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Abstract: Geopolymer cement is a viable and sustainable replacement for conventional Portland cement,
drawing attention for its enhanced durability and reduced shrinkage compared to API Class G cement, along with its
potential to reduce CO; emissions. This research aims to develop a fly-ash-based geopolymer cement incorporating
graphene oxide (GO) under high-pressure, high-temperature (HPHT) conditions for oil-well cementing applications.
The investigation proceeds in three distinct phases to meet its objectives. Initially, Phase 1 identified the optimal GO
concentration as a strengthening additive in the geopolymer mixture. GO addition within certain concentrations,
markedly improves compressive strength. Phase 2 focused on applying the optimal formulation (Formulation OP 1)
in functional tests for oil well cementing, while Phase 3 assessed the effects of temperature and pressure on the
compressive strength of Formulation OP 1 to simulate real-world downhole conditions. Higher temperatures increased
compressive strength, likely due to accelerated geopolymerization and improved pore structure. Validation
experiments confirmed the accuracy of the predictive models and demonstrated the robustness of Formulation OP 1
under varying conditions. This study highlights geopolymer cement's capability as a sustainable, high-performance
option for challenging oil well settings, presenting a significant advancement over traditional oil well cement
solutions.

Keywords: fly ash, alkaline activator ratio, carbon capture, utilization and storage (CCUS), compressive strength,
central composite design.
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1. Introduction

Malaysia has traditionally relied on its oil and gas
sector as a cornerstone of its energy industry since oil
was discovered in Miri, Sarawak, in 1910. This
discovery has attracted significant investment from
major oil companies in both the upstream and
downstream sectors, catalyzing economic
transformation through job creation, skill development,
and infrastructural advancement. However, concerns
remain regarding the long-term safety and sustainability
of existing and newly drilled wells. Ordinary Portland
cement (OPC) API Class G has been traditionally used
in oil and gas well applications because of its versatility
[1]. This cement type's properties can be tailored with
additives to suit various well conditions, including depth
and temperature. However, its vulnerability to
degradation, especially in the presence of sour gas,
raises concerns about its long-term integrity in oil
production environments. This has necessitated the
exploration of more resilient materials. The reaction
between API Class G cement and sour gas leads to
disruption of the intergranular structure of the cement
[2].

Geopolymer cement derived from industrial by-
products like fly ash has emerged as a promising
alternative. It boasts superior mechanical properties,
enhanced durability, carbon dioxide (CO;) and sulfate
resistance, and low environmental impact [2]-[7]. The
geopolymerization process creates a robust amorphous
structure, which provides a solid foundation for oil-well
cementing applications. Geopolymer cement is a type of
inorganic adhesive that can be formed by combining
minerals that contain high amounts of silica and alumina
and then undergoing a polymerization process [8]. The
primary alkaline chemicals commonly used to produce
geopolymer cement include calcium hydroxide
(Ca(OH),), sodium hydroxide (NaOH), sodium silicate
(Na;Si03), the combination of NaOH and Na,SiOs, the
combination of potassium hydroxide (KOH) and NaOH,
potassium silicate (K,SiOs3) and its combination, and
sodium carbonate (NaCOs) [7], [9]-[10]. Sulfate
activators such as sodium sulfate can also be used as
alkaline activators. As found in [11], the use of such
activators can increase ettringite formation, leading to a
denser fly ash surface. Different combinations of
alkaline solutions yield different strengths and features
of geopolymer cements. Despite its potential, the current
use of fly ash remains low, highlighting an opportunity
for increased adoption in cement formulations.
According to [12], the compressive strength of fly ash
samples over an extended period shows minimal
variance when cured in seawater compared to plain
water. Therefore, the application of fly ash-based
geopolymer cement in oil wells is deemed viable.

Prior studies have indicated that the potency of fly-
ash-derived geopolymer cement can be enhanced by the
addition of graphene [13]-[17]. The inclusion of these
components in geopolymer cement serves to augment its

