overview articles on geopolymer
and alkali-activated materials,

Various types of raw materials have been utilized for synthesiz-
ing geopolymers, which may contain other types of synthetic
powder precursors [29]. In the context of geopolymer synthesis,
the most commonly used materials as powder precursors are metal-
Turgical slags and fly ash. Metallurgical slags such as blast furnace
slags (Ground Granulated Blast Fumace Slag, GGBFS) are mix-
wres of poorly crystalline materials with depolymerized calcium
silicate glasses to control the strength development profile as is

OCTOBER 2023, Vol. 145 / 10320141
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Table 1 Es les of published li reviews and artides on alkali-activated materials and geopolymers
Title Significant outputs

of geopoly and factors infhe its develop ra  Ameview of the dc\-dnpmmtnfgenpo]}nm mchndmg dlu'mcal rumnns
review [23] source materials roles mix

A]ka]l-aﬂl\-awd binders: A Tl'\ﬂc\l {Part 1) historical back grownd

reaction h and hydration products [24]: (Pant 2) About
materials and hinders manufacture [25]
Mechanism and chemical reaction of fly ash geopolymer cement: A review
[26]
Geopolymer concrete: A review of some recent developments [ 10]

Materials for optimized P&A performance: Poiential utilization of
geopolymers [27]

Ome-part alkali-activated materials: A review [28]

A general eview of alk.nh—xtl\-mcd hinders, including hlsmrrr.a]
‘hack ground, t:rmlmbg} h}drnlnn pmdum materials and binders
and p
An overview oflmllz.nmn nfﬂ} ash geopolymer cement as alkali-activated
hinders

A meview of wiilization and P of geopolymer concrete asa
pmcmm] construction material in sc\-u'a] app]lumm

and uti of for zonal isolation
a.nd well ab Were | \"iscnsity. pumpahbility, Auid loss,
strength and of the geopolymers were studied

A review of the currently published state-of-artin the development of
one-part geopolymer admixtures, including the employed solid precursors,
activators, admixtures, mixing designs, and resulting hinding materials

done in OPC [30]. Fly ash (FA) is a mixture of clay, sand. and
organic matter that is presented in coal. produced as a by-product
during the combustion process. These compounds are melted in a
furnace and then quenched mpidly in air t© obtain small spherical
particles [31].

In geopolymer synthesis, there are two main classes for FA that
can be used, which are dependent on their calcium content; Class F
contains low calcium acconding to ASTM C6I18. and Class C con-
tains high calcium content. However, Class C FA is rarely utilized
in geopolymer synthesis as Class C could be classified composition-
ally comparable to some mixtures of Class F and GGBFS [32.33].
Moreover, fly ash class F and GGBFS mixtures are more prefemed
in the synthesis of geopolymers, where Class C fly ash is less abun-
dant than fly ash Class F [7.10].

The lature and termi s and

the concrete. As a result. a one-part geopolvmer design should
have a low water4o-binder ratio and fine spherical particles [7].

Currently, two-part geopolymers have been implemented in
various large-scale applications in Australia and Ukraine as evi-
denced by studies [28.41]. However, the challenges regarding the
transportation and handling of cormsive alkaline solutions needed
for mixing conventional geopolymers are a major dmwback.
These challenges highlight the importance of not only environmen-
tally friendly cementing materials but also to be user-friendl v ones.
Thus, the development of user-friendly geopolymers is a crucial
strategy to facilitate the utilization of geopolymers as a full replace-
ment of cement for oil well cementing applications.

One-part “just add water” geopol ymers are user-environmentally
Fnendlv cementing nnlem]_q Thev A moere promising for m—rnru

alkali-activated materials are stll quh_pect to unbunb debaleq u1

due to cticalities of
two- -part ba.-pulmmq [I‘]I '554’] I{uweva— they still need exten-

the literature. The former is ¢t ized by a three-di
tetmhbedral silica stmcture with high  content Q42A1) and
Q43AT) centers and low calcium content. In contrast, the latter is
characterized by lower silicon coordination, which is Q2 and
Q2(1AI) centers, and higher caleium content [34],

Comventional geopolymess, also referred to as two-part geopol y-

mers, are typically p:nnhuedbv partially dissolving solid precursors
ing reactive alumi (known as part one) in a con-
centmated alkali solution. The alkali solution can include alkali 4\1\
cate, carbonate, sulfate, or a bination of these
which act as pant two of the reaction [3536]. However, the use of
highly alkaline or alkaline silicate solutions poses logistical and
nvi ges. Thus, the i of one-part geo-
polymers that only require the addition of water has become crucial
in recent years [9].

Purdon [37] prepared a mortar mixture by dry mixing sodium
hydroxide powder. and slag and then adding water. A patent in
the 1980s presented a dry mixture of metaksolin, amorphous
silica, furnace slag. potassium silicate, and hydroxide, in addition
to adding either fly ash, or calcined clay before and then adding
water [38]. Another patent showed a mixture of amorphous silica
from fly ash with sulfuric or hydrochloric acid [39].

In the 1970s, Davidovits conducted research on the formulation
of one-part geopolymers by reacting metakaolin, alkali metal disili-
cate, and slag. He proposed the capability that sodium or potassium
silicate powder could be used as solid activators due to their wide
availability and unique activation properties [40]

Duxson and Provis [9] have presented other general specifica-
tions and approaches for one-part geopolymer mixtures. For
instance, precursors can be prepared by melting feldspar with
high calcium content before the combustion process. Reducing
the amount of water in the nn.\ru:eu also dequed Lo conserve corn-
crete properties and imp hility. A lower
water-to-binder ratio results in lower porosity and permeabmrv of

103201-2 / Vol. 145 OCTOBER 2023

sive in to be more applicable for
industrial use.

Tn this article, the aim is to provide a prior state-of-the-art in the
development of one-pant rock-based geopolvmer mixtures. This
study discusses the eard y-age effect of water content and four di fer-
ent chemical admixtues on the geopolymerization mechanisms,
hydmted products, and their mechanical properties.

2 Materials and Methods

This study involves the solid phase, which consists of precursors,
a solid activator, and admixtures, and the liquid phase, which con-
tains deionized water and an accelerator. The precursors are
obtained from granite rock and by-product materials. For the
solid activator, anhydrous potassium silicate in powder form with
a molar ratio (MR) of 3.92 was utilized. Four admixtures are used
in this study: sodium hydroxide in pellet form, calcium carbonate
in powder form, calcium oxide in powder form. and zinc oxide
powder. Additionally, a small amount of 12M pd:mmum hwlmaule
(KOH) solution is used as an | . Th
of the neat recipe (grmite is a source of aluminosilicate, GGBFS is 2
calcium- and magnesium-rich materal and amorphous aluminosil-
icate, and mi ilica is a pure pt silicate material) is
shownin Table 2, indicating the weight percentage of the three pre-
cursors in the mixture. The mineralogy of the precursors has been
studied in detail [27.43-45].

21 Experimental Equipment. AP Mixer—A high-shear API
cement blender was used for mixing all the components to form the
slurry in each experiment following API 10B-2 [27].

Curing of samples—All samples were heat cured in an oven at
70 °C Bottom hole circulating temperature (BHST). The samples
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Table 2 Chemical composition of the precursor in wi

Chemical composition (wi%) 50, Al Oy

Fey 0y

Mg0 a0

NayO K0 Ti0, Mn( Lot

Precursor mix 56.63 1247 1

623 16 45 177 287 116 0.9 [}

*Loss on ignition.

were cured inside cylindrical plastic molds and covered with plastic
lidls.

Uniaxial compressive strength (UCS—A cutter machine was
used to flatten both sides of the samples to be prepared for
rummning UCS. The dimensions of these samples were 51 mm in dia-
meter and about 80-85 mm in height. UCS tests were performed fol-
lowing API Spec T0A [46]. The samples were placed under
compression using a mechanical tester with a loading rate of
10 kN/min.

Sonic Strength—To measure the sonic strength of the matedals,
an ultrasonic cement analyzer (UCA) specified in API 10B-2 [27]
was emploved o measure sonic strength development by use of
somic impedance at 14 MPa and 70 °C for 7 days. The equipment
is designed and calibrated to test OPC [47]. Therefore. for any
new material, new algorithms should be generated and applied in
the custom algorithm option. The same equipment was used for
all the materials to minimize any errors in the system,

Compositional Analysis—The accuracy of Xaay diffraction
(XRD) data is dependent on various pammeters including XRD
instrumental intens time-steps. incremental angle, testing condi-
tions, etc. In this study, XRD samples were dried in an oven at
30 °C ovemight. Afterward, these specimens were kept in a
vacuum dryer for one day to maximize the removal of water parti-
cles and o prepare them for XRD testing.

The crystalline phases of the sample were analyzed by a Bruker-
AXS Micro-diffractometer DE Advance, which uses CuKa radia-
tion (40.0kV, 25.0 mA) with a 28 range from 5 deg to 92 deg
with | deg/min step and 0.010 deg increment. The main crystalline
XRD pattems have been highlighted and investigated. EVA v5

Table 3 Mix design for the given rock-based 1P GP

Mix design name™” Additives {wt%) Additives in millimoles
WP Non Zem
WIPh Nomn Zemo
WIPH-002 0.14 wtf Ca0 3571
WIPh-004 057 wit% Ca0 TL43
WIPL-006 086wt Ca0 107.14
WIPL-00D8 L14 wit% Ca0 142 86
WIPL-CZ 0.14 wt% CaCO3 19.98
WIPh-C4 057 wtf CaCO3 39.96
WIPh-06 086 wit®e CaC03 5994
WIPH-CE L14 wi% CaC0O3 79.92
WIPh-72 0.14 wife Zn0 24.57
WIPh-Z4 057 wtf Zn0 49.14
WIPh-Z6 D86 wtf Zn0 7371
WIPh-ZE L14 wi% ZnO 98.28
WIPb-NZ* 014wt NaOH 50.03
WIBb-N4* 057 wi%e NaOH 100.07
WIPES Nomn Zemo

*All recipes had the same Activator and Accelerator to Solid precursors ratio,
0.20.

Bl mecipes had the same free water conient, 88.19 wi% in the liguid phase.
“WIP has 35wt% liquidto-solid ratio. However, all W1Ph mcipes have
33wt liguid-to-solid ratio.
“Theaddition of NaOH pellets was
KOH solution to conserve MR =24
“WIFc has the same mix design as WIPh with a solid accelerator either
KOH or NaOH pellets instead of the liguid accelemior. The addition of
these ide pellets was i asa il itution to the
KOH solution with conserving MR at 2.4,

to the

s a partial

J 1 of Energy R Technology

software was used to analyze the crystalline components and to esti-

mate the degree of crystallinity.

22 Experimental Procedures. The candidate recipes were
mixed in the laboratory according to the recommended procedures
[27.43.46.48). The mixing pmcedures for all recipes were as
follows: the precursors were mixed including chemically normal-
ized components. The activator was a potassium silicate anhydrous
powder with a molar ratio (MR =S5i02/K20) of 39. A small
portion of potassium hydroxide 12M solution (as an accelerator)
was used to lowerng down the molar mtio o 2.4,

221 Mixing. Mix design entails preparing the solid and liquid
phases of the neatrecipe, with and without adding admixtures to the
solid phase, and at the end. combining all of them by blending.
First, having obtained enough components, solids and liguids are
mixed separately in a clean bucket and plastic container, respec-
tively. Regarding admixtures, for each experiment. each admixture
in powder form between 0.14 and 1. 14wt% equivalent to the solid
precursor was added to the solid phase in the initial mix design.
Table 3 presents the tvpe and total amount of additives added 1o
the mck-based geopolymer with their recipes’ names.

3 Results and Discussion

31 Uniaxial Compressive Strength Test. All recipes in
Table 3 were investigated for Uniaxial compressive Strength
(UCS); each recipe includes three samples for each mix design,
which were prepared and cured at 70 °C. at stmospheric pressure.
All samples were tested after 1 day of curing. Furthermore, the
top l-day UCS recipes were also investigated after 7 days of
curing. Figures 1-5 present the average compressive strength of
the materials given in Table 3 after a 1-day curing period. More-
over, the top comparable recipes (with 0.14w1% chemical admix-
wre) from |-day UCS results in addition to WIP (WIP-35%)
were selected for further investigation for 7<day UCS data as
shown in Figs. 6 and 7, respectively. One should note that 1-day
strength development is critical for drilling purposes. The refore, it
was considered in this work.,

UCS results show the effect of water content on the given mix
design as shown in Fig. 1. Tthas been suggested that water only pro-
vides a medium for the dissolution and restucturing of aluminosil-
icate sources into geopolymer [49]. The given one-part rock-based
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Fig. 4 The effect of chemical admixture Z on 1-day UCS
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geopolymer recipes with higher water content than the 35%
liquid-to-solid ratio could not set nor develop any reliable compres-
sive strength within 1-day of heat curing at 70 °C. In addition, W1P
(35% wis. grey color bar) was much weaker than W1Pb (33% wi/s,
black color bar). The higher the water content, the lower the 1-day
and 7-day UCS. WIPb has almost triple the UCS value of WIP in
agreement with the negative effect of water content on the geopoly-
mer system in the literature [49].

Various chemical admixtures were added to the neat recipe to
investigate each chemical admi and its content on the neat
one-part rock-based geopolymer recipe. WIPb. A trend was obvi-
ously to be detected as the higher the content of chemical admixture
the lower the I-day UCS for chemical admixtures CaO, CaCO3,
and NaOH. Therefore, with higher chemical admi content,
it has also a negative effect on l-day UCS and early strength
development.

In the case of the addition of NaOH Pellets, both partial and com-
plete repl. of the accel solution by NaOH pellets had a
severe decrease in 1-day UCS (Fig. 5). This effect was observed to
lose down to two-thirds of the UCS of WIPb. This could happen
due to the substitution of the KOH accelerator solution with

103201-4 / Vol. 145, OCTOBER 2023
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Fig. 7 The effect of various 0.14 wt% chemical admixtures on
7-day UCS

NaOH pellets by conserving the modulus ratio at 2.4, However,
the rate of dilution of NaOH pellets is much slower than the utiliza-
tion of any alkali solution with free ions. NaOH pellets need a
longer time to be dissolved in the distilled water medium to be
fully activated or so-called concentrated water for the IP GP
system. While the complete replacement of the KOH liquid accel-
erator by KOH pellets had a comparable 1-day UCS with the neat
recipe WIPb.

Unlike the other chemical admixtures, the utilization of chemical
admixture Z has a weight content threshold to reach the highest
I-day UCS of 10 MPa after the addition of 0.86w1% Z to neat
recipe WIPb and then I<day UCS decreased with higher Z
content. A similar trend was also observed by Ali [50] and Zailan
et al [51].

Zinc oxide is partially soluble in an alkaline medium, butits solu-
bility increases at elevated temperatures up to 100 °C [52]. It is an
amphoteric oxide, formed by bonding the cation Zn*? with the

anion O 2, These el can be p 1 in two possible struc-
tures: cubic and hexagonal as shown in Fig. 8.
Transactions of the ASME
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lonic Bosds

Fig. 8 Structures of ZnD: (a) cubic and (b) hexagonal [51]

Zn0 can with MOH (M =K or Na) produce ZnOH*, Zn(OH ).
and Zn(OHk* within the alkali pH range up to pH 14. At a high
alkaline medium, the reaction between zine oxide and alkali metal
hydroxides (Am) produces two zincate-based anions: MZn(OH)s
and MoZn(OH)y. Figure 9 shows the chemical stmucture of
Zincate [Zn (OH)3-]n polymeric anion. The presence of Zincate
anions within the geopolymerization reaction may promote more
favorable geopolymerization products

MOH 4 Zn0 + H,0 = MZn(OH), n

IMOH + Zn0 + H,0 = M, Zn(OH), @

(Other researchers observed not only a decrease in UCS at high
concentrations of zing oxide but also a threshold of the addition
of zine oxide to increase the compressive strength. Zine oxide has
been ohserved to play a role in the polycondensation phase by cre-
ating a more basic environment in the geopol ymer system [51.53].
In astudy by Zailan et al. [51]. it was found that low concentrations
of Zn0 could fully contol the formation of K(N}-A-S or C-A~
5-H gels. from the complete geopolymerization reaction. Tt was
also observed that more K(N)}-A-5-H gel was formed than C-A—
5-H gel during the geopolymenzation process due to the low
calcium content in the raw. However, it should be noted that
these gel phases are indications of an incomplete geopolymerization
reaction.

