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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
requires the development of not only environmentally friendly but also user-friendly cemen-
titious materials. This study aims to investigate the early-age mechanical and chemical
properties of synthesized one-part geopolymers, which are heat-cured rock-based products.
These geopolymers were synthesized from granite-based precursors and were activated by
Mahmoud Khalifeh solid powders of potassium silicate, with a small portion of potassium hydroxide (KOH) as
Department of Energy and Petroleum Engineering an accelerator to enhance the setting time and early strength. The mechanical and chemical
(EP), 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 geopolymer mixes, which were activated
by a solid activator with a modulus ratio of 2.4, developed acceptable compressive strength
of around 7 to 13 MPa within 24 h and up to 7 days. The use of one-part geopolymers has
the potential to provide environmentally- and user-friendly slurries that can facilitate their
utilization for large-scale in-situ applications in the petroleum and civil engineering
sectors. [DOI: 10.1115/1.4062250]
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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 carbon emissions reduction policies have been
introduced by governments and regulators. These regulations are
to support the cementing industry toward more focusing on stimu-
lating investment and innovation by researching and adopting these
carbon emissions reduction policies [2,3]. OPC production and pro-
cessing operations are dependent on the decarbonation of limestone
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 cementitious material
with the potential to fully replace OPC while having the potential to
significantly reduce carbon dioxide emissions. In a study by McLel-
lan et al. [6], the costs and greenhouse gas emissions of geopoly-
mers were compared to OPC. The study found that geopolymer
emits between 14 and 97 wt% less carbon dioxide than OPC.
However, there is some uncertainty surrounding this finding due
to the difficulty distinguishing 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 to partially amorphous and partially crystal-
line solid aluminosilicate materials in tetrahedral form, also
known as inorganic polymers. Some researchers do not distinguish
between geopolymers and alkali-activated cement. Geopolymers
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are low calcium content systems consisting of sialate monomers
as repeating units (O-Si—O-Al-0). Several solid aluminosilicate
materials such as feldspar, metakaolin, industrial residues, and
solid wastes have been utilized as solid geopolymer precursors.
However, these precursors have different reactivity depending on
their chemical composition, mineralogy, morphology, and fineness
[8,9]. The main criteria for producing and developing stable geopo-
lymer 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
[10,11].

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, it is important to prepare
and select each component’s proper type and dose, such as
alkali-silicate activator, precursors, and admixtures [14]. Moreover,
geopolymer technology could be useful for allowing waste
beneficiation 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 still
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]. Afterward, several pioneering
developments were done by Glukhovsky [19], Krivenko [20], Davi-
dovits [21], and Palomo et al. [22], respectively. Table 1 presents
some historical 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-
lurgical slags and fly ash. Metallurgical slags such as blast furnace
slags (Ground Granulated Blast Furnace Slag, GGBFS) are mix-
tures of poorly crystalline materials with depolymerized calcium
silicate glasses to control the strength development profile as is
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Table 1 Examples of published literature reviews and articles on alkali-activated materials and geopolymers

Title

Significant outputs

Mechanism of geopolymerization and factors influencing its development: a
review [23]

Alkali-activated binders: A review; (Part 1) historical background
terminology reaction mechanisms and hydration products [24]; (Part 2) About
materials and binders 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: Potential utilization of
geopolymers [27]

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

A review of the development of geopolymers, including chemical reactions,
source materials roles and effects, and mix compositions and combinations.
A general review of alkali-activated binders, including historical
background, terminology, hydration products, materials and binders
manufacture, and properties and durability

An overview of utilization of fly ash geopolymer cement as alkali-activated
binders

A review of utilization and development of geopolymer concrete as a
potential construction material in several applications

Development and utilization of rock-based geopolymers for zonal isolation
and well abandonment were presented. Viscosity, pumpability, fluid loss,
strength development, and durability of the geopolymers were studied

A review of the currently published state-of-art in the development of
one-part geopolymer admixtures, including the employed solid precursors,
activators, admixtures, mixing designs, and resulting binding 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 rapidly in air to 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 according to ASTM C618, 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 preferred
in the synthesis of geopolymers, where Class C fly ash is less abun-
dant than fly ash Class F [7,10].