strength, durability, and flexibility, enhance its
resistance to aging, and improve the microstructure and
stability of cement-based systems. Additionally, it helps
to decrease the porosity of cement [13]-[16]. Graphene
is a two-dimensional form of carbon consisting of a
single layer of atoms bonded together through
overlapping sp* hybrid bonds. These atoms are arranged
in a hexagonal pattern resembling a honeycomb, with a
thickness of just one atom. Andre Geim and Konstantin
Novoselov discovered the quantum mechanics in 2004,
which led them to receive the 2010 Nobel Prize in
Physics [18]. Subsequently, scientists have extensively
examined the features of graphene and its potential
applications in batteries, transistors, computer chips,
energy generation, supercapacitor, and the building
industry. A chemical vapor deposition (CVD)-based
process was employed to generate high-quality single-
layer graphene flakes at reduced cost [18]. Graphene
oxide (GO) is the preferred choice for most well-
cementing formulations due to the presence of epoxy,
hydroxyl (-OH), and -COOH groups in GO. The epoxy
and hydroxyl groups were chemically bonded to the
basal planes, whereas the carbonyl and carboxyl groups
[were located at the margins [19]-[20]. These groups
increase the distance between the layers, resulting in
layers that are more water-attracting (hydrophilic) and
therefore easily disperse in water [19]-[20].

Recent studies suggest that even minimal
concentrations can significantly increase both the
bending and compressive strength by 20% and 40%,
respectively [21]. Further investigations by Udeze et al.
[13] found that incorporating GO into the geopolymer
mixture at levels between 0.013% and 0.053% reduced
the compressive strength. This reduction was attributed
to difficulties in achieving an even distribution and
preventing clumping of the nanomaterial at high
concentrations. As reported in [14], the optimal
compressive strength was achieved at a GO
concentration of 0.05%, whereas a GO concentration of
0.1% resulted in the weakest performance. This finding
aligns with [15], which identified the most effective GO
concentration for cement formulation to be 0.5% after
seven days of curing and 0.1% after twenty-eight days.
The effects of adding GO at concentrations of 0.01% to
0.10% to geopolymer cement were explored in [16],
noting a significant improvement in the tensile strength.
Similarly, experiments were conducted in [17] by
incorporating 1%-4% GO into a geopolymer cement and
observed that curing at room temperature for up to 60
days led to increased strength in both the initial and later
stages. However, increasing the GO content from 3% to
4% diminished the compressive strength at all tested
ages.

However, most of the studies, including those
mentioned above, did not investigate the effects of those
materials on geopolymer cements at low and high curing
temperatures and under pressurized conditions to
simulate well conditions. The extensive research on and
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successful application of GO in the concrete industry
highlight its potential as a beneficial additive. Given the
similarities between concrete and well-cement in terms
of their chemical and structural properties, the use of
graphene oxide in well-cement is a promising approach
for exploring and offering significant improvements in
the performance of well-cement.

Due to the limited literature on the effect of GO in
geopolymer well cement, the use of fly-ash-based
geopolymer cement with GO as an oil-well cement is
worth further investigation. By leveraging the existing
body of research and proven effectiveness in the
concrete industry, the incorporation of GO into well
cement can lead to improvements such as improved
rheological properties, reduced fluid loss, and optimum
thickening times. The study contributes to
understanding the behavior of this cement formulation,
especially at high-pressure high-temperature (HPHT)
conditions. The author hypothesizes that the
incorporation of GO into the geopolymer cement
mixture can enhance its compressive strength.
Nevertheless, an optimal concentration of GO can be
introduced before the strength begins to decline.

Hence, to find the GO optimum concentration, this
study uses Response Surface Methodology (RSM) and
Central Composite Design (CCD) to maximize the
compressive strength of the cement. Analysis of
variance was employed to evaluate the significance of
the interaction factors and the experiment's validity.
Response surface graphs were created for all
investigated characteristics, and the substantial
interaction effects for all identified features were
assessed. The obtained optimal formulation was then
subjected to oilwell cement testing, including rheology,
fluid loss, and thickening time tests, according to
American Petroleum Institute RP 10B-2 [22].

2. Materials and Methods
2.1. Materials

In this study, Class F pozzolanic fly ash from coal
combustion was used. Fly ash was obtained from a
licensed Tenaga Nasional Berhad Janamanjung power
station located in Manjung, Perak, Malaysia. The

chemical composition of the fly ash is detailed in Table
1.

Table 1 Oxide composition of Tanjung Bin fly ash (developed by the authors)

Element Si0O>  AlLOs

Fe,O CaO  MgO

KO SOz NaO Others Moisture LOI

Weight (%) 39.1 184 944 134 7.56

148 197 8.2 <0.1 0.05 0.3

The geopolymerization process for the fly ash-based
geopolymer uses an alkaline activator composed of
sodium hydroxide (NaOH) and sodium silicate
(NaxSi0O3). A 50 wt.% (12.5 M) concentration of NaOH
and liquid Na,SiO; (containing 34.5-36.5% SiO, and
16.5-17.5% Na,O) were acquired from Sigma-Aldrich.
The sodium silicate solution was diluted to 50 wt.%
using distilled water. Graphene oxide (GO), which was
incorporated into the geopolymer cement formulation,
was also procured from Sigma-Aldrich with a
specification of 4 milligrams per milliliter (mg/ml)
dispersed in water and a density of 0.981 g/mL. The
graphene oxide was used as received without further
purification. The elemental analysis of GO is provided
in Table 2.