At higher concentrations of Zn0, UCS reduction could be due to
the negative action of Zn0 on the geopolymeric system, which
might affect the condensation process and inhibit the formation of
geopolymer gels [51]. The water molecules released during geopo-
lymerization could introduce in mduction potential reaction with
Zn0 as shown in the following reversible chemical maction [51]:

Zn0 4+ H:0 4 2e7 e Zngy + 20H” (3

Therefore, the wilization of low concentrations of Zn0 can
improve the chemical kinetics of geopolymerization reaction to
get higher and eadier strength development as observed for the
addition of 0.14 wi% (equivalent o 25 mmeol) up 1o 0.86 wi%
(equivalent to 74 mmol) of ZnO to neat recipe WP in Fig. 4.

3.2 Nondestructive Compressive Strength. According 1o
API standards [48]. the cement should harden after the well place-
ment process within the first 12-24 h more than 3.5 MPa (500 psi)
as @ minimom requm:men[ for UCA and UCS. In this study,
6.89 MPa (1000 psi) is considered an acceptable UCA and ucs
of the given mix design for oil well cementing applications.

The given al gorithms provided by UCA have been developed for
OPC. and they are not meliable for estimating the strength

il
Ho?—----%n?-*---cm'
|
OH
Fig. 9 Chemical structure of Zincate-based anion
J | of Energy R Technology

Table 4 A polynomhl equllon for one-part rock-based

y gth from transit time data
o
Mix design Paolynomial equation R-Square value
WIP ¥=211.28%" —6220X + 45677 “=96.12%

development of other materials such as one-pant wek-based geopo-
lymers [47.54].

The estimated sonic strengths showed that the development of
algorithms o estimate the sonic strength from transit time is impor-
tant. The speed of the compressional sonic wave is strongly affected
by the chemistry of the under-investigated geopol vmers [47].

A new empirical equation was developed by plotting the average
compressive strength values versus measured transit time by the
UCA equipment [11]. The equation is a polynomial equation for
one-pant rock-based geopolymers (Table 4).

Figures 10 and 11 present the sonic strength development curves
based on the generated polynomial equation in Table 4.

Table 5 presents setting time data to reach 50 and 500 psi.
besides. sonic strength data that has been ohserved afier I- and 7
days.

The estimated UCA data agree with the measured UCS values for
the top candidate recipes for 1- and 7-day UCS as given in Figs. 6.7
and 11. In Table 5, W1Pb-Z2 has the shortest time to reach 0.35 and
3.5MPa. WIP with higher water content has the longest time to
reach 035 and 3.5 MPa. which it was taking up to 19 days o
reach 3.5 MPa. However, WIPb was taking just one hour and six
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Fig. 10 UCA Data for the net recipe with two different water
content, samples cured up to 7 days
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Table 5 Summary of UCA data for the selected 1P GP recipes

Mix design  Sefting time (min) to 0,35 MPa (50 psi)  Setting time (min) ©0 3.5MPa (500 psi) 55 (MPa)for | day 55 (MPa) for 7 days

WIP 46 27,540 168 211

WIPh 40 &6 585 6.10

WIPh-002 38 &0 622 6.74

WIPh-Z2 7 47 1155 12.76

minutes o reach the same sonic strength value, This shows and

proves the severe effect of water content on geopolvmers as Q WiRk-CO2

shown in Fig. 10 and Table 5. | WIPb-C2
Furthermore, the estimated sonic strength for |- and T-day is W1Pb-22

slightly higher than the measured compressive strength for 1- and
T-day UCS. This could be due to the addition of pressure ca.
13.8 MPa while curing in UCA; however, the UCS samples were
cured at ambient pressure [55].

3.3 Composition Analysis, X-Ray Diffraction. Generally,
geopolymers are known to contain amorphous content, especially
at low curing temperatures; however, the amomphous content is
diminished at elevated curing temperatures [11.36.56-58]. Khalifeh
et al. [57] studied the mineralogy of rock-based geopolymers syn-
thesized by the use of potassium silicate solution as an activ
They found that quartz was a major phase. and albite and microcline
were minor phases.

Figure 12 presents the peaks chserved in the spectm of the given
geopolymer precursors. It shows the phases originally found in the
rock precursors of the granite, GGBFS. and microsilica, where
granite has high crystalline content of up to 80%. On the other
hand, GGBFS and microsilica are considered for their highly amor-
phous content and observable amorphous hump as given in Fig. 12,
For GGBFS. akermanite crystalline mineral could be barel
detected in addition to other tace minemlsicontaminants,
However, in the case of microsilica, there was not any detectable
crystalling peak as shown in Fig. 12,

a —Granite
Microsilica
—GGBFS

0 100

) Gl
Angle ITheta

Fig. 12 Compositional analysis XRD for 1P GP precursor
components
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Fig. 13 XRD Compositional analysis for W1P versus W1Ph
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Fig. 14 XRD Compositional analysis for W1Pb*® recipes

Granite main peaks comespond to quartz (Si02), microcline as an
alkali feldspar (KAISi308), and albite as a plagioclase feldspar
(NaAlSI30R). In addition, the precumor also contains biotite
(K(Mg Fel3AISI30 10(F,0H2). However, Biotite mineral is not
found or neglected in the spectra of any of the finished products
as shown in Figs. 13 and 14. Table 6 indicates the computed crys-
talline and amorphous content for ganite, the two neat recipes, and
the developed recipes with chemical admixtures.

/s similar patterns for the neat samples of the
same original composition in Figs. 12 and 13, Figure 13 shows neg-
ligible major changes can be observed over the 7 days of curing. and
no significant differences were found because of the differences in
water content between WIP and W1Fh. Both neat recipes contain
Quartz, Albite, Microcling, and tmeers of Biotite and synthetic
potassium aluminume-silicates hydrates (S1), but WIPb has lower
microcling and biotite content than WIP.

Figure 14 presents the differences in the compositional analysis
of WIPh with the 0.14wt% chemical additives of calcium oxide
(00, calcium carbonate (C). and zinc oxide (Z). These WIPh*
maodified mecipes also have Quanz, Albite and Microcline similar
to the WIPbneat. in addition to three synthetic crystals or b
WIPh-CO2 has two synthetic hydrates as tracers are Potassium—
Sodium—Calcium—Aluminum-Silicate hydrates (52) and Sodium—
Calcium-Magnesium—Aluminum—Silicate hydrates (S3).
WIPh-C2 has tracers of synthetic Sodium—Calcium—Magmesinm—
Aluminum-Silicate hydmte (53) only. While WIPh-Z2 has just
tracers of Potassium Zine Aluminum—Silicate hydrates (S4).

Two trends were visible in the geopolymer samples. Over time,
the composition changes slightly, and the presence of feldspar
reduces in agreement with [11,36,56,57] and the presence of syn-
thetic hydrates as a function of each added chemical admixture

Table 6 Degree of crystalinity analysis for granite and the
selected recipes

Mix design Crystallinity { %) Amorphowsity (%)
Granite 79.9 20.1
WIF 521 47.9
WIPh A 48.3
WIPH-CO2Z 532 46.8
WIPHC2 50.1 49.9
WIPh-Z2 530 47.0
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even if as tracers. For WIP and W1Pb cured at 70 °C, there were
litle peaks of feldspar crystals after the 7 days of curing
(Fig. 13). Similardy, WIPb* recipes also have little trace of feldspar
crystals after 7 days of curing, while the main peak of Biotite
seemed 1o be diminished over the 7 days of heat curing (Fig. 14).

Therefore, this can suggest a chemical reaction between the geo-
polymer, chemical admixtures, and the feldspars {Albite and Micro-
cling) present in the precursor. The absence of biotite in all products
may also suggest a chemical maction between the mixtures and
biotite, but this absence can also be related to a lesser amount of
biotite relative to that total in the final mix, thus making it difficult
o differentiate in the XRD spectra.

The results also indicate that different types of feldspar react dif
ferently with and without the chemical admixtures put into the geo-
polymers. In addition, three new synthetic hydrates were observed
after the addition of the i igated chemical admi (0o, ¢
and Z).

Further examinations and future studies are still needed 1o fully
understand these complex chemical investigations and their eco-
nomic feasibility. These studies should investigate and verfy
the peopolymerization process of these onepart geopolymer
recipes. especially after adding Zn0 as a strength booster. This
investigation can be done by studving each stage of the geopoly-
merization reaction and by integrating other physical and chemical
characteri zations.

4 Conclusion

The development of an applicable mix design for one-part geopo-
Iymers is crucial to fit for offshore oil well cementing applications.
The investigated geopolymers were heat-cured rock-based one-part
recipes. They can be eligible for the development of short-term
mechanical and chemical properties of cementing material. The
developed WIPb-Z mcipes have the potential to be utilized in
well construction and well aband applications. Furt} .
the higher water content in the one-pant mck-based geopolymer
system negatively affected the early strength development and
setting time. Moreover, the higher the concentration of the given
chemical admixtures, the lower the I-day strength development.
The top candidate recipes were having lower water content and
especially with lower concertation of Zn0 chemical admixture, as
Zn0 might have a role in the polyeondensation phase in the geopo-
Iymer system. This can be due to the formation of the polymeric
anions of zincate. Thus, Zn0 can be considered an early strength
development booster. Further investigations are still needed 1o
fully understand the complexity behind the one-part rock-based
geopolymerization process.
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Nomenclature

Acronyms
A = albite
C = calcium carbonate
CO = calcium oxide
CuKa = copper k-alpha mdiation
FA = fly ash
GGBFS = ground granulated blast furnace slag
K = potassium
M = alkali metal
Mi = microcline
Mmol = millimoles
MPa = mega Pascal
MR = modulus ratio
N = sodium hydroxide
Ma = sodium
OPC = Onlinary Portland Cement
P&A = plugging and abandonment
Q = quartz
51 = synthetic potassium aluminum silicates hydrates
52 = synthetic potassium sodium calcium aluminum silicate
hydrates
53 = synthetic sodium calcium magnesium aluminum
silicate hydrates
54 = synthetic potassium zine aluminum silicate hydmtes
55 = sonic strength
TT = transient time
UCA = ultrasonic cement anal yzer
UCS = uniaxial compressive strength
WIPb* = WIPh modified recipes with 0.14wt% chemical
admixtures
WIPe = “Tust Add Water” rock-based geopolymer mix design
XRD = Xaay diffraction
Z = zinc oxide
28 = two theta angle
IP GP = one-part geopolymer
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Role of Zeta Potential on Rheology of One-part Geopolymer Slurries —
Influence of Superplasticizers

Mohamed Omran’, Mahmoud Khalifeh', and Sondre Hjelm’

' Department of Energy and Petroleum Engineering, Faculty of Science and
Technology, University of Stavanger, Stavanger, Norway.

ABSTRACT

One-part geopolymers have great potential as an alternative cementitious material to replace
ordinary Portfland cement (OPC). They are more convenient to be uvtilized in cast-in-situ
applications than the conventional two-part geopolymers as well.  Superplasticizers are
admixtures that plasticize and fluidize the cementitious shurry through steric and electrostatic
mechanisms that apply repulsion forces between the shurry particles. They are commonly used
to improve the workability of cement and conventional geopolymer slurries. However, the most
developed superplasticizers are suitable for Ordinary Porfland cement. Zeta potential
measurements of geopolymer slurries can be used in the evaluation of superplasticizers.
Therefore, the effect of zeta potential on rheological properties of one-part geopolymer slurries
due to the influence of three different superplasticizers is presented. The results show that
lignosulfonate-based matenal could be an effective superplasticizer for Just Add Water
geopolymer slurries. It gave the lowest vield stress and API gel strength while having the
highest absolute zeta potential value.

Introduction

Superplasticizers are admixtures which plasticize and fluidize cement shurries by means of
electrostatic and steric repulsion mechanisms that apply repulsion forces between the shurry
particles. They are commonly used to improve the workability of cement and geopolvmer
pastes. They are used to control the flow properties and allow the possibility of reducing the
water to solid ratio without affecting their workability to achieve high mechanical strength and
long-term durability. These admixfures have several chemical bases such as lignosulfonates,
naphthalene, melamine, polycarboxylates, etc 1.

Lignosulphonates were used not only as superplasticizers but also as refarders to enhance
the viscosity and pumpability of OPC. Naphthalenes and melamines are superplasticizers that
influence dispersing of cementitious particles through electrostatic repulsion mechanisms.
Polycarboxylates are other types of superplasticizers that have elecfrostatic repulsion
mechanisms like naphthalenes and melamines, in addition to applying the steric repulsion
mechanism due to the long lateral chains of ether on the molecules .

Davidovits et al. ¢ introduced the geopolymers with chemical designation as polysialates,
where sialate is the silicon-oxygen-aluminate network [-Si-0-Al-O-]. This network is a
tetrahedra Si04 and A104 structure linked by sharing all oxygens. Hence. positive ions such
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as alkali metal cations (e.g., potassium ion K* and sodivm ion Na™) have to be presented within
the structure cavifies for balancing negative charges of Al3+ in the IV-fold coordination
Geopolymers have generally low calcinm content *%. Therefore, the available superplasticizers
for OPC may not influence them properly *.

Although several articles focus on controlling the reaction. sefting time and strength
development of geopolymer mixes 8%, few studied the effect of superplasticisers on one-part
geopolymer slurries. Several variables affect the geopolymeric structure such as particle size
and shape, and solid phase volume fraction besides surface effects such as electrostatic forces
and adsorption of ions between the particles **. Hence, Superplasticisers as surfactants may be
more suitable candidates for enhancing the rheology of the geopolymeric slurries. due to their
structures” compatibility with the geopolymer structures.

A study conducted by Palacios et al. ! shows that the pH of the shurry significantly impacts
the performance of the superplasticizers. At pH values below 11.7, most of the superplasticizers
perform better on alkali-activated-based materials. However. at higher pH values. especially
above 13.6. most of the superplasticizers get unstable and do not perform properly. One should
note that naphthalene-based admixtures are stable in high pH environments. The reader should
distinguish between alkali-activated-based materials and geopolvmers whereas geopolymers
are a sub-group of alkali-activated materials. Thus, geopolymer properties like pH of the slumry
and size and surface potential of the geopol%mer particles have a significant role in controlling
the adsorption rate of the superplasticizers '”.

This work aims to present the effect of ufilization of three different superplasticizers by
utilization of the electrokinetic potential of the slurmes. In addition, 1t will discuss their zeta
potential role in the rheology of geopolymer slurries, especially on viscosity and vield stress of
one-part rock-based geopolymer recipe at varying shear rates for well construction in the
petrolenm industry.

Experimental Materials

This research is based on selecting one of the top candidate one-part geopolymert recipes
from Omran & Khalifeh!!, “W1Pb-Z6” or so-called in this paper “OP-Z~ as the neat recipe.
The solid phase includes a precursor, a solid activator, and a superplasticiser. The liquid phase
mcludes distilled water. The chenucal composition and mineralogy of the powder mix have
been thoroughly smdied !4,

Furthermore, 1 wt.% solid powder of three different superplasticizers (fwo naphthalene-
based and a Na-based lignosulfonate superplasticizer) are used separately to enhance the
theology of one-part rock-based OP-Z neat geopolymer mix design. The chemical structure of
the superplasticizers 1s given in Figure 1. The selection of the superplasticizers 1s based on
selecting the most stable superplasticizers that can be utilized and worked effectively for
theology enhancement in high pH environments.
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b)

OH

Figure 1: Chemical structure of the superplasticizers: a) naphthalene derivate, b) lignosulfonate
maolecule &,

Experimental Methods

All the experiments and preparation of the slurries were conducted according to the
international standard '®. A high-shear cement blender, the OFITE Model 20 Constant Speed
Blender. was vsed for nuxing all the components to form the slurry in each expeniment.

An atmospheric consistometer, OFITE Model 60, was emploved for conditioning all the
given slurries in ambient conditions. A non-pressurized rotational viscometer, OFITE 900, was
used for the viscosity measurement. Shear stresses of the slurries were recorded in Ibs/100 fi*.

The zeta potential of the geopolvmer slurries was examined at ambient temperature
(25°C) by Electrophoretic Light Scaftering (ELS) using a Zetasizer Nano ZS (Malvermn)
equipped with a laser source (wavelength 633 nm) at a scattered angle of 13°.

Results

The shear stress and viscosity of the slurries were studied to investigate the impact of
the superplasticizers on the neat geopolymer shurry OP-Z (see Figures 2-4). The pH of the neat
slurry after conditioning was measured to be 13.94.
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FIGURE 2: Shear stress - Shear rate curves of neat slurry with 1 wt.% superplasticizer in solid
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FIGURE 3: Shear stress - Shear rate curves of neat slurry with 1 wt.% superplasticizer in solid
form; Left) shear rates below 100 1/s, and Right) shear rates above 100 1/s.
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FIGURE 4: Viscosity profiles of neat slurry with 1 wt.% superplasticizer in solid form.