The nomenclature and terminology regarding geopolymers and
alkali-activated materials are still subject to ongoing debates in
the literature. The former is characterized by a three-dimensional
tetrahedral silica structure with high content Q4(2Al) and
Q4(3Al) centers and low calcium content. In contrast, the latter is
characterized by lower silicon coordination, which is Q2 and
Q2(1Al) centers, and higher calcium content [34].

Conventional geopolymers, also referred to as two-part geopoly-
mers, are typically produced by partially dissolving solid precursors
containing reactive aluminosilicates (known as part one) in a con-
centrated alkali solution. The alkali solution can include alkali sili-
cate, carbonate, sulfate, or a combination of these compounds,
which act as part two of the reaction [35,36]. However, the use of
highly alkaline or alkaline silicate solutions poses logistical and
environmental challenges. Thus, the development 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 metakaolin, 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 mixture is also desired to conserve con-
crete properties and improve environmental sustainability. A lower
water-to-binder ratio results in lower porosity and permeability of
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the concrete. As a result, a one-part geopolymer design should
have a low water-to-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 corrosive alkaline solutions needed
for mixing conventional geopolymers are a major drawback.
These challenges highlight the importance of not only environmen-
tally friendly cementing materials but also to be user-friendly 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” geopolymers are user-environmentally
friendly cementing materials. They are more promising for in-situ
applications due to overcoming the impracticalities of conventional
two-part geopolymers [17,35,42]. However, they still need exten-
sive investigations and developments to be more applicable for
industrial use.

In this article, the aim is to provide a prior state-of-the-art in the
development of one-part rock-based geopolymer mixtures. This
study discusses the early-age effect of water content and four differ-
ent chemical admixtures on the geopolymerization mechanisms,
hydrated 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 potassium hydroxide
(KOH) solution is used as an accelerator. The chemical composition
of the neat recipe (granite is a source of aluminosilicate, GGBFS is a
calcium- and magnesium-rich material and amorphous aluminosil-
icate, and microsilica is a pure amorphous silicate material) is
shown in 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].

2.1 Experimental Equipment. API 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 wt%

Chemical composition (wt%) SiO, Al,O3

Fe,05 MgO Ca0 Na,O K,O TiO, MnO LOI

Precursor mix 56.63 12.47 1.09

6.23 16.45 L.77 2.87 1.16 0.29 0.6

“Loss on ignition.

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

Uniaxial compressive strength (UCS)—A cutter machine was
used to flatten both sides of the samples to be prepared for
running 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 10A [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 materials,
an ultrasonic cement analyzer (UCA) specified in API 10B-2 [27]
was employed to measure sonic strength development by use of
sonic 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 X-ray diffraction
(XRD) data is dependent on various parameters including XRD
instrumental intensity, time-steps, incremental angle, testing condi-
tions, etc. In this study, XRD samples were dried in an oven at
30 °C overnight. Afterward, these specimens were kept in a
vacuum dryer for one day to maximize the removal of water parti-
cles and to prepare them for XRD testing.

The crystalline phases of the sample were analyzed by a Bruker-
AXS Micro-diffractometer D8 Advance, which uses CuKa radia-
tion (40.0kV, 25.0 mA) with a 26 range from 5 deg to 92 deg
with 1 deg/min step and 0.010 deg increment. The main crystalline
XRD patterns 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
WIP* Non Zero
W1Pb Non Zero
W1Pb-CO2 0.14 wt% CaO 35.71
WI1Pb-CO4 0.57 wt% CaO 71.43
WI1Pb-CO6 0.86 wt% CaO 107.14
WI1Pb-CO8 1.14 wt% CaO 142.86
WI1Pb-C2 0.14 wt% CaCO3 19.98
W1Pb-C4 0.57 wt% CaCO3 39.96
W1Pb-C6 0.86 wt% CaCO3 59.94
W1Pb-C8 1.14 wt% CaCO3 79.92
W1Pb-Z2 0.14 wt% ZnO 24.57
W1Pb-Z4 0.57 wt% ZnO 49.14
W1Pb-Z6 0.86 wt% ZnO 73.71
W1Pb-Z8 1.14 wt% ZnO 98.28
WI1Pb-N2¢ 0.14 wt% NaOH 50.03
W1Pb-N4“ 0.57 wt% NaOH 100.07
WI1Pc® Non Zero