Table 2 Elemental analysis of GO (developed by the authors)

Element Carbon Hydrogen Nitrogen Sulfur Oxygen
% 48-54 0-1 0-1 0-2 42-51
2.2. Methods

2.2.1. Test Matrices Design

The study was conducted in three distinct (3) phases;
(1) identifying the optimal graphene oxide (GO)
concentration, (2) evaluating the performance of the
optimal formulation in oil-well cement functional tests,
and (3) analyzing the impact of varying temperatures
and pressures on the geopolymer cement's compressive
strength using the optimal formulation. A statistical
design of experiment (DOE), Response Surface

Methodology (RSM) of Central Composite Design
(CCD) by Design Expert software version 13 was
employed to design the test matrices for Phases 1 and 3.
The CCD approach was used to generate mathematical
models from the experimental data prior to establishing
the  optimal  geopolymer  formulation.  The
NaOH/Na;SiO3 ratio was kept constant at 1:1
throughout the study. In order to assess the reliability
and precision of the established model, analysis of
variance (ANOVA) was performed. The R-squared (R?)
value was calculated to confirm the reliability of the
generated models. Using Fisher's F-test, the statistical
significance of the produced model was determined, and
the p-value (probability of error) was used to assess the
model coefficients. Tables 3 and 4 present the test
matrices for Phases 1 and 3, respectively. For Phase 2,
the geopolymer cement with the optimal GO
concentration underwent oil-well cement functional
tests, including rheology, fluid loss, and thickening time
tests.

For Phase 1, the factors were NaOH molarity and GO
concentration. The NaOH molarity was set within a
range of 3-5 M to ensure that the geopolymer slurry
remained workable, while the GO concentration varied
from 0 to 0.2% by weight of fly ash (bwof). In the third
phase, the experimental factors were the pressure and
temperature, with the pressure and temperature settings
ranging from 1,000 to 3,000 psi and 60 to 120°C.
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Table 3 Test matrices for Phase 1 (developed by the authors)

NaOH Molarity GO Concentration

Compressive Strength

Formulation M) (%bwof) (psi)
1 3 ) 2957
2 4 1.1 2664
3 4 1.1 2739
4 2.6 1.1 1507
5 4 2.4 2281
6 4 1.1 2813
7 3 0.2 1988
8 5 2 1828
9 4 0 1395
10 4 1.1 2391
11 4 1.1 2635
12 5.4 1.1 1144
13 5 0.2 2713

Table 4 Test matrices for Phase 3 (developed by the authors)

Formulation  Pressure (psi) Temperature (°C)  Compressive Strength (psi)
1 2000 132 3204
2 1000 60 1047
3 3000 60 1051
4 586 90 2264
5 2000 90 2394
6 3414 90 2336
7 1000 120 3171
8 3000 120 3795
9 2000 90 2426
10 2000 90 2253
11 2000 90 2358
12 2000 48 1038
13 2000 90 2307

2.2.2. Geopolymer Cement Mixing Process

The preparation of the geopolymer cement with the
GO admixture was performed according to the
procedures outlined in API RP 10B-2 [23]. The chemical
components were precisely measured using a scale to
ensure accuracy. The GO solution was subjected to
sonication for 1 hour before mixing to enhance its
dispersion. An Ametek Chandler Constant Speed Mixer
was used for the blending process, beginning with the
addition of seawater to the mixer cup. After adding
seawater, the mixer was activated at a speed of 4,000
RPM to achieve a consistent mixing rate. This was
followed by gradual addition of 50 wt.% NaOH solution
and stirring for 60 seconds to promote the initial
dissolution and interaction among the components.
Next, 50 wt.% Na,SiO; solution was introduced and
mixed for an additional 60 seconds, facilitating the
chemical processes required for geopolymerization.
After ensuring that the liquid ingredients were well
mixed, fly ash was added to the mixture, followed by
stirring for another 60 seconds to evenly distribute the
solid particles. The predetermined amount of GO was
then incorporated into the mixture. To complete the
mixing operation and ensure a uniform mixture of all
components, the mixing speed was increased to 12,000-

RPM for 35 seconds. This final step of intense mixing is
crucial for eliminating agglomerates and obtaining a
smooth, consistent slurry that is ready for subsequent
testing procedures.