Hershel-Bulkley mode] was used to estimate yield stress for all geopolymer mixtures as linear
scaling regression analysis between 5.11 to 10.2 1/s shear rates as given in Table 1. This model
could fit the given shear stress vs shear rate profiles in Figure 1. The power-law mdex (flow
index, n) was measured to indicate the changes in viscosity with shear rate_ It was equivalated
as the slope of the log-log shear stress to shear rate curve.

Table 1: Yield stress and APT Gel-strength results
10 sec API 10 min API Estimated

Recipes Superplasticizer  Gel-strength  Gel- strength Yield Siress Flow Index
[Pa] [Pa] [Pa]
OP-Z Non 185 19.1 154 037
OP-Z + NS Iwt% Naphthalene-SP 10.5 10.6 85 0.44
OP-Z + AX Iwt.% | Auxilchem NS181 10.4 11.3 85 042
OP-Z + L5 Iwt.% | Lignosulfonate-SP 5.6 6.9 4.1 0.64

All given geopolymer recipes were examined for their zeta potential, which inchides slurries
with and without superplasticizers (see Table 2).

Table 1: Zeta potential measurements of the geopolymer slurries with and without superplasticizers.

i Standard
Recipes ZP (m¥) Deviation
OP-Z =254 =029
OP-Z = N5 Iwt % -279 =132
OP-Z + AX Iwt.% 317 =0.65
OP-Z = LS Iwt.% -331 =0.66
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Discussion

One-part geopolymeric slurmies are non-Newtonian fluids in which the shear viscosity
is no longer a material constant. as the viscosity is changing with changing shear rate and also
with shearing time. Figure 2 shows shear-thinning behaviour for the examined one-part
geopolymer recipes with and without adding superplasticizers. In addifion, the flow mndexes of
the given slurnes were 0.37 to 0.64. which were less than 1 (n = 1) for shear-thinning materials.
It is observable that the absolute value of zeta potential for the slurries with superplasticizer can
directly be correlated to the initial viscosity of the slurry. especially at 5 and 10 1/s shear rates
as shown in Figures 2-4. below 100 s shear rates.

From Figure 3, above 100 s shear rates, zeta potential values might not be comrelated
with the viscous behaviour of the investigated geopolymer slurries anymore. espectally at higher
shear rates. The resistance of the formed particles nefwork 1s weakened at which the shear rates
increase and give rise to weaken the colloidal flocculent inferactions > 1.

One-part rock-based geopolymers can be considered as being constructed by long-
lasting time-dependent inferactions and flow properties due to complex ongoing
geopolymerization (ie.. dissolution and oligomerization) reactions. These inferactions are
replaced by a strong molecular network to form a gel structure >,

Kashani et al. 17 have shown that when alkali silicate-based hardener is mixed with
precursors, A negative zeta potential value 1s expected while for activators consisting of alkali
solutions, the zeta potential value approaches positive values. In other words, when alkali
silicate-based hardener is mixed with precursors, deflocculation of slag particulate suspensions
occurs due to deflocculation and plasticizing effects of silicate anions, which is a result of
repulsive forces. However, when alkali solution 15 used as an activator, the hydroxyl groups sit
on precursors and create flocculation  Adsorption of the superplasticizer on the particles
increases the magnitude of double-layer repulsive forces and subsequently reduces the yield
stress of the slurry. Others presented the utilization of naphthalene-based superplasticizers for
conventional geopolymer slurries had a great effect on lowefmg the yield stress and gel strength
with the highest absolute zeta potential values *1%!

In this study. a lignosulfonate-based sup-efp]asncu_er has been also investigated besides
the two naphthalene-based superplasticizers. The results of these three superplasticisers show
stable and effective plasticising behaviour to the given high pH rock-based OP-Z geopolymer
recipe. Lignosulfonate-based superplasticizer gave the best effect on lowering the vield stress
and gel strength with the highest absolute zeta potential value. It lowered the initial viscosity
from 3.6 Pas for the neat recipe down to 0.8 Pas for OP-Z + LS 1wt % mix design. It also
lowered the yield stress and API gel strength by 73% and 70% respectively when it 1s compared
with OP-Z neat recipe. The higher the absolute value of zeta potential, the better the colloidal
effectiveness on the geopolymer shurry initially in static conditions. Hence, zeta potenfial
measurements might be correlated to the initial theological properties such as yield stress,
without any considerable effect at high shear rates.

The observations show the presence of shear-thinning - thixotropic flow behaviour for
the given one-part rock-based geopolvmer recipe with naphthalene-based superplasticizers as
time-dependent slurries. However, the Lignosulfonate-based superplasticizer gave Bingham
Plastic behaviour. The investigated superplasticisers can be also applicable to be used for two-
part geopolvmer slurries. especially the lignosulfonate-based superplasticizer.

The recommended dosage of the superplasticizers is typically 0-1 wt.%. while below 0.5
wt.% 15 more of interest due to techno-economic reasons. Thus, a further investigation will be
needed to study the effect of the weight content of these superplasticisers below 1 wt.% on the
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one-part geopolvmer system. In addition, it would be useful to further correlate these
observations with interactive forces befween geopolymer matenials and these three
superplasticizers.

Conclusion

From the experimental results, Naphthalene-based superplasticizers are good candidates
for lowering vield stress, API gel-strength and viscous behaviour of one-part rock-based
geopolymers as they work effectively with the conventional two-part geopolymer systems.
However, the lignosulfonate-based superplasticizer gave the best effect on lowering the yield
stress and gel strength with the highest absolute zeta potential values due to their particle’s
dispersion with the highest absolute zeta potential value. Both Na-based lignosulfonate and
Naphthalene-based superplasticizers might be the most effective superplasticizers for one- and
two-part rock-based geopolymer systems. Zeta potential measurements might be correlated to
the initial rheological properties such as yield stress, without any considerable effect at high
shear rates.
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Summary

One-part geopolymers, known as “just add water” (JAW), alkali-activated formulation is presented in this work. This work reveals the
design and development of short-term properties of JAW geopolymers for use in oilwell « g and well aband it. Granite-based
mix designs normalized with a byproduct slag and a small amownt of microsilica as precursors “were developed. The solid activator is
composed of potassium silicate andputass.u.mlh\dmmde which are mixed with the precu.rscrrs to synthesize the JAW formulation. Zinc
oxide is used as a strength booster admi . perties of the devel ganm-basedmlxdesaguswmchamc‘henzed
by investigating reaction phases and mechamcalprmpeﬂles Dissolution, heat evoluti bility, strength development, and mineral-

ogy are also studied. The results show that a positive comelation among all the given aml}ﬂses for the final geopolymeric product is quite
observable. Zinc oxide is favorable to be added for optimizing the given precurser mix design to enhance the solubility and leads to nuch
higher heat evolutions. Furthermore, it develops early strength up to 16 MPa without any negative effect on the investizated one-part
geopolymer shurries.

Introduction

The primary objective of all cementing operations in the oil and gas industry is the effective placement of barrier materials that can fulfill
their fimctions at downhole conditions. After setting, the hardened cement is expected to work as a physical barrier, providing proper
long-term zonal isolation within the wellbore. Additionally, safe and economical cementing operations are other important requirements
and key paths to improve the overall performance of well-cementing systems (Nelson and Guillot 2006; Ehalifeh and Saasen 2020).
Within this context, ordinary Portland cement (OPC) is the prime material used for zonal isolation and well abandonment for more than
a century, mainly due to its worldwid facturing inf raw materials, known chemistry. availability, and pricing (Hewlett
2001; Nelson and Guillot 2006; Taylor 1997). Even though OPC chemistry is well knovn and developed, there are technical constraints
repcrned in the literature regarding its short- and long-term properties (Deshpande et al. 2015; Simao et al. 2016). OPC durability limita-
tions are even more challenging to overcome when considering the harsh conditions present in the oil and gas wells environment (Be en
et al. 2022; Kiran et al. 2017; Nelson and Guillot 2006). Moreover, its production contributes up to 8% of the global CO, emissions
(Andrew 2019), from the demmpos.iﬁﬂn of carbonates and high fossil fuel consumption. Altogether, these aspects reprresent a powerful
dniving force toward the development of cementitious materials with lower carbon footprint to achieve global carbon dioxide reduction
goals (Damtoft et al. 2008; IEA 2021).

Geopolymers are a subcategtm of alkali-activated based materials (Davidovits 2008; Palomo et al. 2014), which have been estimated
to have between 70% a.ud 80% lower CO, emissions per ton of produced material (Flan etal. 2012; McLellan et al. 2011; Pacheco-Torgal

etal 2014). Practical 1on of 1 inwell cementing has been proposed as early as 2008 by a cementing services company
(Barlet-Gouedard et al. 2008), with repurts of field tests dating from the same period (Mahmoudkham et al. 2008). Despite fulfilling
theological and pumpability requirements, having excellent mechamical properties at the hardened state and high durability in wellbore
conditions (Chamssine et al. 2027a; Khalifeh et al. 2014; Nasvi et al. 2014a, 2014b, 2014c, 2014d; Paiva et al. 2018; Salehi et al. 2017,
2018, 2019), compared to OPC well-cementing pastes, gaopﬂlvmem are not in widespread use in the oilwell industry. ‘Salehi etal. (2018)
attribute this fact to unouuh'ﬂ].led th.lckem.ug nme at elevated tem.peramrm

In the field of geopoly 5 are classified as two-part system (conventional geopol\mm) Or one-part system
(JAW). Conventional geopolymers are formed IJ\ mixing one or more of the raw materials (precursors) with a high alkaline actrvator
solution. producing a cementitious material. Activator solutions are generally composed of alkali metal hydroxide solutions, alone or
combined with alkali metal silicates (Davidovits 1991, 2013). Common precursors are natural minerals, such as kaolin, metakaolin, aplite,
and granite; industrial wastes, such as ground granulated blast furnace slag (GGBFS); fuel ashes, including fiy ash, rice husk, bamboo
leaf and palm oil ashes; demolition wastes; and, more recently, red mud waste (Krishna et al. 2021). Geopolymers derived from rock-
based precursors, such as aplite (Khalifeh et al. 2016a, 2016b, 2017, 2018, 2019) and granite (Alvi et al. 2020; Chamssine et al. 2021,
2022a, 2022b; Kamali et al. 2020, 2022), combined with GGBFS, have also been investigated for oil and gas applications, aiming to
minimize their CO, emissions, compared to calcined precursors such as metakaolin and fly ash.

Logistics, health, safety, and environmental aspects related to the transportation and handling of alkaline activator solutions needed for
mixing the two-part geopolymers in offshore applications are drawbacks for their field applications. In addition. the transportation of large
volumes of the liquid hardener phase can produce additional CO, emissions when compared to a single-phase geopolymer powder sys-
tem. These c.ha].lenges highlight the importance ﬂf developing the one-part geopolymers, as a crucial strategy for their offshore oilwell-
cementing ap ting its commerc Researchers have come up with the one-part system, known as the JAW system.
In the JAW g}'shem the alkaline/alkali silicate solution is replaced with a powder phase and preblended with the precursors. So, only water
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is required to be infroduced to the powder to produce the shurry. Such a product would then potentially be capable of being user-friendly
at the same time as g ing lower CO, emissi rooted in the transportation of unnecessary Liquid (Omran and Khalifeh 2023;
Wan-En et al. 2022).

Pacheco—Torrgalet al. ("O'DS) and Singh and Middendorf (2020) discussed views on the geopol ization reaction, izing the
process as a dissob in the alkaline sol as the pH is msed_ ff.l].luv\redl:nr the transport and recrganization of simple
sﬂ.lcaandalummateﬂahedm_ mndensauonmd.lmersand and p ion of the aluminosilicate network (Fig. 1).

Fig. 1 ization p steps: (a) p prior dissolution, (b) di jon and jon of
and dimers, (c)r ization and ion, and (d) geopoly ization.

The product of the geﬂpol}'menzaﬁcmpmress is a solid 3D network of silicate and aluminate tetrahedra, iIncorporating positively
charged cations (mainly Na~, K~ and Ca” ) to balance the charge of Usually, the I 15 denoted N-A-5-H
(sodmm ions), K-A-5-H (potassm.m ions), or (C, N)-A-S-H (calcium and sodium), where (H) represents free water in the nanopore
space (Davidovits 2017; Ehale and Chaudhary 2007). This must be distinguished from the C-5-H denved structures C-A-5-H and
C-(N)-A-5-H. which form when enough calcium is present m lution. These intain the classic lamellar structure of
C-5-H. with partial replacement of silicate by alumi dra and incorporation of sodium into the interlamellar solution
(Myers et al. 2014). These products are more usually assoclated with alkali-activated materials, rather than geopolymers. Hybrid
AAM-geopolymer pastes may form, with (C.N)-A-5-H slowly changing into C-(N)-A-5-H as the paste matures (Garcia-Lodeiro
etal 2013).

The kinetics of geopolymer formation is still not completely understood, and there is no single technique that quantifies the reaction
progress across all steps (Luukkonen et al. 2018; Zhang et al. "012 2013). Most often, the authors study the overall kinetics through
practical measurements, such as the setting time and strength d P rate, dless of p activators, and retarders used.
Zhang et al. (2012) described the heat release rate of metakaolin-based geopolymer dunng isothermal calorimetry, identifying three dis-
tinct peaks. Peak Iis a sharp peak that occurs after mixing, interpreted as the heat of dissolution of the precursors, follw.ed by an infer-
mediate period of lower heat release rate, during which reorganization and condensation occur. Peak IT corresponds to
and percolation of the solid phase. A third peak was observed, but its meaning is still unclear. This two-step heat release behavior was
observed by other researchers too (Cai ef al. 2020; Kumar et al. 2010; Paiva et al. 2021; Yao et al. 2009), sometimes with significant
overlap between the two peaks. In contrast with OPC hydration, there is no direct pmporﬁcm between heat release and reaction progress.
The amount of heat reflects the enthalpy of formation of the specific products formed In particular, K-A-S-H formation releases more
heat than the equivalent amount of N-A-5-H (Paiva etal 2021).

Nedumuri and Muk d (2022) reviewed retarders for alkali-activated materials andrepurtedthat only zinc was able to delay setting
by forming complexes with both silica and calcium ions. The authors studied the effect of up to 3% ZnS0, TH;O on the properties of
alkali-activated GGBES and fly ash at room temperature, finding it very effective in increasing both initial and final setting times.
However, increasing the concentration of zinc delayed strength detelﬂpment in the first 7 days. leading to a lower final strength In
extreme cases, formulations with 11% or less CaQ in the precursor mix and 3% zinc did not develop any strength after 120 days, suggest-
ing a poisomng effect. Zailan et al. (2020) were able to add up to 10% Zn0 to a Type F fly ash-based gaopﬂlvmer with a decrease of 44%
in the compressive strength at 28 days, but the authors did not report the effect in setting time. Wang et al. (2020) observed a significant
increase In sefting times after addmg "Sm Zn0 by welght of kaolin. The authors atimbute the effect to the formation of sodium or

zincate, retarding the f: of [y However, the amount of zine is much larger than typically used for retardation
pu.rposes and the compressive strength was not repcrn

The zinc retardation mechanism was studied by G-arg a.ud White (2017) in alkali-activated slag using ZnO, concluding that caleium
mcateCa[Zn{OI-D;]-\ 2H,0 (CZ) precipi asa le phase, delaying the formation of C-(IN)-A-5-H. The authors did not observe

of alkali-activated kaolin, suggesting that dation is d dent on the p of caleium After the ZnO is con-
sumed_ the ralrlum concenfration rises, and Cf\]}-& S-H starts to form. At this point, CZ stans to dissolve, calcium is released. and zinc
is incorporated mnto the C-(N)-A-5-H network, replacing silica tetrahedra (Tommaseo and Kersten 2002).
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Considening there is no literature consensus on the zinc retardation mechanism and its optimal concentration for low-caleum geopoly-
mer systems, Chamssine et al. (2021} studied a two-part low-calcium (10%5) geopolymer well-cementing system. Their precursors were
granite, GGBFS, and silica, and they found that the ;lddnmrn::qu{I"IOI])2 -6H,0 and K{NO;) was able to extend the setting time. Chamssine
etal. (2022b) repomed that the addition of 0.3% Zn’" by weight of shury as zinc salt extended significantly the th.lrkem.ug time at 50°C
of bottomhole circulating temperature (BHCT) and 14 MPa of curing pressure. Chamssine et al. (2022a) increased the Zn®* addition to
1.1% by weight of shury and prolonged the pumpability at 60°C BHCT and 14 MPa.