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

PAll recipes had the same free water content, 88.19 wt% in the liquid phase.
‘WI1P has 35wt% liquid-to-solid ratio. However, all W1Pb recipes have
33wt% liquid-to-solid ratio.

9The addition of NaOH pellets was considered as a partial substitution to the
KOH solution to conserve MR =2.4.

“W1Pc has the same mix design as WIPb with a solid accelerator either
KOH or NaOH pellets instead of the liquid accelerator. The addition of
these hydroxide pellets was considered as a complete substitution to the
KOH solution with conserving MR at 2.4.
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software was used to analyze the crystalline components and to esti-
mate the degree of crystallinity.

2.2 Experimental Procedures. The candidate recipes were
mixed in the laboratory according to the recommended procedures
[27,43,46,48]. The mixing procedures 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 =Si02/K20) of 3.9. A small
portion of potassium hydroxide 12M solution (as an accelerator)
was used to lowering down the molar ratio to 2.4.

2.2.1 Mixing. Mix design entails preparing the solid and liquid
phases of the neat recipe, 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 liquids 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 type and total amount of additives added to
the rock-based geopolymer with their recipes’ names.

3 Results and Discussion

3.1 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 atmospheric pressure.
All samples were tested after 1 day of curing. Furthermore, the
top 1-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 0.14wt% chemical admix-
ture) from 1-day UCS results in addition to WI1P (W1P-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. Therefore, it
was considered in this work.

UCS results show the effect of water content on the given mix
design as shown in Fig. 1. It has been suggested that water only pro-
vides a medium for the dissolution and restructuring of aluminosil-
icate sources into geopolymer [49]. The given one-part rock-based

12.0
[~ W1P-L/s*39% =W1P-1/s*37% mWIP mWI1Pb |
9.0
5
(=¥
2560
(%2}
o
2
3.1
3.0

1.1
0 o N
0.0
* L/Sis liquid to solid ratio

Fig. 1 The effect of water content on 1-day UCS
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Fig. 2 The effect of chemical admixture CO on 1-day UCS
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Fig. 3 The effect of chemical admixture C on 1-day UCS
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Fig. 4 The effect of chemical admixture Z on 1-day UCS

ucs (MPa)

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% wls, grey color bar) was much weaker than W1Pb (33% w/s,
black color bar). The higher the water content, the lower the 1-day
and 7-day UCS. W1Pb has almost triple the UCS value of W1P 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 admixture and its content on the neat
one-part rock-based geopolymer recipe, W1Pb. A trend was obvi-
ously to be detected as the higher the content of chemical admixture
the lower the 1-day UCS for chemical admixtures CaO, CaCO3,
and NaOH. Therefore, with higher chemical admixtures content,
it has also a negative effect on 1-day UCS and early strength
development.

In the case of the addition of NaOH Pellets, both partial and com-
plete replacement of the accelerator 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 W1Pb. This could happen
due to the substitution of the KOH accelerator solution with
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Fig. 5 The effect of NaOH and KOH pellets on 1-day UCS
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Fig. 6 The effect of various 0.14 wt% chemical admixtures on
1-day UCS
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Fig. 7 The effect of various 0.14 wt% chemical admixtures on
7-day UCS

UCs (Mpa)

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 1P 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 W1Pb.