2.2.3. Geopolymer Cement Curing Process

Before the mixing process, 2" x 2" x 2" cubic mold
was greased and prepared. Once the mixing process has
been completed, the geopolymer slurry is immediately
poured into the mold. The curing process occurred in a
pressure-temperature  chamber, adhering to the
guidelines outlined in API RP 10B-2, as illustrated in
Fig. 1. The curing conditions were a pressure of 3000 psi
and a temperature of 90°C, maintained for 24 hours. The
pressure condition is following the Petronas Technical
Guideline (PTG) for cementing Clause 9.4.3.2, while the
temperature condition was simulating 85% of the
bottom-hole static temperature (BHST) of the well [24].
Prior to 24 h of curing, the samples were remolded and
immersed in a water-cooling bath at room temperature
for 45 min. To evaluate the compressive strength, a
dedicated API Compressive Strength Tester (Fig. 2) was
employed to conduct the test on the cement cube. The
loading rate was set to 4,000 psi/min per API RP 10B-2
guidelines.
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Fig. 1 Pressurized HPHT curing chamber (provided by the
authors)

Fig. 2 API Compressive strength tester (provided by the authors)

2.2.4. Rheology of the Geopolymer Slurry

This evaluation focused on the rheological attributes
of the geopolymer cement mixed with GO, employing a
viscometer to determine shear stress versus shear strain,
apparent viscosity, plastic viscosity, and yield point. The
rheological tests were executed both at ambient and
90°C wusing a Fann VG Viscometer Model 35A
(FANN® Instrument Company, as shown in Fig. 3a.
The geopolymer slurry was subjected to shearing by two
components: an external rotating sleeve (the rotor) and
an internal fixed cylinder (the bob), as depicted in Fig.
3b. The rotor was set to operate at various fixed speeds,
while the bob, which was attached to the torsion spring,
deflected in reaction to the torque generated by the
slurry's viscosity. Throughout the test, for each slurry
composition, six dynamic viscosity readings were
systematically obtained at rotational speeds of 300, 200,
100, 6, and 3 rpm.

350

Inner cylinder
shaft bearing

Rotor

(b)

Fig. 3 (a) Viscometer (Model 35A, FANN®) and (b) Schematic
drawing of a co-axial cylinder viscometer [22].

The stress curves were fitted by the Herschel-Bulkley
(H-B) model as shown in Eq. (1) below:
T=1, +Ky" (D
which use three rheological parameters: the
Herschel-Bulkley yield stress (t), the flow consistency
index (K), and the flow behavior index (), which
indicates whether the fluid exhibits shear thinning or
shear thickening behavior [25]-[27]. The H-B model,
also known as the yield power law model, is a
methodology for delineating the characteristics of
certain viscous fluids. This model is particularly suited
to fluids exhibiting yield stress, where the shear stress is
adhered to a power law model under increased shear
rates [27].

2.2.5. Fluid Loss of Geopolymer Slurry

Fluid loss tests were performed to evaluate the
filtration of cement at 90°C under differential pressure
conditions using a CTE HPHT Filter Press, as shown in
Fig. 4. After the mixing process, the geopolymer slurry
was conditioned using an atmospheric consistometer for
30 minutes. Concurrently, a fluid loss cell was prepared
by fitting it with the required accessories. After slurry
conditioning, the slurry was immediately poured into the
fluid loss cell. To ensure that the top stem valve was
sealed, the cell was then positioned within the heating
jacket. A nitrogen valve assembly was attached to the
cell's top stem valve to supply pressure to the cell. The
temperature inside the fluid loss cell was carefully
monitored until it reached 90°C. A graduated cylinder
was placed under the bottom stem valve to collect the
filtrate when the desired temperature was reached. To
mimic bottom-hole conditions, a differential pressure of
1,000 psi was applied. The procedure proceeded with
partial opening of the bottom stem valve, starting with
the timer immediately after the filtrate began to flow.
The filtrate was collected over a period of 30 minutes.
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b

Fig. 4 CTE HPHT filter press (provided by the authors)

Upon completion of the test, the volume of filtrate
collected was doubled to calculate the API fluid loss in
ml/30 minutes, adhering to standard reporting
procedures. In instances where the experiment
concludes prematurely, indicated by nitrogen expulsion
(a hissing sound from the bottom stem valve), the test
and timer are immediately halted. Both the filtrate
volume and elapsed time were recorded. The API fluid
loss in m1/30 min was then determined using Eq. (2):

API Fluid Loss = ZVt\/% 2)
where V. is the volume of filtrate collected at the time of

blowout, and t is the blowout time in minutes.