Ome-part geopolymers are a more recent development, combining suitable precursors and activators in a solid mixture that forms a
geopolymer by the simple addition of water (Luukkonen et al. 2018). The precursors can be any materials that form conventional geo-
polymers, and the activators can be prepared using the components of any two-part geopolymer activator solutions. Additionally, no dif-
ferences were found in the reaction products of one- and two-part fly-ash geopolymers when prepared with similar mixing ratios (Suwan
and Fan 2017). However, an important difference between two- mdﬂne—parl geopolymers 1s the slow release and availability of alkali and
free HSi0,” and Al(OH),, which may hinder or prevent the geopolymerization reaction. M.mgalmn techniques include adding reactive
sources of silica and alumina, such as amorphous silica and sodim silicates and aluminates, calcinating the precursors, grinding the
precursors to increase their surface area, and grinding the precursors with the alkali sources to obtain mechanochemical activation
(Matalkah et al. 2017). However, finely gou.ud precursors not only increase the availability of reactive species but also lead to worse
rtheological properties due to increased surface area. This is an important issue because commonly used OPC superplasticizers have mixed
results for one- and two-part geopolymers, depending on alkalinity, activator type, precursor type, calcium content, and temperature
(Nematollahi and Sanjayan 2014; Omran et al. 2022a, 2022b; Palacios and Puertas 2003). Finally, when the precursors are sufficiently
reactive, the added dissolution heat of activators may lead to the early setting of one-part geopolymer mixes.

The development of user-friendly geopoh‘mers is a crucial strategy to facilitate the use of geopolymers as a full replacement of cement
for oilwell ¢ ing appli Jop t of one-part geopolymers that require only the addiion of water has become
crucial m recent \ea.rs One—pan JAW geopﬂhmus are user and environmentally friendly cementing materials. They are more promising
for in-situapplications due to overcoming the impracticalities of conventional two-part geopolymers (Omran and Khalifeh 2022, 2023).

Building on the previous works, Omran and Khalifeh (2022, 2023) proposed a novel one-part geopolymer formulation based on gran-
ite. GGBFS. and microsilica, using anhydrous potassium silicate as a solid activator. Four different solid admixtures were individually
mvestigated, namely, NaOH, CaCO;, Ca0, and Zn0, m quantities ranging from 0.14% to 1.14% by weight of precursor. In addition to
distilled water, a small amount of KOH solution was u.sed as an accelerator. The neat formulation (W1Pb) developed 4.8 MPa in 7 days
of curing at 70°C and atmospheric pressure. The use of calcium oxide, calcium carbonate, and NaOH resulted in a reduction of early
strength, up to 7 days, even in the smallest concentration (0.14%), with worse effects in la.rger concentrations. NaOH had the worst per-
formance, yielding 22 MPaat7 days. Zinc oxide significantly improved the mechanical strength, reaching 9.5 MPa in 7 days by only
using (.14% ZnO. The authors concluded that the formulations with zinc oxide addition less than or equal to 0.86% have the pmenmlm
be used in oilwell cementing. While the addition of ZnO higher than 1.0 wt%: showed a negative effect on the 24-hour compressive
strength at 70°C.

Motivated bry that, this paper aims to thoroughly evaluate the early age properties and the mix design of one-part rock-based geopoly-
mer systems with 0.57% and 0.86% of ZnO, by mvestigating their geopolymerization process under an oilwell cementing condition.
Consequentially, it is to design a new one-part naturally occurring viable and sustainable granite-based geopolymer. It is focused on
studying each stage of the geopolymerization process starting from the characterization of dissolution, reorgamzation. and then polycon-
densation processes, integrating them with a wide range of physical and chemical characterizations.

Materials and Methods

Materials. The JAW geopolymer formulation is based on solid precursors and activator components, which are mixed with water to
produce the cementing system. The precursor materials used were ground granite (from Norway), a rock-based aluminosilicate material;
GGBES (from Sweden), a calcium silicate matenial rich in ahmimum and magnesiunr and a small portion of microsilica (MS. from
Norway), an almost pure amorphous silica.

This study is a desizn of granite-based geopolymers where the base ofﬂle JAW system is granite, and due to its chemical composition,
it is normalized with microsilica and slag. Unlike GGBFS-based geopolymers, gmmte—hased poly are characterized as ahumino-
silicate-rich materials with low calcium content and less calcium d de I ization reaction. In other words, GGBFS and
microsilica were incorporated as composition normalizers to the total wmght ﬂfﬂle gramte—based precursor, to develop the required early-
age well-cementing properties (Omran et al. 2023).

Chemical Composition

(wt2) Granite GGBFS Microsilica  JAW Precursor Mixture
Si0, 7344 3578 05.50 56.63
A0y 13.33 1272 0.70 1247
Fey0y 206 018 0.30 1.00
MaO 0.44 1277 0.50 6.23
Cal 1142 2374 0.40 16.45
Maj0 a1z 0.55 0.40 177
K0 511 0.82 1.00 2.87
Tio, 0.23 223 0.00 1.16
MnO 0.04 0.58 0.00 0.2
Lor 0.90 0.30 2.00 0.60

* Loss on ignition.

Table 1—Chemical composition of the p
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The chemical composition, as well as the JAW precursor mixture composition, obtained through X-ray fluorescence analysis, is pre-
sented in Table 1. The physical properties of the precursors and other mixture components are presented m Table 2. Their specific grav-
ities at 25°C were determined with an Ultrapye 3000 Helium pycnometer from Anton Paar. The particle-size distributions of the solid
precursors (Fig. 2) and their estimated specific surface areas were assessed through laser diffraction in water dispersion, using a Malvern
Mastersizer 3000 particle size analyzer with size limitations over 3000 um.

The activators were prepared using anhydrous potassium silicate with a molar ratio (5105/K;0) of 3.92 and ground potassium hydrox-
ide pellets. When required by the specific fornmlation. KOH and distilled water were used to prepare a 12 M solution. Zinc oxide was

Physical Properties SG (glem?) dyg (um) deg (um) dgg (um) SSA (mfrkg)
Granite 263 352 214 131 631
GGBFS 2.90 279 169 466 a44
Microsilica 220 049 0.34 0.60 19 320
K 5i0, 237 ND ND ND ND
KOH (anhydrous) 242 ND ND ND ND
ZnQ 5.61 ND ND ND ND
ND, not determined; SG, specific gravity; 554, specific surface area; d,;, dg;, dyy, particle-size distribution percentiles.
Table 2—Physical properties of the componants.
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Fig. 2—Size distribution of precursors in aqueous dispersions.
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used as an additive to improve the mechanical properties and potentially retard the setting at high temperatures. Distilled water was used
to prepare the samples. When the KOH solution was used, its water content was discounted from the added water.

Formulations. In this work, three previously developed formulations (W1Pb, W1Pb-Z4, and W1Pb-Z6) are studied using the following
notation (neat, 0.57% Zn0, and 0. Sﬁ“'/n ZuO) Additionally, a true JAW neat farnmlahcmls infroduced, in which the 12 M KOH solution
is replaced by anhydrous potassium hydroxide and, therefore, only water is truly required in the liquid part. The silica modulus or molar
ratio (Si0,/K,0) of the activator was kept constant at 2.40. The full compositions are listed in Table 3, while the molar ratios of those
formmlations, water-to-solid proportions, and their theoretical specific gravities are listed in Table 4.

Composition (% bwop®) ~ Granite GGEFS ~ MS  K,8i0, KOH (Anhydrous)  KOM (12 M Soluti Zn0  Water
AW 485 474 429 208 424 0.00 0.00 413
Neat 488 474 429 208 0.00 0.2 000 364
0.57% ZnO 488 474 429 208 0.00 2.2 057 364
0.86% ZnO 488 474 420 208 0.00 2.2 086 364

*By weight of precursor mixture (granite, GGBFS, and MS).

Table 3 polymer i i igated in this study.
Molar Ratios JAW  Neat 057%Zn0  0.86% ZnO
Si0,reranaf A0 o7z o72 072 0.7z
00, maie/Alz05 487 487 487 487
SiDb,perina/CA0 405 405 405 405
SiDb,rmaeine/CA0 203 203 203 203
K,0ALO, 107 107 107 107
Na,0/A1L0; 023 023 023 0.23
{K,0 + Na, O)/ALO, 131 13 131 1.31
ZnOVSI0; fomina - - 0.00585 0.00877
Z00ISI0; e - - oOot7 0017
Zn0iCal - - 0.0237 0.0355
H,OMK0 17.75 1778 17.78 17.78
KOH molarity (M) - 12 12 12
Water/solids 0338 0.338 0.336 0.335
Specific gravity (g/em®)  1.88 1.00 1.0 1.80

Table 4—Onide molar rafios, water-to-solid ratios, and theoretical
density of geopolymer formulations.

Activation (pH) and dissolution [inductively coupled plasma mass spectrometry (ICP-MS)] studies were performed for a diluted ver-
sion of the activator, for each individual precursor, for zinc oxide, and for the full formulations of Table 3. All solids were mixed with the
diluted activator, as described in Table 5. For ICP-MS tests, the activator was diluted with double the amount of water.

The overall kinetics evaluation [differential scanning calm'jmeuy (DSC)] used the same formmlations of Table 3 and additionally two
individual precursor formmlations presented i Table 6.

Mixing and Conditioning. Shuty preparation was performed by preblendng all solid components with the activator (selid and/or
solution) and adding the mixture to distilled water, in the amount indicated for each experiment For pH. ICP-MS, and DSC tests, the
solids were homogenized by mixing and shaking manually, then added to the activator in water, and hand mixed for 5 minutes.

For standard tests [e.g., thickeming time. sonic strength (S5), and destructive compressive strength]. the procedure recommended in
API EP 10B-2 (2019) was followed. The OFITE Model 20 constant-speed blender was used for mixing all the shury components. The
preblend of geopolymer precursor and activator was poured in distilled water into the first 15 seconds at 4,000 rev/min. and then the shury
was sheared for 35 seconds at 12,000 rev/min.

A temperature of 50°C was chosen as BHCT and 70°C as the bottomhole static temperature (BHST). An atmospheric consistometer
(AFIRP 10B-2 2019) was used for conditioning all shurmes, at 50°C BHCT. prepared for measuring compressive strength.

X-Ray Diffraction. The mmeralogical cha.rac‘lm'imﬁm of raw precursors (Table 1) and pastes (Table 3) was obtained by X-ray diffraction
(XFD) and Rietveld analysis. F  paste samples from the uniaxial compressive strength (UCS) test were ground and dried in an
oven at 30°C overnight, and then they were kept in a vacuum dryer for 1 day to maximize the removal of moisture. The analysis was
conducted according to ASTM C1363-18 (2018) using a Bruker-AXS Microdiffractometer D& Advance diffractometer, operating at 45
kV and 40 mA with CuKa radiation (4 = 1.5418 A), a scanning range of 5-92° 28, and a step size of 0.01° 26.

o
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?::bmp'] Granite GGBFS MS K80, KOH (Anhydrous)  KOH (12M Scluion)  ZnO  Water'
Kz5i05 0.0 00 000 208 0.00 0.00 000 186
Activator 0.0 00 000 208 0.00 .21 000 166
Granite 486 00 000 208 0.00 .21 000 166
GGEFS 0.0 474 000 208 0.00 .21 000 166
Microsilica 0.0 00 420 208 0.00 .21 000 166
0.86% ZnO* 0.0 00 000 208 0.00 .21 088 186
Jaw 486 474 420 208 428 0.00 000 166
Neat 486 474 420 208 0.00 .21 000 166
0.57% ZnO 486 474 420 208 0.00 .21 057 166
0.86% Zn0O 486 474 420 208 0.00 .21 086 166

*By weight of precursor used in the JAW mixture.
"For dissolution (ICP-MS) measurements, the amount of water was doubled to 333% bwop.

This ition was only considered for pH

Table 5—Precursor and geopoly i dopted for the pH and ICP-MS evaluations.
Mix
(% bwop') Granita GGEFS Ms K, Si0), KOH (Anhydrous) KOH (12 M Sclution) Zn0  Water
Granite 100 0.0 0.00 208 0.00 8.1 0.00 364
GGEFS 0.0 100 0.00 208 0.00 8.1 0.00 364

*By weight of precursor used in the JAW mixture.

Table 8—Precursor formulations adopted for the kinetics evaluations.

Crystalline phases of precursors and pastes were identified using the EVA v5 Bruker software. Rietveld quantitative phase analysis of
granife was conducted using the TOPAS v5 Bruker software and a PDF database. GGBFS and MS are approximately amorphous, based
on the absence of major crystalline peaks in their respective diffractograms.

Fourier-Transform Infrared Spectroscopy. Aliquots from the samples prepared for XFD tests (raw precursors in Table 1 and
geopolymer pastes in Table 3) were used for Fourier transform mﬂ'md (FI'JR) s;tcimscopy according to the ASTM C1365-18 (2018)
standard, using an Agilent Cary 630 FTIR sp r.ha d total refl e crystal. FTIR
spectra were collected in transmittance mode from 4000 cm™ to 600 cm” ataresoh.rhcmofl cm™

AlKalinity and Inductively Coupled Plasma. A Mettler Toledo SevenExcellence pH meter was used to measure the alkalinity of diluted
mixes (Tnhle 5) at room temperature (uncontrolled) and BHCT (50°C). ICP-MS was used to analyze the dissolution of each material
and their mixes (Table ) in the given alkaline medium following ASTM D5673-16 (2016). The ICP-MS samples were collected after
performing a 30-minute static flud loss test (APT P 10B-2 2019} at room temperature and 6.9 MPa for each of the fornmlations given
n Table 5.

Isothermal Calorimetry. A DSC was used to obtain the isothermal calorimetry curves of the raw matenals and geopolymer pastes
(Tables 3 and 6, respectively) to study their kinetics. Studies were performed at room temperature (23°C) and at BHCT (50°C) for up to
180 minutes. The heat evolution exerted by them was evaluated according to ASTM C1702-17 (2017).

Thickening Time. The th.lrkemnghme of all geopoly formulati din Table 3, was d according to APTRP 10B-2

(2019) using an ing up from room tempemmre to 50°C BHCT at 1 *C/min. The pumpability time at 40
Be was chasenfm'a]lpastes mdﬂle testswueendedb\ that time.

Ultrasonic Compressive Strength. The S5 development of the pastes (Table 3) was assessed according to APTRP 10B-2 (2019), with
an ultrasonic cement analyzer. The test was performed at 13.8 MPa and 70°C (BHST) for 7 days, with the temperature and pressure ramp-
up rates of 1 *C/min, and 17.2 bar/min, respectively. S5 was obtained from the transit time using the custom algorithm fitted by Onran
and Khalifeh (2022). which correlates the destructive uniaxial strength with the ultrasonic cement analyzer transit time, for a very similar
fornmlation.

Uniaxial Compressive Strength. Cylindncal samples for UCS (51 mm diameter and 80 mm height) were cast in plastic molds and cured
at atmospheric pressure in an oven at 70°C (BHST) for 24 hours and 7 days. A cutter machine was used to flatten both ends of the cured
samples. Six samples for each mix design of Tahle 3 were prepared. UCS tests were performed according to ASTM C3597-16 (2021),
using a Toni Technik-H mechanical tester at a loading rate of 10 kN/min.
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Results and Discussion
Characterization of Precursors and Pastes (Particle-Size Distribution and XRD). As seen in Table 1. the chemical composition
of the granite precursor is mainly silica and alumina, with potassium, sodium, and iron oxide as minor components. Its particle-size
dlsmbunon(hblez and Fig. 2) is very coarse and wide, spanning from 3.5 um to 131 pmmthamedmndmmeterof”l pm- GGBFS
on the other hand. is composed mainly of silica and calcium oxide, with similar of al and as seco!
components. Its median particle size of 16 pm is similar to that of granite. with a narrower range. Microsilica is almost pure silicon omde
much finer than the other two precursors, and with a narrow size distribution of around 0.34 um.

XRD spectra of the precursors, characterized by Omran and Khalifeh (2022), are shown in Fig. 3. Granite has a very high crystalline
content, whose mineralogy was reinterpreted and quantified. as detailed in Table 7. The major phases are quartz, feldspar (microcline and
albite), and oligoclase, with biotite and chlorite as minor phases.
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Fig. 3—XRD i h i of the raw material precursors. (A) Albite, (Ak) Akermanite, (B) Biotite, (Ch) Chlorite,

(M) Microcline, () Oligoclase, (Q) Quartz, and (Sp) Spinel.