Unlike the other chemical admixtures, the utilization of chemical
admixture Z has a weight content threshold to reach the highest
1-day UCS of 10 MPa after the addition of 0.86wt% Z to neat
recipe WIPb and then 1-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, but its 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 elements can be presented in two possible struc-
tures: cubic and hexagonal as shown in Fig. 8.
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- __ Zinc
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Fig. 8 Structures of ZnO: (a) cubic and (b) hexagonal [51]

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

MOH + ZnO + H,0 = MZn(OH); (1)

2MOH + ZnO + H,0 = M,Zn(OH), 2)

Other researchers observed not only a decrease in UCS at high
concentrations of zinc oxide but also a threshold of the addition
of zinc oxide to increase the compressive strength. Zinc oxide has
been observed to play a role in the polycondensation phase by cre-
ating a more basic environment in the geopolymer system [51,53].
In a study by Zailan et al. [51], it was found that low concentrations
of ZnO could fully control the formation of K(N)-A—S-H or C-A-—
S-H gels, from the complete geopolymerization reaction. It was
also observed that more K(N)-A—S—-H gel was formed than C-A—
S-H gel during the geopolymerization 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 ZnO, UCS reduction could be due to
the negative action of ZnO 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 reduction potential reaction with
ZnO as shown in the following reversible chemical reaction [51]:

ZnO + H,0 + 2¢~ = Zn(, + 20H" 3)

Therefore, the utilization of low concentrations of ZnO can
improve the chemical kinetics of geopolymerization reaction to
get higher and earlier strength development as observed for the
addition of 0.14 wt% (equivalent to 25 mmol) up to 0.86 wt%
(equivalent to 74 mmol) of ZnO to neat recipe W1Pb in Fig. 4.

3.2 Nondestructive Compressive Strength. According to
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 a minimum requirement 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 algorithms provided by UCA have been developed for
OPC, and they are not reliable for estimating the strength

Fig. 9 Chemical structure of Zincate-based anion
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Table 4 A polynomial equation for one-part rock-based
geopolymers to estimate sonic strength from transit time data

[11]

Mix design Polynomial equation R-Square value

WIP Y=211.28X>— 6220X + 45677 R*=96.12%

development of other materials such as one-part rock-based geopo-
lymers [47,54].

The estimated sonic strengths showed that the development of
algorithms to 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 geopolymers [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-part 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 observed after 1- 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
3.5 MPa. WI1P with higher water content has the longest time to
reach 0.35 and 3.5 MPa, which it was taking up to 19 days to
reach 3.5 MPa. However, W1Pb 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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Fig. 11 UCA Data for samples containing 0.14 wt% chemical
admixtures, cured up to 7 days
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Table 5 Summary of UCA data for the selected 1P GP recipes

Mix design Setting time (min) to 0.35 MPa (50 psi) Setting time (min) to 3.5 MPa (500 psi) SS (MPa) for 1 day SS (MPa) for 7 days

WIP 46 27,540 1.68 2.11

WI1Pb 40 66 5.85 6.10

WI1Pb-CO2 38 60 6.22 6.74

W1Pb-Z2 37 47 11.55 12.76

minutes to reach the same sonic strength value. This shows and

proves the severe effect of water content on geopolymers as Q ——W1Pb-CO2

shown in Fig. 10 and Table 5. ——WI1Pb-C2
Furthermore, the estimated sonic strength for 1- and 7-day is W1Pb-72

slightly higher than the measured compressive strength for 1- and $saa QMM aa

7-day UCS. This could be due to the addition of pressure ca. Q

13.8 MPa while curing in UCA; however, the UCS samples were ~S3A  Qama Q

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 amorphous 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 activator.
They found that quartz was a major phase, and albite and microcline
were minor phases.

Figure 12 presents the peaks observed in the spectra 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 barely
detected in addition to other trace minerals/contaminants.
However, in the case of microsilica, there was not any detectable
crystalline peak as shown in Fig. 12.