2.2.6. Thickening Time of the Geopolymer Slurry
An API HPHT consistometer (Model 8340, Chandler
Engineering) was used to assess the pumpability of the

geopolymer slurry. The test is crucial for designing
geopolymer formulations that remain pumpable under
downhole conditions, thereby preventing premature
hardening or curing. The thickening time is defined as
the duration required for the geopolymer slurry to reach
consistency within the range of 70-100 Bc. Immediately
after mixing, the geopolymer slurry was transferred into
an API slurry cup, which is a crucial step to maintain its
initial fluidity and workability. Subsequently, the slurry
was placed in the consistometer, where it was exposed
to conditions of 3000 psi and 90°C to effectively
simulate downhole environments.

3. Results and Discussion
3.1. Effect of GO Concentration on the Compressive
Strength of Geopolymers
Phase 1 of the study investigated the optimal
concentration of GO to be incorporated into the
geopolymer cement to maximize its compressive
strength. Based on the results presented in Table 3, a
linear regression model was developed. The
compressive strength experimental data for the NaOH
molarity and GO concentration were fitted into the
equation by analysis of variance (ANOVA). The
ANOVA results for NaOH molarity and GO
concentration are presented in Table 5. Eq. (3) expresses
the empirical model of compressive strength (CS),
which indicates the relationship between NaOH
molarity and GO concentration in actual factors.
CS = 58514 + 1002B — 5154B — 67542 +
491B?% — 9387 3)

where A represents the NaOH molarity and B represents
the GO concentration.

Table 5 ANOVA results for the polynomial model in Eq. (3) (developed by the authors)

Response Source SS DF MS F-value  p-value
Compressive Strength  Model  3.49x10° 5 6.99x10° 33.71  <0.0001
Error  1.02x10° 10 2.55x10*

*SS: Sum of squares; DF: Degree of freedom; MS: Mean square

ANOVA findings show that the obtained model gives
very high R?, adjusted R?, and predicted R? values of 0.97,
0.94, and 0.94, respectively. Fig. 5 shows the predicted and
actual compressive strength values. It can be seen that
almost all points were distributed along a diagonal line,
indicating that the predicted value conformed to the actual
experimental values. Therefore, the obtained model
provides a satisfactory estimation of the predicted values and
can be used to predict compressive strength.

Fig. 6 presents contour and 3D response surface plots
derived from the CCD analysis based on the effects of
NaOH molarity and GO concentration on the compressive
strength of fly ash-based geopolymer cement. The contour
lines on the graph indicate regions of equal compressive
strength, providing a visual representation of synergistic and
antagonistic interactions between variables. The design

points marked by red dots represent the central points of the
experimental runs. The color gradient ranging from red to
green indicates a transition from high compressive strength
to low compressive strength. The plots show that an increase
in NaOH molarity positively contributes to the compressive
strength up to a certain level. However, beyond an optimum
point, further increases in NaOH molarity may lead to a
decrease in compressive strength, as indicated by the
leveling off of the contour lines at higher molarities. An
analysis of the contour lines revealed a peak compressive
strength exceeding 3,000 psi within a middle-range NaOH
molarity of approximately 4.5 M.

Similarly, the addition of GO at certain
concentrations appeared to improve the compressive
strength. This finding was in agreement to several other
researchers [13]-[14], [17], [28]. It can be observed that



the inclusion of GO in as low as 0.2% bwof positively
affected the compressive strength. The highest
compressive strength, indicated by the deep red region,
was observed at an intermediate NaOH molarity level
and at high and low GO concentrations. Higher strengths
were obtained due to the greater surface area and
wrinkled morphology of the GO nanosheets. Due to this
morphology, the interlocking mechanism within the
geopolymer matrixes has been improved [14], [17], [29].

Predicted vs. Actual

3000 — Compressive Strength

Color points by value of
Compressive Strength:
144 [ 2957
2500 —

2000 —

Predicted Compressive Strength

1500 —

1000 —|

T T T T T
1000 1500 2000 2500 3000

Actual Compressive Strength
Fig. 5 Predicted versus actual values plotted by the Design
Expert for the compressive strength of Phase 1 (developed by the
authors)

B: Graphene Concentration

A: NaOH Molasity (M)

Factor Coding: Actual

Factor Coding: Actual

Compressive Strength (psi) Compressive Strength (psi)

@ Design Points Design Points:

1144 [ 2957 1144 [N 2957
X1=A

X2=B

Fig. 6 Contour and 3D response surface plots from Design
Expert for compressive strength versus NaOH molarity and GO
concentration in Design Expert (developed by the authors)

The rounded edges of GO enhance its mechanical
contact with the cementitious matrix. Chemical
interactions between oxygen functional groups and
hydration products are responsible for the formation of
covalent bonds. As explained in [30] and [31], a
chemical interaction takes place between the carboxylic
acid of GO and the Ca(OH), or C-S-H of the
cementitious matrix. By directing the development spots
and trends of the hydration products via the ‘‘template
impact”, GO functions as a nucleating site for the
hydration of cement [14]. Molecular mechanics
simulations suggest that functional groups on the GO
basal planes can substantially adhere to Ca** ions from
the C-S-H [32]. Due to these factors, the bond between
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GO and the cement matrix was strengthened. This
makes it easier for the stress to move from one place to
another and increases the compressive strength of the
geopolymer cement.

Yet, there is an optimal concentration range for GO,
as excessive GO concentrations can negatively affect
mechanical properties, as reflected in the lower
compressive strength values in areas with higher GO
concentrations. The lowest strength values, denoted by
the outermost green region, correspond to the extreme
ends of the design space, particularly at lower NaOH
molarities (< 3.3 M) and low GO concentrations (< 1.6
%), where the strength decreases below 17.12 MPa
(2,500 psi). In addition, the compressive strength value
is also low when NaOH exceeds 4.5 M and the GO
concentration exceeds 0.5% bwof. A decrease in the
compressive strength at higher GO contents was
observed due to the agglomeration of GO nanosheets in
the geopolymer cement, which decreased the interfacial
bond between the cement hydration [14], [17]. On the
other hand, this reduction in compressive strength is
associated with the adverse impact of higher dosages of
GO that cause the dispersion of GO as a nanomaterial
throughout the cement matrix, which is revealed to delay
the appropriate action of GO in improving the strength
of cement matrix [14]. Many studies have found that
flocculated GO sheets are much less efficient than well-
distributed GO sheets in improving the mechanical
properties of cement matrix owing to the latter’s
significant surface area consumption in boosting the
hydration process via nuclei action [14], [17]. The
optimal region indicates the best formulation for
maximizing the compressive strength of the geopolymer
cement under the studied conditions. The results of this
analysis provide critical insights for the formulation of
fly ash-based geopolymer cements, emphasizing the
importance of the controlled addition of NaOH and GO
to achieve a balance between workability and
mechanical performance.

The optimization process was carried out after
generating a well-fitted, accurate, and reliable
compressive strength mathematical model. Table 6
summarizes the optimization data for Phase 1. Since the
optimal formulation will be used for the next phase,
which is oil-well functional testing, it is crucial to
consider the workability and cost of the formulations.
Thus, during the optimization process, both the NaOH
molarity and the GO concentration were set in the range
of 3-5 M and 0.2%—1.1% bwof, respectively. From the
table, the established optimum NaOH molarity and GO
concentration were 3.83 M NaOH and 0.2 % GO
(Formulation OP 1). In this optimal formulation, the
predicted compressive strength is 20.16 MPa (2,944
psi). The predicted optimum formulation was validated
experimentally. The experimental conditions were
maintained to ensure fair comparison between the
predicted and validated values. The compressive
strength test was conducted at the optimum NaOH
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molarity and GO concentration, and the results are
presented in Fig. 7. The experimental compressive
strength at the optimum NaOH molarity and GO
concentration was 21.25 MPa (3,103 psi). Based on the

validated data, the compressive strength was within the
tolerance interval of the predicted value, as in the point
prediction function in DOE, with an error of 5.1%.

Table 6 Summary of optimization data for Phase 1

Parameter Goal Experimental region  Optimized Condition
Lower Upper
NaOH Molarity (M) In range 3 5 3.83
GO Concentration (% bwof)  In range 0.2 1.1 0.2
Compressive Strength (psi)  Maximize 1144 2957 2944

3500

3000

2500

2000

1500

1000

Compressive Strength (psi)

500

R
Experimental

3.83 M NaOH
0.2 % GO

Prediction
3.83 M NaOH
0.2% GO

Fig. 7 Prediction and experimental compressive strength of
Formulation OP 1 (developed by the authors)

3.2. Adaptability of the Optimum Formulation to Oil
Well Cement Functional Tests

The optimum formulation of 3.83 M NaOH and 0.2%
GO (Formulation OP 1) was evaluated using oil-well
cement functional tests. The aim of this test was to
determine the optimal formulation performance in terms
of rheology, fluid loss, and thickening time.