Minerals No. Granite (Yowt/wt)
Quartz PDF 00-008-7651 35.693
Abite PDF 00-009-0466 21.825

Microcline 1 CIF 9004194 16.059
Microcline 2 PDF 00-019-0932 11.918
Oligoclase CIF 9011423 10.654
Biotite PDF 04-013-2135 2.382
Chiorite COD 9010163 1.669

Table 7—Granite mineralogy obtained from Rietveld
quantification.

As GGBFS and microsilica exhibit mainty ammphous profiles, compared to gra.mte no Rietveld refinement was conducted for them.
Qualitatively, GGBFS contains a minor amount of ak and spinel, as expected for typical blast furnace slags (Hewlett 2001).

XRD spectra of selected geopolymer pastes are shown in Fig. 4. In companson with the solid precursors, the main peaks relative to
granite (quartz, albite, and microcline) are still present, while the biotite peak disappeared. An additional hydrated K-A-S-H phase was
observed in the pastes, JAW and neat. In 0.86% ZnO paste, an additional K-(K-] Na) Zn-A-S-H phase, with the presence of zinc, was
detected. An amorphous hump is present in all pastes, which phous precursor phases. and possibly amor-
phous geopolymers and hydrated phases such as C-S-H, C-A-S-H. and C-(K, Na)-A-S-H.

FTIR Characterization of Precursors and Pastes. FTIR spectra were used to analyze the individual and the dry
silicate act at room temp following ASTM E168-16 (2016). The broadband between 800 em™ and 1250 cm ™ is ann"bmed
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Fig. 4—XAD mineralogical ization of selected after 7 days of curing at 70°C. (A) Albite, (Kh) K-A-S-H, (KZh)
{K-Na)-Zn-A-S-H, (M) Microcline and (Q) Quartz.
to the ic stretching vibrations of the bond silica tetrahedra or silica-alumina tetrahedra (5i-0-T, where T is either 5i or

Al by Stm'm etal. (2016). This band was observed for all materials, s shown in Fig. 5, with peaks varying from 990 c:m ! for granite to
872 cm™* for GGBFS. Sturm et al. (2016) observed a peak at 1059 em™ for pure amorphous silica and a peak at 975 em ™ for geopolymer,
attributing the shift to the increasing fraction of alumina tetrahedra.

In the case of the sahrate activators, Falcone et al. (2010) observed a shJ.ﬂ from 1020 cm™? toward lower wavenumbers with the
increase in silica cone Therefore, the main ption peak at 9635 cm™ is consistent with the high molar ratio (3.92) of the solid
activator.

GGBFS also shows a small absorption peak at 1480 em™", generally attributed to O—C-O bonds, such as those in calcium carbonate
(Sturm et al. 2016). As GGBFS can form C-5-H. mild carbonation may have occurred in this prrec'u.rsm' (Hewlel't 200 )

FTIR spectra of the geopolymer pastes are presented in Fig. 6. The band between 800 cm a.ud 1250 cm™, corresponding to the
stretching vibration mode of tetrahedral silica and alumina, was also observed. The peak at 965 cm™ is located between the granite and
GGBFS peaks and is consistent with the structure of geopolymers. The carbonate peak from GGBFS is still present around 1420 em™,
but less pronounced, suggesting that ﬂle geopolymer pmducts are not suffering carbonation.

The broad hump between 2500 cm ™’ and 3700 cm * corresponds to sl:retrhmg vibrations of mrmporahed water and hydrated products
(H—OH bonds). Together with the small O—H stretching peak around 1640 cm™", this peak around 3360 cm™ represents the generation of
geopolymeric products. Compared to JAW (dry activator), the peak area increases by 25% for the neat paste, due to the use of a liquid
activator. The addition of zine oxide does not shift any of the peaks but increases the area of the H-OH peak by 59% and 61% for 0.57%
Zn0 and 0.86% ZnO pastes, respectively, compared to the JAW one. The peak intensity follows the same trend.
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Fig. 6—FTIR spectra of the four geopoly desig

Activation of Precursors and Pastes (pH Evaluation). Table 8 presents the pH evolution in the first 10 mimutes after mixing at room
temperature. Pure silicate dissolves and generates a stable pH of 12.13. Therefore, in this dilute concentration, it is not sufficiently alkaline
to be a standalone activator. The addition of KOH raised the pH to 13.48. Subsequent tests are analyzed with respect to this.

Granite initially increased the pH by +0.07 but then lowered by —0.02 after 10 minutes, showing some consumption of OH— i the first
minutes. GGBFS also reduced the pH by —0.05, a similar behavior. Microsilica had a stronger effect, lowering by —0.11, despite having
less than 10% of the mass of the two other precursors. Zinc oxide also consumed alkalinity, lowering the pH by —0.05 despne its much
smaller amount. This can be explained by its solubility in high pH. In this temperature and time scale, granite is less reactive than GGBFS,
while microsilica seems to be more ea.saly activated than the other two.

When combined, the precursors have a different effect on pH. Formulation JAW caused an initial decrease in pH but a final increase
(+0.03), which can be explajned by its use of solid KOH instead of the KOH solution used for the other tests. The diszolution of KOH can
also explain the increase in solution temperature to 23.8°C. F lation neat had an insignificant variation of pH. Mixes of 0.57% Zn0
and 0.86% ZnO displayed an initial drop in pH. but 0.57% ZnO returned to the base value of 13.48. Only 0.86% ZnO lowered the pH by
—0.08 after 10 minutes. As microsilica alone can lower the pH to 13.37 and each individual precursor can lower the pH below the base
value, a competition effect must be inhibiting the activation of the mixes.

Table 9 presents the results at a temperature of 50°C. The results for precursors are analogous to those at room temperature. The base-
line (pure activator) is pH 13.41 at 10 minutes. Granite had the smallest reduction (—0.03), GGBFS was again more reactive than granite
(reduction —0.05) and microsilica had the largest effect (~0.11). Zinc oxide reduced the pH by —0.09, despite its very small amount. The
formulations without zine had an initial drop and stayed stable for 10 mimutes at 1330 (—0.11). The two formulations with zinc had a
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Activators, Acfivated Materials, and o " Ti"C)
Formulations {Initial) (10 Minutes) Average

K:5i0s 12143 1242 2244

K2Si0 + KIOH (Activator) 13.50 13.48 2253

Giranite 1385 1346 2243

GGBFS 13.50 1343 2247

Microsilica 1347 1337 2255

0.86% ZnOt 1347 1343 23.00

Meatf 13.49 1348 277

0.57% ZnOf 1345 1348 2287

0.86% ZnOf 1342 13.40 2290

JAWE 1343 1353 2580

*H meter has £0.01 error margin.
{Same compesition described in Table 5.
1By weight of precursor used on each paste.

Table 8—Initial and final pH data at room temperatura.

pH* After

Activator, Activated Materials, and F i Initial pH* 10 minutes pH Total Average
KzSi0 + KOH (activator) 13.40 1344 13.44
Granite 1330 1338 13.30
GGEFS 1335 1336 13.36
Microsilica 1332 1330 1331
0.86% Zn0? 1331 1331 1331
MNeat* 1330 1330 13.30
0.57% Zn0* 1327 1326 1327
0.86% Zn0 * 1327 1325 1326
Jaw 1331 1330 13.30

*pH meter has +0.01 error margin.
Same compasition described iin Table 5.
By weight of precursar used on each paste.

Table 9—Initial and final pH data at 50°C.

slightly larger mitial drop, ending with 13.26 (—0.15). This confirms that zinc oxide contributes to the reduction in pH. as suggested by
the data at room temperature.

Dissolution of Precursors and Pastes (ICP Analysis). [CP-MS results for the activator, individual precursors with activator, and
diluted geopolymer mixes are shown in Table 10. We use the pure activator (silicate and hydroxide solution) as the baseline for silicon
(730 mg/L) and potassium (20 000 mg'L) concentrations because all mixes have the same amount of activator and dilution water. Granite
increased the silicon concentration from 750 mg/L to 1200 mg/L, while GGBES decreased it to 220 mg/L. A possible reason is the
adsorption of silicate on the surface of GGBFS particles (Hewlett 2001) or formation of C-5-H. Microsilica, as observed in the pH studies,
was very effective in releasing silica into the solution. Potassium levels were not affected within the precision of the method. Although

Material Silicon (mg'L) Aluminum {mgL) Potassium (mg/L) Sodiurmn (mg/L) Zinc (mg'L)
Activator TS0 074 20 000 100 0.68
Giranite 1200 -2 20 000 110 52
GGEFS 220 23 10000 110 12
Microsilica 2800 21 20 000 100 3
JAaw B840 110 89000 a0 29
MNeat* 1100 o4 71000 540 061
0.57% ZnO* 900 120 64 000 540 280
0.86% ZnO* 530 140 60000 530 1000

*By weight of precursor used on each paste.

Table 10—ICP evaluation for precursors and gecpolymer pastes.
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alumina contents in GGBES and granite are smilar (12.7% and 13.3%. respectively), GGBFS released much more alumimm (23 mg/L)
than granite (6.5 mg/L).

Dulute geopolymer formmlations show dissolution behaviors beyond the dissolution of each individual precursor. Notably, the silicon
concentration of the mixes is smaller than that generated by granite by itself and much smaller than that of micresilica. Therefore, a phe-
nomencn such as GGBFS surface adsorption or C-5-H formation must be consuming the silicate as it is released. On the other hand. all
mixes release much more aluminate into the solution. compared to the sum of the precursors. This may be explamed by noting that the
decrease in silicate concentration favors the dissolution of silico-aluminates. The high amount of aluminum released by GGBFS may have
the same origin. Potassium concentration is much higher for geopolymer mixes than for mdividual precursors and pure activators. About
T7% of the potassium content of the mix comes from the activator; therefore, the increase in concentration must come from improved
solubilization of solid potassium silicate.

The main effects of zinc oxide are a decrease in silicate concentration, a small 1 I cone lon, and a d n
potassium concentration. Zinc oxide in water forms zincate, which captures silicate in zmrate—sﬂ.lcate complexes. The sinmltaneous
decrease in silicate and potassium concentration suggests the capture or precipitation of potassium zincate silicate, which would also
explain the reduction m pH observed in the previous section. XRD analysis of cured geopolymers indicates the presence of a potassium-
sodium zine silieate hydrate (N, K)-Z-S-H, which could account for this observation. Alminum concentration is not reduced, suggesting
that aluminate is not being immobilized. Without calcium concentration measurements, it is not possible to confirm the precipitation of
CZ, as suggested by Garg and White (2017), which would also be consistent with the observations.

Kinetics of Precursors and Pastes. For all DSC curves, the initial equilibration period 1s discarded, and the curves are shown after they
become exothermal. The main difference in behavior between the curves at 25°C and the comresponding 30°C curves is that the main peak
occurs earlier and has greater infensity and decays faster at 50°C, showing that the reactions are thermally activated. In most cases, the
total heat released at 50°C is also larger during the first 3 hours.

Fig. 7 shows the heat evolution and ace lated heat rel 1 by precursors, for the first 3 hours after mixing. Compared to granite at
25°C, GGBFS reaches its peak heat release earlier and releases more heat during the study peried. This can be understood as GGBFS has
a significant amorphous fraction, which is more readily dissolved, compared to the mainly crystalline granite. At longer times, GGBFS
releases more heat per unit weight. suggesting that the precursor can react further in the next hours. At 30°C. temperature activation makes
both precursors approximately equivalent in peak heat release rate, but GGBFS sustains the reaction for longer. In fact, granite heat
release appears to reach a platean and the total energy is lower at 50°C than it 1s at 25°C.

Granite 250 —— Grnte 50°C Grarile 25°C  —=— Granie 50°C
—— GGEFE 250 —e— GESFS 50°C

180 ——GGIF3 IS —e— GOSFS S0°C

g8k

¥

Eneny Release (Jig)
e 3

Heat Releass Rate {(Wigh
E

8

———e———

Ll n @ L L) g 120 g 180 L= o 0 40 80 -] W 120 140 180 18
Time (Minules) Tirna (Minutas)

Fig. 7—DSC measurements of activated precursors at 25°C and 50°C.

As shown in Fig. 8, at 25°C, the neat paste with the liquid accelerator reacts earlier and has a larger heat release peak than the JAW
paste with solid precursors. The total heat release is also higher for the neat shury. This can be explained by the need to first dissolve the

—e— et 5'C —— Ment S0°C] (——Neat 28°C —— Heat 50°C
180 e JAW 25T JAN ST 380 —— JAW ST SR BO'C

Heat Release Rate (Wigh
2

i
e

M0 40 €0 80 100 120 1 W60 180 0 40 83 B3 M0 130 14D 180 189

Time (Minutes) Time {Minutes}
Fig. &—DSC measur of Iy i with liquid acti (neat) and solid activator (JAW) at 25°C and 50°C.
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solid activator, before ideal conditions for precursor dissolution and geopolymerization can be met. At 30°C, this first dissolution step
happens very fast, and the JAW was able to release more heat than the neat. possibly because of the significant heat of dissolution of
potassium hydroxide.

Fig. 9 compares the heat evolution of the neat formulation vs. the ones with 0.57% Zn0O and 0.86% ZnO. As the amount of added zine
increases, the height and width of the peak increase and the total amount of heat also increases. However, this early energy release is
followed by a period of low heat evolution.

—a—Neal 50°C —+—0.57% ZnD 50°C —+— 0.86% ZnD 50°C —=—Neat 50°C_ —e—0.57% Zn0 50°C ——0.86% Zn0 50°C|
350 300 -
ik
300 280 i
) -
£ 04 =
S 2m
o 1N '§ ¢
3 o] 2|
2 5 1504 ‘1"
-] 3
£ 150 1 z /
[i4 H wi 4|
E 100 - i
T
501 %
L] T T T T - L T T T u T T T T T
0 40 B0 B0 100 120 14D B0 180 20 40 80 B 100 120 140 180 180
Time (Minutes) Time (Minutes)
Fig. 9—lsoth | calorimetry ts of geopoly i with added zinc oxide at 50°C.

Table 11 summarizes the observations above in terms of the size and position of the peak in the heat evolution curve, as well as the
total energy release for those pastes.

Total Energy Release at 180 minutes

Time at Maximum Heat Aeleass Rate (minutes) Maximum Heat Release Rate (mW/g) iMg)

Material 26°C 50°C 26°C s0°C 28°C &0°C
Granite 44 B 3 1582 218 140
GGEFS 24 B 65 162 267 u7
JAaw 0 B 50 140 297 281
MNeat 52 B 57 143 208 205
0.57% ZnQ - 7 - 23 - 215
0.86% ZnQ - 7 - 37 - 267

Table 11—Heat and energy evolution parameters for the pastes.

Thickening Time. The consistency (in Bearden umits) vs. time measurements at BHCT JO"C fcrrﬂle proposed geopol}'mer formmlations

are presented in Fig. 10. A consistency of 40 Be was selected as a baseline for the p penod for geopoly shumies. These
consistency curves show the three geopolymerization reaction stages, stanm.g from the dissolution of the precursors, observed as a
decrease in consistency while the temperature is ramping up, until reaching the ization stage. The reorganization stage has the

lowest consistency range. After that, the polycondensation stage starts, when the shimies coagulate and then transform into a gel with
the formation of a 3D network polymeric structure. This rapid gain in consistency is usually called “right-angle set.” and it is a desirable
property in a well cementing shury. Due to safety reasons, the tests were not followed up to 100 Be.

These four rock- hasedslumeshadpumpablllt} times of 40 Be ranging from 43 minutes to 43 minutes, as shown in Fig. 10. In addition,
anight-angle set was observed for the four recipes. Compared to two-part rock-based shumies {C‘hmme etal 2021, 2022b), these reci-
pes range from 64% to 72% of the pumpability time of those slurries. In contrast, the four mixes have initial consistencies from 17 Be to
27 Be, whereas the neat two-part shury had initial consistency of around 37 Be. Moreover, the JAW shary had the lowest initial consis-
tency among all one-part (neat, 0.57%., and 0.86% Zn0) rock-based geopolymer shumies due to the 100% free water content in Liquid
phase. while the rest have 88% free water content m liquid phase.

Ultrasonic Compressive gth. Fig. 11 the SS development curves for the four geopolymer mixes at 70°C of BHST and

pressurized to 2,000 psi (13.8 MPa). Table l’ the c ntional setting and b 2 times, defined as the times to reach 5Ss of
100 psi and 500 psi (0.69 MPa and 3.43 MPa, respem\'eh) in addition to the 55 after 1 day md 7 days.