—Granite
Microsilica
—GGBFS

40 60 80 100
Angle 2Theta

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

Granite main peaks correspond to quartz (SiO2), microcline as an
alkali feldspar (KAISi308), and albite as a plagioclase feldspar
(NaAlSi308). In addition, the precursor also contains biotite
(K(Mg,Fe)3AISi3010(F,0H)2). 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 granite, the two neat recipes, and
the developed recipes with chemical admixtures.

XRD Analysis shows 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 W1P and W1Pb. Both neat recipes contain
Quartz, Albite, Microcline, and tracers of Biotite and synthetic
potassium aluminum-silicates hydrates (S1), but W1Pb has lower
microcline and biotite content than W1P.

Figure 14 presents the differences in the compositional analysis
of W1Pb with the 0.14wt% chemical additives of calcium oxide
(CO), calcium carbonate (C), and zinc oxide (Z). These W1Pb*
modified recipes also have Quartz, Albite and Microcline similar
to the W1Pb neat, in addition to three synthetic crystals or hydrates.
WI1Pb-CO2 has two synthetic hydrates as tracers are Potassium—
Sodium—Calcium—Aluminum-Silicate hydrates (S2) and Sodium—
Calcium—Magnesium—Aluminum-Silicate hydrates (S3).
WI1Pb-C2 has tracers of synthetic Sodium—Calcium—Magnesium—
Aluminum-Silicate hydrate (S3) only. While W1Pb-Z2 has just
tracers of Potassium Zinc 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 crystallinity analysis for granite and the
selected recipes

Mix design Crystallinity (%) Amorphousity (%)
Granite 79.9 20.1
WI1P 52.1 479
WI1Pb 51.7 483
WI1Pb-CO2 532 46.8
W1Pb-C2 50.1 49.9
WI1Pb-Z2 53.0 47.0
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even if as tracers. For W1P and W1Pb cured at 70 °C, there were
little peaks of feldspar crystals after the 7 days of curing
(Fig. 13). Similarly, W1Pb* recipes also have little trace of feldspar
crystals after 7 days of curing, while the main peak of Biotite
seemed to 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-
cline) present in the precursor. The absence of biotite in all products
may also suggest a chemical reaction 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
to 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 investigated chemical admixtures (CO, C,
and 7).

Further examinations and future studies are still needed to fully
understand these complex chemical investigations and their eco-
nomic feasibility. These studies should investigate and verify
the geopolymerization process of these one-part geopolymer
recipes, especially after adding ZnO as a strength booster. This
investigation can be done by studying each stage of the geopoly-
merization reaction and by integrating other physical and chemical
characterizations.

4 Conclusion

The development of an applicable mix design for one-part geopo-
lymers 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 W1Pb-Z recipes have the potential to be utilized in
well construction and well abandonment applications. Furthermore,
the higher water content in the one-part rock-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 1-day strength development.
The top candidate recipes were having lower water content and
especially with lower concertation of ZnO chemical admixture, as
ZnO might have a role in the polycondensation phase in the geopo-
lymer system. This can be due to the formation of the polymeric
anions of zincate. Thus, ZnO can be considered an early strength
development booster. Further investigations are still needed to
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 radiation
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
Na = sodium
OPC = Ordinary Portland Cement
P&A = plugging and abandonment
Q = quartz
S1 = synthetic potassium aluminum silicates hydrates
S2 = synthetic potassium sodium calcium aluminum silicate
hydrates
S3 = synthetic sodium calcium magnesium aluminum
silicate hydrates
S4 = synthetic potassium zinc aluminum silicate hydrates
SS = sonic strength
TT = transient time
UCA = ultrasonic cement analyzer
UCS = uniaxial compressive strength
W1Pb* = WI1Pb modified recipes with 0.14wt% chemical
admixtures
WI1Pc = “Just Add Water” rock-based geopolymer mix design
XRD = X-ray diffraction
Z = zinc oxide
20 = two theta angle
1P GP = one-part geopolymer
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