3.2.1. Rheology

Table 7 summarizes the rheological measurements of
Formulation OP1 conducted at two different
temperatures: ambient and 90°C. The rheological
properties were evaluated in terms of the material
resistance to flow under varying rotational speeds,
measured in revolutions per minute (RPM), during both
ramp-down and ramp-up sequences. The “Ramp Down”
column represents the viscosity measured while
decreasing the RPM, whereas the “Ramp Up” column
represents the viscosity measured while increasing the
RPM. The ratio of “Ramp Up” to “Ramp Down” was
calculated to assess the thixotropic or rheopectic nature
of the formulation. At ambient temperature, the results
indicate an increase in the ratio as the RPM decreases
from 200 to 100, suggesting slight thixotropic behavior,
where the material becomes less viscous under shear (as
indicated by a ratio slightly above 1). At lower RPMs (6
and 3), the ratios normalized to 1, signifying no
significant thixotropic or rheopectic behavior, which
implies that the material exhibits Newtonian flow
characteristics at very low shear rates.

Table 7 Rheology of the Formulation OP 1 at surface temperature and 90 °C (developed by the authors)

RPM Ambient temperature 90 °C
Ramp Down Ramp Up Ratio | Ramp Down Ramp Up Ratio
300 47 47 1 27 27 1
200 28 29 1.04 21 22 1.05
100 18 19 1.06 16 17 1.06
6 5 5 1 8 8 1
3 4 4 1 7 7 1

When subjected to an elevated temperature of 90°C,
the formulation exhibits a consistently lower viscosity
across all RPMs, as shown by the “Ramp Down” and
“Ramp Up” values, which are significantly lower than
those at ambient temperature. The observed reduction in
viscosity at higher temperatures is expected due to the
decrease in intermolecular forces within the
formulation. However, the ratios remain approximately
the same, with a slight thixotropy observed at 200 RPM
(ratio of 1.05) and otherwise Newtonian behavior (ratios
of 1). The uniform ratio across temperatures suggests
that the temperature increase does not significantly alter
the thixotropic nature of the formulation. The
rheological properties presented in Table 7 provide
insights into the molecular structure and interactions of
the formulation. The slight thixotropy at certain shear

rates could be due to reversible structural arrangements
in the material, which warrants further investigation,
possibly through microscopic or spectroscopic methods,
to elucidate the underlying mechanisms.

The rheological assessment of Formulation OP 1
demonstrated its stable flow behavior with slight
thixotropic characteristics at specific shear rates and a
tendency toward Newtonian behavior at lower shear
rates and elevated temperatures. These encouraging
rheological finding are consistent with recent studies
that observed a decrease in plastic viscosity and an
increase in yield points for drilling fluids incorporating
GO [33].



3.2.2. Fluid Loss

Formulation OP 1 produced a filtrate volume of
734.2 ml. The relatively high fluid volume in this
context could suggest several aspects:

e Insufficient Viscosity: The fluid may not be
sufficiently viscous to maintain its integrity under
pressure. The NaOH molarity influences the dissolution
of silicates and aluminates involved in the
polymerization reaction to form the geopolymer matrix.
If the molarity is not optimized, it may not provide
sufficient viscosity to the system, thereby allowing more
fluid to escape.

e Inadequate GO Function: At a concentration of
0.2%, GO might not be effectively filling the void
spaces or acting as a suitable reinforcement within the
geopolymer matrix, which could be necessary to prevent
fluid loss. GO role in cementitious materials often
includes improving their mechanical properties and
reducing their permeability; however, the effectiveness
of this can be highly concentration dependent.

e Pore Structure and Distribution: The fluid loss
value reflects the pore structure of the set cement. A
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higher fluid loss might indicate a more porous structure,
which could be due to the NaOH molarity and GO
concentration not promoting optimal geopolymerization
and pore refinement.

However, the optimal design did not include a fluid
loss additive, which is typically employed in cementing
applications. The addition of a fluid loss additive and
GO can potentially decrease the filtrate volume, thus
aligning them with the governance standard.