Uniaxial Compressive Strength. Fig. 12 shows the UCS of the geopolymer pastes after 1 day and 7 days of curmg at 70°C and
atmospheric pressure. JAW and neat shuries have similar strengths. Pastes with 0.57% and 0.86% ZnO have higher strength. almost
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Fig. 10—Consistency evolution of geopolymer slurries at BHCT 50°C and atmospheric pressure.
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Fig. 11—SS development up to T days at 70°C and 13.8 MPa.

Mix Design Setting Time to 100 psi (minutes) Hardening Time to 500 psi (minutes) 55 (MPa) for 1 day 55 (MPa) for 7 days
JAW 44 68 536 542
MNeat 43 66 tes 6.0

0.57% ZnD 42 48 1324 13.04

0.B6% ZnD 3B 46 1565 16.04

Table 12—Summary of ultrasonic cement analyzer data for the four optimized mixes.
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Fig. 12—UCS data cured at 70°C and atmospheric pressure.

three times the strength of the neat pastes. These results are in good agreement with those obtained using 55 tests. Most of the strength
development occurs within the first 12 hours.

Discussion
The JAW g isa 1on of two | ‘with distinct natures audbdmmm Glmltemah.lgh]ycrystal]me

Iuminosilicate ial: therefore, it is slower to activate than h Its silical: i ratio is very high,  to
the ideal 2:1 ratio; therefore, ]}mmhmmtheﬁomofKASHlslmﬂedbythelowawﬂab}]ﬂynfslumnatesmsnlnhm@n
tbeo&ﬁhmﬂ,ﬁGBFSuﬁmlmmﬂchmorphmpmmsmmhssmhcahnsmhIahmammmml It will dissolve earlier and
supply free calcium to the solution. In low-pH silica-rich environments, this will lead to the formation of C-5-H (Myers et al. 2014), which
will capture and precipitate silica, as observed through ICP (Table 10).

Gasteiger et al. (1992) investigated the solubihty of alminosilicate materials in alkaline solutions, finding an equilibriom mvelving
aluminate AOH), ", orthosilicic Eﬂd}ls104 and the sohdphase presmlmthz system, dmcnhedby the solubility product [Si][Al]. In
Fig. 13, the red in silica will induce silicate- specially after the addition of ZnO, favoring the
silica/alumimum ratie close to the ideal ratio by increasing the availability of more free alumi ions and enabling the ion of C-A-
S-H, C4K)-A-5-H, and (K-Na)-Zn-A-5-H.

3000 _ 1345
. a5 5 Ini2 =AY & pH

Fosme . 134
=
5 2000 : B
S 1500 & . - 133§

. Tl
- 1000 a 1325
§ . *
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.
L —

[ L L BEREY
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Fig. 13—Integrated analysis between pH and ICP for all given mixes.

WhenmepmmmwmhmaimﬂmJAWmﬂneatfnmﬂahmumnhsemedthrwglﬂCP MS that higher silicate and aluminate
cone can be by the of silicate- and aluminate-rich granite, enhanced by the capture of silicates through
C-5-H formation, using calcium from GGBFS, as seen in Fig. 13. Heat release peaks are broader than the respective peaks for each pre-
cursor, as the formulation starts to react earlier through the action of GGBFS and continues for longer as the granite fraction is consumed

together with GGBFS.

At ugh pH, silica dimers and polymers tend to depolymenze. However, when sufficient almmimm and silica are present i solution,
aluminosilicate dimers [(OH);-AH0-Si+{OH),]” will form, = and d in small inosilicate wmits (Gasteiger et al.
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1992). In ﬂlese conditions, zinc oxide is present as zincate, Zu{OH)3 or Zu{OH)4 (Chen et al. 2012). Anseau et al. (2003) used i
¥l and Zn NMR in h.lgh pH solutions, to show that silicates in solution form complexes with both zincates and aluminates, in similar
proportions. Each zincate ion can bind to a silicate monomer or dimer, while aluminates bind to a single silicate monomer. This competi-
tion may explain the retardation of low calcium geopolymers, as observed by Chamssine et al. (2022b).

In the case of 0.57% ZnO and 0.86% ZnO slurries. thickening time results did not show marked differences in setting time. The
difference may be attributed to the smaller amount of zinc used in this work and the lower solubility of ZnO (Chen et al. 2012) com-
pared to the zinc salt used by Chamssine et al. (2022a). Also, calonmetry shows that the initial effect of zinc was to increase the heat
release rate. Through ICP-MS, it is seen that the effect of zinc was to decrease the silicate concentration and to increase the aluminate
content (see Fig. 13). It is possible that there was excess free silica in solution; therefore, the complexahcrn with zincates and precipi-
tation as C-5-H worked to capture this excess of silica and induced the dissolution of alm Th . the dissolution stage of
geopolymerization was enhanced rather than ded, larger ts of (C,K)-A-5-H and C- (K)—A 5-H. as seen in both
S5 (Fig. 11) and UCS (Fig. 12) results. Only later. the reta.rdaﬁfm effect can be observed as a slowing of the heat Ielease rate, as seen
in Fig. 14,

—o— JAW_S0°C —e— Neat_50°C
& 0.57% Zn0_50°C —w— 0.88% Zn0_50°C @
a]

5 & B
Temperature ("C)

]

& =3
Temperabure {"C}

o

Time (min)

Fig. 14—Comparison between (a) heat release raia, (b) consistency profile, and (c) SS development, at the first hour after mixing,
to understand the rock-based geopolymer kinetic:

From Fig. 11 and Table 12, there was a small improvement from JAW (true one-part) to neat (formmulation using KOH solution). Zine
addition, on the other hand, significantly improved the strength, with 0.86% Zn0O paste giving the highest 53 development up to 7 days,
as well as the fastest setting and hardening times. Its 55 is about three times that of the pure recipes JAW and neat. Omran and Khalifeh
(2022) performed a wider study of the neat formulation. considering additional concentrations of zinc oxide and other additives, such as
calcium oxide, calcium carbonate, and sodium hydroxide. Compared to those results, this work demonstrates that the new JAW formmula-
tion can reach strengths comparable to those of the neat one. The JAW lation reaches a ¢ ble strength after 1 day of curing,
but the neat gains shightly less strength after 7 days. Formulations with zine oxide suggest that the difference between 0.57% ZnO and
0.86% ZnO pastes becomes smaller after 7 days of curing. a result that was not seen in sonic strength curves. Higher concentrations did
not increase the 1-day strength and therefore were not investigated in this work. However, the lack of retardation indicates that there is
room to increase the ZnO content to increase the setting time.

Conclusions

Short-term chemical and mechanical properties ofﬂne -part geopo}ymerrmxm were srud.ledm obtain a beﬂﬂ'undentandmg of their geo-

pul\menzanﬂn 1 for well-c d some the chemical and
hanical properties of geopol cement. The addition ofzmr oxide powder as a strength booster increases the rate of heat evolution

and improves the early strength development. The higher the heat and energy evolution from geopolymerization reaction, the better the
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early strength devel M . the addition of zine oxide powder does not have any effect on the shury properties without any
retardation.
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Abstract

This study elucidates the effects of aging and temperature over the performance of One-
part ‘just add water (JAW) granite-based geopolymers for application in well cementing and
well abandonment.  Addihonally, the mvestigation delves into the flnd-state and early-age
solid-state properties of these geopolymers, with a particular emphasis on thewr performance
after aging. The aging process extended up to 36 days for assessing mechanical properties and
up te 28 days for evaluating hydraulic sealability through dedicated tests. The obtained results
unwvell a non-linear comelation between the designated temperature and pumping duration.
Notably, the issue of fluid loss emerged as a significant concemn for these geopolymers. The
early-age strength development of the mix design containing zine demonstrates adherence to
mndustry noms by achieving minimal streneth requirements within 24 hours of cuning.  Zinc
plays a pivotal 1ole as a strength enhancer dunng the initial cuning stages of geopolymers, both
under ambient conditions and at elevated temperatures (70 °C). However, upon extended curing
at elevated temperatures, zinc's impact shightly diminishes compared to the inmedified nux
design.  After around the 3(-days of curing. a consecutive reaction occurs m both the
ummodified and Zinc-modified mix designs. Agzing leads to a decline in the matenal's ydraulic
sealability that was mutially established during the early stages of cunng.

Introduction

In recent years, there has been a rapid increase in the demand for cement production. A
2016 report estimated that the emission of greenhouse gases from the cement mdustry alone
could be responsible for up to 8% of global carbon dioxide (CO2) emissions (Gilfillan and
Marland. 2021). Despite efforts to mmprove efficiency and promote cleaner cement production,
the energy-intensive process of cement clinker caleination remains a necessity (Mo et al_, 2010).
Therefore, the development of sustainable and viable altemative matenials that can fully replace
Ordmary Portland Cement (OPC) while possessing equal or superior chemo-physical properties
remains the moest effective strategy (Lunkkonen et al., 2018; Omran and Khahfeh, 2023).

! Corresponding author; E-mail address: mohamed a omraniuis ne (M. Omran)
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Alkali-Activated Materials (AAM) and geopolymers have been recogmzed as
environmentally friendly alternatives to replace OPC. Tt 1s believed that their production results
in 50 to 70 percent lower CO2 emissions per ton of the produced material when compared to
that of OPC (McLellan et al , 2011; Mellado et al.. 2014). Moreover, the production of these
materials aligns with the principles of circular economy when by-products are utilized as
precursors. Extensive research has been conducted on various types of geopolymers.
Depending on the specific type and mix design, geopolymers exhibit improved resistance to
acids and sulfates, enhanced heat resistance, reduced chemical shmnkage, and stronger
mechanical properties when compared to OPC{Luukkonen et al.. 2018).

Conventional geopolymers are typically produced using a “Two-Part™ mixture, consisting
of an alkaline or alkali silicate solution and a solid precursor that comtams amorphous
aluminosilicates. While the two-part geopolymer exhibits excellent properties compared to
OPC (Chamssine, 2023; Gomado et al., 2023; Khalifeh, 2016; Khalifeh et al., 2019, 2018; Paiva
etal.. 2018; Salehi et al., 2018) 1ts application is limited to pre-cast operations due to logistical
and health, safety. and environmental (HSE) constramts ansing from the lugh pH of the
activator solution. In other words, the drawback of the two-part geopolymer system is the
requirement for a user-hostile and highly corrosive activator solution, which poses potential
nisks and restricts its use 1 mass production and large-scale applications. pariicularly m the o1l
and gas mdustry (Luukkonen et al., 2018; Nematollahi et al., 2015).

“One-part” also known as “Tust Add Water” (JAW) geopolymers. can be seen as the
evolution of two-part geopolymers, effectively addressing the limitations caused by the high
pH liquid activator. Unlike two-part geopolymers, JAW geopolyvmers only require the addition
of water along with the dry mgredients (Luukkonen et al.. 2018; Nematollahi et al.. 2015;
Omran and Khalifeh, 2023; Singh and Middendorf, 2020). Tlus concept was mitially
wntroduced by Hajimohammadi et al. (2008). Afterwards, extensive research and development
have been carnied out by vanous researchers on one-part geopolymers, leading to the proposal
of different geopolymer mix designs. These investigations have focused on the geopolymer
cement synthesis using industrial and natural aluminosilicates sources. mainly composed of fly
ash slag and metakaolin, that are normalized when needed with complementary S1 and Al
reactive sources, like synthetic and agroindustrial ashes. More recently, various Al and Si-rich
residues such as, mine tailings. bauxite, rock backfill. demolition waste, sewage and sludge
materials have also been adopted as geopolymers precursors (Wematollahi et al , 2015; Singh
and Middendorf, 2020).

Several factors including curing temperature and aging affect directly geopolymers through
the geopolymerization process and its performance (Adam and Horianto, 2014; Caiet al., 2020;
Chithiraputhiran and Neithalath, 2013; Hapmohammadi et al, 2011, 2008; Hajimohammadi
and van Deventer, 2017; Ke et al., 2015; Kong and Samjayan, 2010; Li et al, 2013; Luukkonen
et al., 2018; Omran et al.. 2023a. 2023b; Pilehvar et al.. 2020; Rovnanik, 2010; Sun and
WVollpracht. 2019). Table 1 presents a compilation of relevant literature from previous research
endeavors, providing a summary of their significant findings in the respective field of study.
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Table ] Examples af publizhed literaturs reviews and articles on the different gffects af temperature, curing conditions,
and curing duration on alkali-activated geapolymer cement.

Title

Geopolymer
Swystem

Significant Outputs

One-part geopolymer
mixes from geothermal
silica and sodinm
aluminate
(Hajimohammadi et al.,
2008)

Omne-Part

Punified and milled geothermal silica was utilized as a
Si-rich precursor and then activated by vanous
concentrations of solid sedium aluminate and water-to-
solid ratios.

Lower water content in the system increased the degree
of erystallinity with two weeks of aging at 40°C.

*  The high aluminium content can hinder the
geopolymerization reaction by causing the sorption of
aluminium onto the silica surface, thereby impeding its
dissolution.

One-part geopolymers
based on thermally
treated Red Mud/NaOH
blends (Ee et al., 2013)

One-Part

An Alkali-Thermal activation process was investigated
for an alumimum- and calcium-rich red mud base JAW
system.

Sodmm hydroxide in pellet form was calcined with red
mud at $00°C, leading to the formation of caleium-rich
phases, such as C:A, and w-C:5. Additionally, this
process promoted the formation of a partially
peralkaline Na-aluminosilicate phase.

Na-rich aluminosilicate salts can supply an adequate
mumber of alkalis during the dissolution process,
thereby enhancing the reactivity.

The excess of alkalis in the system resulted in limited
strength development and efflorescence, which were
identified as shortcomings.

Characterisation of ome-
part geopolvmer binders
made from Fly Ash
(Hajimehammadi and van
Deventer, 2017)

One-Part

A low calcium content fly ash was activated by various
concentrations of solid sodium silicates and sodium
hydroxide and different water contents.

The reaction mechanisms and physical properties of the
system were mvestigated after curing the samples at
40°C forup to 3 weeks.

+  The hugher the Si/Al ratio of the binder design, the
denser the geopolymer microstructure.
A lower water content leads to increased participation
of 5i in the final geopolymer gel. thereby achieving
optimal mechanical performance.

Time-resolved and
spatially resolved
infrared spectroscopic
observation of seeded
nucleation controlling
geopolvmer gel
formation
(Hajimohammadi et al.,
2011)

One-Part

A milled geothermal silica precurser and a solid sedinm
aluminate activator were seeded with various types of
oxide nanoparticles, the samples were cured at 40 *C
for up to three weeks.

*  The addition of ZnO nanoparticles enhances the
mechamical properties of the JAW mix design,
particularly during the early-age performance, when
compared to the unseeded mix design.

The seeding process enhances the dissolution of silica
and enables control over silica release rates in the
mitially aluminium-rich reaction mixture, thereby

allowing engineering structure and physical properties

of the geopolymers.

#  The seeding process enhances the geopolymer

nucleation stage by hindering the sorption of
aluminium on the silica surface.

Synthesis of sustainable
one-part geopolymers
for well cementing

One-Part

*  Presents a synthesis of granite-based geopolymers
normalized with slag in different ratios.
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applications (Omran et *  Theuse of slag increases the viscosity and consistency
al., 2023a) of the shurry, it has an optimum working range of up to
47 wt.%.

+ Exceeding the optimal slag content, over-expansion and
detnimental physical properties are expected.
* Considering the early-age properties of the
geopolymers, granite mainly works as a filler.

Design and Early Age Omne-Part *  ZnO acts as an early strength booster by increasing the
Performance of rate of heat evolution, thereby satisfying the early-age
Sustainable One-part properties required for cementing wells.
Geopolymers for Well +  The dissolution rate of the solid activator is a parameter
Cementing (Omran et al., that needs to be considerad.
2023b) * By combining the solid activator and granite, 51 and Al
are released. which 1s an mdication of gramite
dissolution.
One part alkali-activated ~ One-Part e The primary components of cne-part geopelymers often
materials for consist of precursors such as fly ash and GGBFS.
construction — A review o The reaction can lead to the precipitation of various gel
(Mahendra and forms, including C/Na-A-S-H.
Narasimhan, 2023) + In comparison to two-part systems, the release rates of
S1and Al species are generally slower in one-part
systems.

* Introducing water gradually has shown to be more
efficacious than adding all the water at once.

To develop a commercially viable and sustamnable geopolymer. one should consider the
techno-economical aspects of the precursors to be used. One of the main drivers to make the
geopolymers more attractive nowadays is to reduce the green-house gases emissions from their
synthesis, the availability and transportation of the raw matenals, and also their precursors
beneficiation, as well as their activators preparations impacts. In an effort, Khalifeh (2016;
2019, 2018) first developed two-part gramite-based geopolymers to replace OPC used m well
construction and well abandonment operations.

As the HSE limitations of the two-part system were identified. Omran and Khalifeh
(Omran and Kalifeh, 2022; Omran and Khalifeh, 2023) developed a one-part granite-based
geopolymer. Omran et al (2023a, 2023b) performed further studies, i the fluid-state and early-
age solid-state properties of the one-part granite-based geopolymers, revealing the potential of
the developed technology for in-situ applications with adjustable properties. Expenmental
studies show that the use of sodum salts of naphthalene-sulfonic acid containing formaldehydes
dispersants and sodmm hignosulphonates are effective superplasticizers for this type of
geopolymer (Hjelm, 2022; Omran et al . 2022a_ 2022b).

The above-mentioned articles, along with the linmted number of accessible papers on
one-part geopolymers, highlight the need for further research on the topic of one-part
geopolvmers. Additionally, there 1s a lack of research on the impact of elevated temperature

and long aging on the final properties of the developed geopolymers.

This work aims to mvestigate the effect of temperature and long curing time, on the
properties and performance of the one-part gramte-based geopolymers. i order to better
understand the mechanism of zinc m the one-part geopolymer design.
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Materials and Methods
Materials

The neat JAW geopolymer is based on both solid precursors and solid activator
components, which together are mixed with distilled water to create the cementifious
geopolymer system.  The materials in the precursor were ground granite rock, a Ground
Granulated Blast Furnace Slag (GGBFS) rich in alumunum, caleium and magnesmm, and
microsilica (MS). which is an almost pure amorphous silica source. The dissolution rate and
their role in the nux design have been published in previous works (Omran et al., 2023a, 2023b;
Omran and Khalifeh, 2023).

The chenucal composition of the raw materials and the neat JAW precursor has been
tabulated 1n Table 2. The activator was prepared using anhydrous potassium silicate and
potassium hydroxide in powder form with a final melar ratio ($10,/K,0) of 2 4. In addition to
analyzing the neat JAW recipe. zinc oxide was introduced together with the precursor as an
additive for improving the mechanical properties of the geopolymer cement. The physical
properties of the precursor and other mixture components are presented m Table 3.

Table I — Chemical compaosition af the JAW geopolymer precurser {Omran et al, 20238)

Chemical composiion ¢ e GGBFS  Microsilica AW
(we.be)* Precursor Mixture
510, 7344 1578 9550 56.63
ALOs 1333 12.72 0.70 1247
Fex0z 206 0.18 030 1.00
MzO 044 1277 0.50 623
Ca 1.12 3374 0.40 16.43
Nax0 ER R 0.33 0.40 177
K.0 311 0.82 1.00 287
Ti0; 023 2723 0.00 116
MnO 0.04 0.58 0.00 0.29
LOI=# 0.90 0.30 2.00 0.60

*Hiy weight of the fotal precursar mixturs; *+*Loss of igaition
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Tabls 3 — Physical properties of all componenis in the geopolymer system.

Physical properties d1o (um) d=o (pm) deo (um) 5G (glem?) 554 (m*kg)

Granite 3 21.1 131 2.63 631
GGBES 279 159 46.6 290 944
Microsilica 0.19 0.34 0.60 229 19320
K;Si0; 3.16 333 101 237 487

Zn0Q 0.55 2.06 106 561 3810

5G, specific pravity; 354, specific surface wex: 410, 450, 399, particle-size distribution parcesiles

Mix Design

In this work, two previously developed recipes “JAW™ and “JAW-Z™ have been studied
(Omran et al., 2023a, 2023b) and listed tn Tables 4 and 5. JAW-Z was selected among other
ZnO concentrations evaluated previously because it showed the best early age performance.

Tabls 4 — Geopolymer formulations investigated in this study

Compoesition (% bwop=) JAW (AW it‘gﬁ-ia Zn0)
Granite 186 486
GGBES 47.1 471

M5 429 4.29
K:5i0s 208 e
KOH (anhvdrous) 424 424
In0 0.00 086
Water 4113 413
Source (Omran et al.. 2023b) (Omran et al . 2023b)

* By weight of precursor mixture (granis, GEEES ad MS)
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Table 5 — Oxide molar raties, water-to-solids ratios and theoretical demsity of geapolymer formulations.

Molar ratios JAW JAW-Z
Si0.momiza / ALO3 972 9.72
5102, reactwe [ AL O3 4.87 487
5i02,n0miza f Ca0 4.05 4.05
Si02,reactive [ Ca0 2.03 2.03
K20 / AlOs 1.07 1.07
Nax0 [ ALOs 0.23 0.23
(K20 + Nay0) / ALO; 1.31 131
Zn0 | Si02,namiza - 0.0088
Zn0 | 510 reactive - 0.0173
Zn0 / Ca0 - 0.0355
H:0 /K0 17.75 17.78
Water/Solids 0.33 0.33
Specific Gravity (g/cm?®) 1.88 1.89

Methods

Mixmg procedure, thickening time (TT), differential scanmng calonmetry (DSC),
ultrasonic compressive strength (UCS). umaxial compressive strength (UCS). alkalimty and
inductively coupled plasma (ICP-MS), X-ray diffraction (XRD) and Fourter-transform Infrared
Spectroscopy (FTIR) methodologies are described m detail on previous study (Omran et al |
2023b). A pressurized mud balance was used to estimate slurry density (APIRP 10B-2, 2019).
Hydraulic sealability test (HST) methodology, by the other hand, can be found i the work done
by Gomado et al. (2023).

Viscosity & API Gel-Strength Measurements

The theological behavior of the slurries was assessed at 25°C by using a VG-meter according
to the specifications of the American Petroleum Institute APT RP 10B-2 (2019). Omran et al
{2022a, 2022b) studied the rheology of granite-based geopolymers where the Hershel-Bulkley
model was applied successfully.
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Static Fluid Loss Test

An API fluid-loss test cell was used to measure the fluid loss at 69 bar (1000 ps1) 1 ambient
temperature (APT RP 10B-2, 2019). A sieve with a mesh grid of 250 pum and a hardened filter
was used together. The hardened filter was used to facilitate sampling for further analysis. The
test was running for 30 nunutes. Afterwards, the produced fluids have been collected and
examined as pore solution for pH (see Table 6) and Inductively Coupled Plasma Spectroscopy
(ICP) analysis (see Figure 2).

Hydraulic Sealability Test

Due to volume limitations, a Hobart N50-60 commercial mixer was used for hvdraulic
sealability tests. The precursors were mtroduced to detonized water at Level 1 stimng speed
and then stirred contmuously for 25 minutes at Level 2 stirning speed. Then, slumies were
poured and cured inside hydraulic sealability test cells at 37.5 bar and 25°C. Once the
geopolymer cement had fully cured, nitrogen gas was connected to the bottom of the test cell,
which then is connected to the separator, flowmeters, and the data logging system. The plugs
within the hydraulic test cell were then pressure tested with increments of 5 bar at a time to test
their sealing ability. Details of the test setup and test protocols have been published by Gomado
et al.(2023).

Scanning Electron Microscope

To analyze and reveal microstructure of the geopolymers, a Scanning Electron Microscope
(SEM) was used at BSE and SE modes. SEM analysis was performed on the remains of each
crushed geopolymer specimen after performing UCS tests at the final day of aging (7 days — 2
months). Pror to coating, all samples were dned the same way as the samples for XRD. Then,
the samples were coated with an 11 nm palladium plasma to prevent the samples from charging
during the experiment.

Results & Discussion
Early-age Properties Characterization
Sharry Characteristics

Figure 1 and Table 6 present the theological properties of JAW and JAW-Z. Both recipes
have very comparable rheological behavior. The slurries are both behaving shear thinning
pastes. The measurements do not mdicate sign of particle settling. Table 7 presents a summary
of the other slurry properties measured right after mixing mcluding slurnies” pH. density, zeta
potential and mitial consistency. These parameters are also comparable for both mixes.
Additionally. the pore solution was collected and examined for both mixes and the ones from
(Omran et al., 2023b) after performing the fluid-loss test (FLT), which can be seen in Table 8
and Figure 2 below.
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Figure I: {a) Shear rate — Shear sivezs prafiles and (B) Viscosity curves; JAW (neat) & JAW-Z (JAW — 0.86% Zn0).

Table 6i: Rheological properties dafa in ambient conditions.

10-sec APT  10-min API

Estimated
Mix Gel- Gel- Vield Stress Flow Rheological
Design strength strength (Pa] Index Behavior
a
[Pa] [Pa]
JAW 20.05 23.51 13.7 0.37 Shear thinning
JAW-Z 18.48 19.05 154 0.37 Shear thinning
Table 7: Slurry properties in ambient conditions.
Mix Design Shurry Slurry pH Slurry Zeta Initial Consistency
Density Potential (mV)
(Be)
(8G)
JAW 1.87 13.72 z0.01) -25.0 (=0.16) 26.4
JAW-Z 1.89 13.84 z0.01) -25.4 (z0.29) 27.2

Tabls 8: Fluid Loss test (FLT) and pore solution resulis.

Mix Design FLT Volume FLT Blowout Time Spurt Loss Volume Pore Solution

(mL}) (min) (mL) pH
JAW 27(x0.3) & 120.75 14.0 (=0.1)
JAW-Z 25(=0.5) § 111.80 14.0 (=0.1)
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Figure 2: Dissolution JCP-MS analysiz for pore solutions of JAW vz JAW-Z [24]; JAW ineat) & JAW-Z (JAW + 0.86%
Zn0).

The static fluid loss for both neat and 0.86% ZnO JAW (as well as the ones from (Omran
et al . 2023b)) reveals higher values than the limits outlined from API [28] and not observed at
all for the two-part granite-based geopolymers (Chamssine, 2023). Thus, fluid loss control
additives shall be tested in combmation with the JAW geopolymers.

The ICP-MS analysis, see Figure 2, shows that the zinc contnbutes to facilitate the
dissolution of aluminum species to some extent, while simultaneously lowers the availability
of silicon species in the pore solution due to the consumption of free silicon 10ns through the
formation of zincates. That was further mvestgated by (Anseau et al . 2005; Chenetal , 2012;
Hapmohammadi et al | 2011; Mahendra and Narasimhan, 2023) and summanzed by (Omran et
al ., 2023b). Thus, it favors the geopolymernization process by lowering the Si/Al ratio from 10
to 3.

Conditioning and Thickening time

Figure 3 and Table 9 show effect of 20, 30. 40 and 50°C BCHTs temperature on the
thickening time for the given two recipes and the ones from (Omran et al., 2023b). All the
exanuned slurmies of the JAW system set and harden rapidly. typically within nunutes, once
they reach a consistency between 40-50 Bc. Therefore, 40 Bc was selected as the pumpability

time for all pastes and the tests were concluded at this pomnt. All JAW recipes exlibited a nght-
angle set phenomenon within a bottom hole circulating temperature range of 20-50°C.
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Figure 3- Effect of temperamre on consistency af the slurvies {a) JAW and (B} JAW-Z: JAW (neat) & JAW-Z (JAW +
0.86%3 Zn0).

Table 9: Pumpability of JAW and JAW-Z at 40 Be.

Recipe/ Circulating Temperature 20°C joe°C 40°C 50 °C
(°C BHCT) BHCT BHCT BHCT BHCT
JAW Pumpability (min) 369.5 1518 724 452
JAW-Z Pumpability (min) 3613 1427 710 4459

Both recipes have very comparable mitial consistency results at each temperature
assessed, as detailed m Table. Lower BHCT has a clear effect on elongating the pumpability
duration for both recipes, 1.e., the slurry 1s temperature sensitive. This behavior has been also
observed by Saleli et al. (2018) and Paiva(2018). suggesting that geopolymers are temperature
sensitive materials, independently of their neat designs. At 20 °C BHCT, both recipes had the
longest pumpability duration up to 6 hours, while at 50 °C BHCT. they had the shortest
pumpability duration down to 45 minutes. Although the 0.86% ZnO was not effective to further
elongate the thickening time compared to the neat JAW, at any of the temperatures, 1t muldly
accelerated the setting to reach an early and sustamnable strength development. In accordance
with the differential scanning calorimetry profiles shown below (Figure 4), the dissolution of
geopolymer precursors 1s significantly accelerated at higher temperatures. This leads to an
ncrease in the solubility of aluminosilicates and the availability of silica 1ons, thereby speeding
up the geopolymenzation reaction and reducing the setting time (Chen et al._ 2012; Pilehvar et
al., 2020).

Kinetics of Pastes

Figure 4 and Table 10 provide the DSC profiles and data for the two mixes and the ones
from Omran (2023b) at 25 and 50 °C. The initial equilibration period was discarded for the
given DSC curves.
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Figure 4: Differential scanning calorimetry data {a) heat rate (b} energy releaze; JAW (neat) & JAW-Z (JAW — 0.56% Zn0)

Table 10: Einetics data for JAW and JAW-Z

Time at maximum heat Maximum heat release Total energy release
release rate (mim) rate (mW/z) (Jig)
Material 35 °C 50°C 25°C 30°C 25 °C 50°C
BHCT BHCT BHCT BHCT BHCT BHCT
JAW 47 2 47 143 46 204
JAW-Z 33 7 47 n 56 512

Both mixes are observed to yield a single heat release peak. Chithiraputhiran & Neithalath
(2013) observed a comparable single heat peak from 50 — 50 and 70 — 30 low calcium fly ash-
slag geopolymers for the first 72 hours. Pilehvar et al. (2020) observed a shoulder-like shape
overlapping with the single peak for a low calcum fly ash-slag geopolymer system. It would
be reasonable to assume that the smngle peak can be identified as an mdication that both the
dissolutton and formation of geopolymers may eccur simultaneously, right after the mitial
mixing (Pilehvar et al | 2020; Siyal et al., 2016).

The main difference observed between the two DSC profiles m Figure 4 1s regarding the
heat release rates magnitudes and time by which they occur: The total heat released at 50°C 1s
5 to 10 times larger than the corresponding at 25°C during the first 3 hours for both mixes. This
suggests a speed up rate of the dissolution and condensation processes. These observations
indicate that overall geopolymerization reaction is thermally accelerated, by releasing more
heat at early times and cummulative energy over time than what 1s observed at room temperature,
as summarized m Table 9 and sinularly reported by the literature (Cai et al. 2020;
Chithiraputhiran and Neithalath, 2013; Ma et al . 2018; Nayafi Kani et al | 2017; Omran et al
2023b; Pilehvar et al., 2020).
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At 25°C, JAW-Z paste oxide reacts earlier and has a slightly broader heat release peak than
the one observed for the neat JAW at the same temperature in Figure 4. The total heat release
15 also observed to be higher for JAW-Z. At 50 °C, the first dissolution step 1s observed to
happen very rapidly, and therefore JAW-Z paste was able to release more heat than the neat
one at the same temperature. The DSC results are also in line with the early-age sonic strength
development (see Figure 5). Omran et al. (2023b) investigated the effect of 0.5 and 0.86% ZnO
1n the same JAW system. They found that the higher the amount of added zinc. the higher the
increase m the heat release magnitude. as well as the total amount of accumulated energy.

Earlyv-age Sonic Strength

Figure 5 presents the early-age sonic compressive strength performance obtained by using
an Ultrasonic cement analyzer (UCA). Both neat JAW and JAW-Z were measured dunng the
first 8 hours at 70°C BHST. which is equivalent to that at 50 °C BHCT. Table 11 illustrates the

results from the early-age UCA.
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Figure 5: UCA early-age profile at 70 °C BH5T and 13.8 MPa; JAW {neat) & JAW-Z (JAW — 0.36% ZnQ)

Table 11: UCA early-age data; 55 Somic Stremgth (Omran et al, 20235).

S5 (MPa) for 1

55 (MPa) for 5

Mix Setting Time to 100  Hardening Time to 500
Design psi (min) psi (min) hour hours
JAW 43 66 28 59
JAW-Z L] 46 ] 153

Both recipes were observed to have comparable timing for developing strength during the
nitial 45 minutes, which 1s matehing their consistency profiles and pumpability at 50 °C BHCT
as explained previously (see Figure 3). This observation agrees with the DSC observations at
50°C BHCT. where the addition of zinc oxide is observed to have a clear effect on accelerating

the early-age strength development for the JAW-Z contrary to that of the neat JAW.
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JAW-Z was measured to have a sonic compressive strength development of up to 8.5 MPa
during the first hour of heat cunng, three times higher than that of neat JAW at the same time.
Furthermore, JAW-Z was observed to have a shorter hardening time to reach 3.45 MPa (500
psi) and a higher sonic strength value of up to 15.7 MPa within the first 5 hours of cuning than
JAW. This addition of zinc oxide also tripled the sonic compressive strength of the neat mix.

Ageing Properties & Characterizations

Hydraulic Sealability Test (HST)

Figure 6 represents the hydraulic bond strength (HBS) profiles and breakthroughs for the
iyected Na gas over the two given JAW mux designs with the steel casing after 7 days of cuning.
It 1s important to study hydraulic bond strength to understand the ability of the systems to
withstand pressure occurnng at the cement-casing steel mterface without producing a
microannulus which would compromise their mtegrity capacities.
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Figure 6: Hydraulic sealability for JAW and JAW-Z mixez. The first grey arrow is the partial initial breakitrough ar
15 bars for the neat JAW; the second gray arrow is the complete breakthrough betwaen 15- 20 bars for the neat JAW. The
black arrow iz the complate breakthrough at 15 bars for JAW-Z

The conducted hydraulic bond strength test acknowledges the pressure required for flud
to break through the cement-steel casing interface, which was observed to happen after applying
15 — 20 bars for both mix designs. The observed results present a positive mdication when
bemg compared with the performance of Ordinary Portland Cement (OPC) for well-cementing
applications (Gomado et al | 2023; Salehi et al , 2018).

On the other hand. the aged, cured JAW sample for one month could not withstand 5 bars
with an observable de-bonding from the casing. Figure 7 presents the observed de-bonding and
breakthrough of the injected gas at 5 bars from all sides of the geopolymer-casing interface.
This de-bonding could be due to shrinkage of the slurnes. Salelu et al. (Salelu et al | 2018)
exanmuned the shrinkage of geopolymers. They observed that geopolymers continuously shrink
with time especially at higher curing temperatures, up to 2.5 % volumetric shrinkage after 14
days. However, some geopolymers shrink with lower rates compared to OPC-based cement
(Salehi et al.. 2018). The observed de-bonding or shrinkage could be due to the reactants’
consumption duning JAW geopolymenzation process as shown i Figure 7. In line with the
following FTIR and XRD results and characterizations, it could happen due to having the
volume of the geopolymernization products less than the given reactants, or so-called chemical

169



Appendices

shrinkage phenomenon, over time. The chemical shrinkage in geopolymers can be result of
formation of K(Na)-A-S-H gels and/or water as by-product of the geopolymerization reaction.

b) mainly geopolymer products

¢) gas breakthrough during the hydraulic bond strength test
Figure 7: a) SEM image of early-age JAW mix, b) SEM image of aged JAW mix, ¢} Top view of the sealability cell after
de-bonding of the aged JAW.
Hence, an expansive agent additive might be required to further improve the long-term
hydraulic bond strength of the given JAW mixes. Additionally. cement slurry linear expansion
and/or contraction test is required to quantify the shrinkage of the systems.

Uniaxial & Ultrasonic Strength Development

Figure 8 shows the uniaxial compressive strength of the geopolymer mixes (JAW and
JAW-Z) after 1 day up to 56 days cured in atmospheric pressure, at 25 °C BHST and 70 °C
BHST. respectively. Figure 9 and Table 12 present the extended sonic strength development
profiles and data for JAW vs JAW-Z, at 70 °C BHST and pressurized to 13.8 MPa.
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Tabls 12: Extended UCA somic sirength development data up to 2 months.

Sonic Strength (Day) 1D il 14D 18D 36D 60D
JAW (MPa) 5.8 T4 83 84 4138 424
JAW-Z (MPa) 15.8 16.0 157 155 30.7 319

At a fixed cuning temperature, either 25 or 70 °C BHST. 1t 1s observed that the longer the
specimen 1s allowed to cure, the higher the umaxial compressive strength 1s obtammed for both
recipes, 1n line with (Chithiraputhiran and Neithalath, 2013). Hence, one may also conclude
that with a higher curing temperature, higher geopolymer strength development should expect
(Chithiraputhiran and Neisthalath, 2013; Salehi et al | 2018). Furthermore, the addition of ZnO
gave an effective and clear early-age strength booster effect on JAW-Z. in line with the
discussed DSC results (see Figure 4). The addition of this strength booster has doubled and
tripled the UCS after 1-day of curing in ambient and elevated temperatures, respectively. This
observation agrees with the numbers obtamned from the UCA data as seen previously in Figure
5. In addition, others have stated the positive effects of utilizing zine compounds for allkali-
activated matenials that can improve the cementing properties including compressive strength
development (Hajimohammadi et al | 2011; Luukkonen et al , 2018; Van Deventer et al . 2012).
One may conclude that the addition of ZnO 1s very crucial to develop acceptable and durable
mechamical properties for well cementing. especially for low to medinm temperature
applications.

From the extended UCA profiles seen in Figure 8, two sonic strength development zones
can be identified for both recipes. The first development curve 1s observed to happen around
the initial mixing and early-age curing which lasted for two weeks for JAW, and three weeks
for TAW-Z. Continuing, the second development curve was observed to be a long-term
asymptotically-like increasing function curve for both nuxes. The presence of the second
strength development curve could be an indication of an additional intemal structural
reorganization and participation of the remaiming unreacted precursors particles. which 1s
aligned with the hydraulic sealability data although m different time scales. This could be an
interesting observation, especially considering quartz present in granite. Further mvestigation
on the consecutive reaction could provide a better understanding of the product, resulting in
more favorable long-term mature geopolymerization products, which wyield favorable
mechanical properties.

After 28 days of heat curing at 70 °C BHST, the UCS of JAW subdued the UCS for JAW-
Z. This observation matches with the values obtamned from the UCA. where JAW started to
positively overcome JAW-Z. The sonic strength of the neat JAW after 28- and 56 days are 28
and 42 MPa, respectively, while for JAW-Z are 16 and 31 MPa, respectively. These extended
UCA results are verv comparable to the extended UCS results. A comparable trend was
observed by (Van Deventer et al., 2012) in calcium-rich alkali-activated materials using ZnO
as a chemcal admixture.

Fonrier Transform Infrared Spectroscopy (FTIR)

Figures 10 &11 and Tables 13-16 present the FTIR spectra and wave hollows data of the
two recipes. The mix designs were studied after 7-. 28- and 56-days of curing at both 25 and
70 °C BHST, respectively. The band in the range of 1400 — 700 cm* 1s assigned to the T-O-T
(T 15 a tetrahedral S1 or Al) bonds asymmetnic stretching vibrations. The T-O-T bands position
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can indicate the dissolution of the alummosilicate source, gelatinous product formations and
degree of crosslinking within the geopolymerization network  Absorption O-C-O band
between 1500 — 1400 cm™ is assigned to the presence of calcium and CO:? groups. The
intensity of the broad hump in ranges of 3600-3000 cm™ and 1700-1600 cm™ is associated with

the presence of H-OH groups stretching vibrations (Ma et al , 2019, 2018).

H-OH H-OH T-0-T

—JAW-Z7D  ---JAW-Z 28D JAW-Z 560
1AW 7D JAW 28D JAW 560
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (1/cm)
Figure 10- FTIR for JAW and JAW-Z ar 25°C BHST.
Table 13: The wave hollows eccurved for JAW at 25 °C BHST.
T-O-T (em™) H-OH (em™) H-OH (cm™)
Mix Design (25°C)  Curing Duration

[1400-700] [1700-1600] [3600-3000]

JAW D 962 1642 3360

JAW 28D 973 1638 3381

JAW 36D 975 1638 3381

Tabls 14: The wave hollows eccurred for JAW-Z ar 25 °C BHST.
T-O-T (cm?) H-0H (cm™) H-OH (cm™)
Mix Design (25°C)  Curing Duration
[1400-700] [1700-1600] [3600-3000]

JAW-Z D 066 1638 3375

JAW-E 28D 974 1632 3386

JAW-E 36D 975 1640 3386

—]AW-27D  ---]AW-Z 28D JAW-2 560 g
JAW 7D 1AW 28D JAW 56D
4000 500 3000 2500 2000 1500 1000 SO0
Wavenumber (1/cm)

Figurs 11: FTIR for JAW vs JAW-Z at T0°C BHST.
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Table 15: The wave hollows eccurved for JAW at 70 °C BHST.

T-0-T (em™) H-0H (cm™) H-OH (em™)
Mix Diesign (70°C)  Curing Duration
[1400-T00] [1700-1600] [3600-3000]
JAW v 969 1638 3366
JAW 28D 971 1646 3383
JAW 36D 972 1647 3388

Table 106: The wave hollows ecowrved for JAW-Z ar 70 °C BHST.

T-O-T (em™) H-OH (em) H-OH (em™)
Mix Design (70°C)  Curing Duration
[1400-T00] [L700-1600] [3600-3000]
JAW-Z iv] 970 1642 3381
JAW-Z 28D 973 1646 3383
JAW-Z 56D 975 1653 3394

The results obtained from running FTIR show broad stretching vibrations and shifting
1n the bands’ positions for JAW and JAW-Z as a function of curing time and curing temperature.
At 25 °C, JAW and JAW-Z have the T-O-T stretching vibrations in ranges between 1400 — 700
(con™), which are centered around 962-966 (cm™) after 7 days of curing for then to be centered
around 975 (cm’) after 56 days. This shift i the wavelength of T-O-T bands for JAW and
JAW-Z can be correlated to the dissolution of aluminosilicate precursor (Hajimohammadi et
al, 2011), and the formation of CASH. NASH. or both gels with a higher crosslinking degree.
Hence, the addition of admuxtures could be low enough not to cause a sigmficant mfluence on
FTIR peaks around 1100 — 1000 em™ (Hajimohammadi et al ., 2011). Interestingly. the size of
T-O-T bands for both mixes with ageing was getting smaller which might be correlated to the
further dissolution and participation of gramite. This could define and be m line with the
presence of the second sonic strength development zone in Figure 8.

The C-O-C wvibration 15 hard to detect clearly due to the low calcium content 1n the mix
designs, which agrees with previous studies (Omran et al.. 2023b). The H-OH stretching at
3600 — 3000 cm™ and 1700 — 1600 cm™ are comparable for both JAW and JAW-Z. Hence, the
resonance mtensity differences are a function of the composition and concentration of the
reaction products. This trend can be also observed at 70°C BHST curing, but with a higher
shifting of the wavelengths for T-O-T and H-OH bands. These shifts indicate a higher degree
of geopolymerization happening at elevated cuning temperatures 1n agreement with Shah et al.
(Shah et al . 2020). Therefore, the longer the specimen is allowed to cure while undergoing
higher cunng temperature, the higher the shifts in T-O-T, S1-O, and H-OH bonds are to be
expected. Afterwards, the higher the formation of silicate hydration products in higher amounts
could be produced and detected.

X-ray Diffraction (XRD)

Omran et al. (2023a. 2023b) charactenized the precursors granite. GGBFS, and microsilica
using XRD and Rietveld refinement. The resulis exhibited granite to be a highly crystalline
precursor. rich i quartz, feldspar (nucrocline and albite), and oligoclase, with biotite and
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chlorite as munor phases, with a crystalline content of around 80 % (see Table 17). While
GGBFS and microsilica have highly amorphous content.

Table 17: Granite mineralogy obtained from Rietveld quantificarion [24].

Minerals # Granite

(Yewtiwt)
Quartz PDF 00-008-7651 35.693
Albite PDF 00-009-0466 21.625
Microcline 1 CIF 9004191 16.059
Microcline 2 PDF 00-019-0932 11.918
Oligoclase CIF 9011423 10.654
Biotite PDF 04-013-2135 2.382
Chlorite COD 2010163 1.669

The XED peaks and patterns of JAW and JAW-Z after 7D, 28D, and 56D under 25 and 70
%C BHST are 1llustrated 1 Figures 12 and 13, respectively.
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Figure 12: XRD patterns: a) JAW {neat) and b} JAW-Z (JAW — 0.86% Zn0), both cured at 25 “C BHST. Q: Quartz, M-
Microcling, A: Albite, Kh: E-A-5-H or C-E-4-5-H. IZ7h: E-Z-4-5-H.
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Figure 13: XRD patterns: a) JAW jnear) and b} JAW-Z (JAW + 0.86% Zn0), both cured at 70 °C BHST. Q: Quarez, M-
Microcline, A: Albits, Eh: E-A-5-H or C-K-4-5-H IZh: E-Z-4-5-H.

XRD spectra of JAW and JAW-Z have also been investigated as functions of curing time
and cunng temperature. The XRD peak intensities became higher and more crystalline by
mecreasing both the cuning period and curing temperature. These observed results match
(Hapmohammadi et al, 2011; Pilehvar et al. 2020; Samantasinghar and Singh, 2019)
considering low calcium content alkali-activated materials due to the overlaying of natural and
synthesized crystals between angles 20-30° 2theta.

On the other hand, this trend could not be observed for the JAW-Z nux at 25 °C. where
XRD reveals a much higher amorphous content. The presence of the amorphous phases can be
due to the unreacted amorphous precursor phases. Both mixes may potentially contain
amorphous geopolymers and hydrated phases such as C-A-S-H and C-(K, Na)-A-S-H. or a mix
of both combined. Therefore, it would be fair to assume that JAW-Z could also contain an
additional K-Zn-A-S-H phase as seen mn Figures 10 and 11. These XRD observations are in
line with previous studies (Omran et al.. 2023b; Omran and Khalifeh. 2023).

Marpholegy - Scanning Electron Microscopy (SEM)

Granite has irregularly crystalline shaped particles mainly of quartz and feldspars. In
addition, GGBFS and microsilica have a higher specific surface area and lower particle size
distribution, when compared with gramite (Omran et al., 2023a). Figures 14 and 15 include
SEM micrographs of the two mixes cured at 25 and 70 °C. respectively, taken after 7D, 28D,
and 56D of curing.
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(a) JAW 7-days

(d) JAW-Z 7-days (e) JAW-Z 28-days (f) JAW-Z 56-days

Figure 14: SEM 25 °C BHST, Magnification of 10K X Results of curing time up to two months. The red arrow points
towards unreacted particles: JAW (neat) & JAW-Z (JAW = 0.80% ZnO).

(d) JAW-Z 7-days (e) JAW-Z 28-days (f) JAW-Z 56-days

Figure 15: SEM 70 °C BHST, Magnification of 10K X Results of curing time up to two months. The red arrow points
towards unreacted particles: JAW (neat) & JAW-Z (JAW = 0.80% ZnO)

The SEM images reveal that curing time and temperature have impact on the formation of
more dense structures. Both mixes are observed to have a higher degree of incomplete
geopolymerization reactions after 7D with fewer formation of gels. Unlike that of the 7 days
of curing micrographs. the 28 and 56 days of curing indicate very low to the negligible presence
of any remains of unreacted particles of granite and/or GGBFS. In addition, the longer the
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curing duration, the lower the matrix porosity. and the denser and the harder the matrix gets for
the two mixes. The dense matnices for JAW and JAW-Z match the results obtamed from FTIR.
and strength development evolutions over curing time.

The vanation n cunng temperature 1s also observed to have a clear effect on the SEM
micrographs for both mixes. The samples cured at 25°C show larger amounts of unreacted
particles and smaller amounts of geopolymer products. Contrary, the samples cured at 70°C
are observed to have fewer remaining unreacted particles and larger amounts of geopolymer
products being formed Having the samples cured at elevated temperatures is observed to
accelerate the geopolymenzation reaction, which then helps the geopolymerization network m
forming more complex 3D complex structures, and denser geopolymer matrixes. This trend 1s
1n line with the literature (Pilehvar et al | 2020; Salels etal , 2018). Furthermore. the previously
mentioned SEM observations also match the results and trends obtained from FTIR. and
strength development evolution at prolonged cuning and higher curing temperature.

Conclusion

Chemical properties and mechanical performance of aged gramite-based JAW geopolymer
were studied for well-cementing applications under a wide range of curing temperatures. High
curing temperature favors the geopolymerization reaction. strongly impacts pumpabality of the
slurries. leaves fewer remaming unreacted precursor particles. improves strength development
rate, and results in formation of denser structures and higher crystalline products. The use of
ZnO as a strength enhancer was crucial for aclueving acceptable mechanical properties in low-
temperature well cementing applications. even though it may lead to a slight reduction in
compressive strength compared to the neat mix design at a later stage. However, the hydraulic
sealability of the system 1s negatively impacted with aging JAW muxes due to de-bonding at
the geopolymer-casing mterface. An expansive agent nught be required to further improve the
long-term hydraulic bond strength of TAW to averd any possible chenucal shrinkage with aging
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