3.2.3. Thickening Time

The thickening time of a cementitious material, such
as that in Formulation OP 1, is a critical parameter in the
setting process, representing the transition from a fluid-
like state to a semisolid state. It is often reported at
different consistency levels measured in Bearden units
of consistency (Bc), such as 40, 70, and 100 B¢, which
correspond to increasing degrees of thickening. The time
required to reach these consistency levels is a key factor
in determining the working time and setting
characteristics of the material. Fig. 8 illustrates the
thickening time of Formulation OP 1 up to 40, 70, and
100 BC.
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Fig. 8 Thickening time of Formulation OP 1 (developed by the authors)

The reported thickening times for Formulation OP
1—1:03 h (40 Bc), 3:08 h (70 Bc), and 3:25 h (100
Bc)—indicate the progression of the setting process
under test conditions. Below is a detailed discussion of
each stage:

e  Forty Bcat 1:03 h:hr: 40 Bc in just over an hour
suggests that Formulation OP 1 begins to lose its fluidity
relatively quickly. This level of consistency indicates the
initial setting phase, during which the material can no
longer be pumped or placed easily. In practical

applications, such as well cementing, a relatively short
period is required for placement before significant
thickening occurs.

e Seventy Bc at 3:08 h: Achieving 70 Bc after
approximately three hours indicates a moderate rate of
thickening, which allows for some workability during
this period. The intermediate consistency level is often
associated with the time frame within which the material
is in place and begins to bear structural loads.
Formulation OP 1 provides a sufficient window for most
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applications requiring time for manipulation and
positioning.

e  One hundred Bc at 3:25 h: The progression from
70 to 100 Be in approximately 17 min is relatively rapid.
This sharp increase indicates a critical point at which
material transitions to a near-solid state, losing its
plasticity and becoming capable of sustaining
substantial loads. The close timing between reaching 70
Bc and 100 Bc suggests a quick transition from a
workable state to a set state, which could be critical for
operations that require precise timing

In conclusion, the thickening-time data for
Formulation OP 1 indicates a formulation that sets
relatively quickly, which may be advantageous in
scenarios in which early strength development is
desired. However, the rapid transition from 70 to 100 Bc
suggests that careful consideration must be given to
operational timing to ensure proper placement and avoid
premature setting. Further research could explore the
influence of different variables on the thickening time to
fine-tune the formulation for specific applications,

ensuring that the formulation delivers the desired
performance in terms of the setting time and strength
development.

3.3. Effects of Pressure and Temperature on the
Compressive Strength of Geopolymers

Phase 3 of the study investigated the effect of
pressure and temperature on the geopolymer’s
compressive strength using the Formulation OP 1. The
results are summarized in Table 4. Based on the results
obtained, a linear regression model was developed. The
ANOVA results for various temperatures and pressures
are presented in Table 8. Eq. (4) expresses the empirical
model of compressive strength (CS), which indicates the
relationship between temperature and pressure in actual
factors.

CS =1000 + 154 - 0.9B + 0.014B @)

where A and B represent temperature and pressure,
respectively.

Table 8 ANOVA for the polynomial model in Eq. (4) (developed by the authors)

Response Source SS DF MS F-value p-value
Compressive Strength  Model  6.12x10° 3 2.04x10° 24897 <0.0001
Error  1.90x10* 10  4.75x10°

*SS: Sum of squares; DF: Degree of freedom; MS: Mean square

ANOVA findings show that the obtained model
gives very high R?, adjusted R?, and predicted R? values
01 0.99, 0.99, and 0.95, respectively. Fig. 9 demonstrates
the effectiveness of the predictive model for the
compressive strength of fly ash-based geopolymer
cement.

Predicted vs. Actual
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Compressive Strength:
1036 [N 4795
3000
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1000

Predicted Compressive Strength (psi)
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Actual Compressive Strength (psi)

Fig. 9 Predicted versus actual values plotted by the Design
Expert for the compressive strength of Phase 3 (developed by the
authors)

The strong correlation between the predicted and
actual values validates the model application for future
material design and optimization. As can be seen, there
is a strong alignment for most of the points, which
suggests that the model has a substantial predictive

capability. Meanwhile, the scatter of points along the
entire range of the graph suggests that the model's
predictive validity extends across the full spectrum of
tested compressive strength values, from lower to higher
values. Therefore, the obtained model provides a
satisfactory estimation of the predicted values and can
be used to predict compressive strength.
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Fig. 10 Contour and 3D response surface plots of compressive
strength versus temperature and pressure (developed by the
authors)

The contour and 3D response surface plots (Fig. 10)
elucidate the variation in compressive strength, which is
the dependent variable, as a function of temperature and
pressure. The experimental data were mapped onto a
contour plot, where the compressive strength values
ranged from 7.16 MPa (1,038 psi) to 26.17 MPa (3,795
psi), as shown through a color gradient transitioning
from blue (indicative of lower strength) to red



(representing  higher  strength). The contours,
representing lines of constant compressive strength,
become denser in regions of higher temperature and
pressure, signifying a steep gradient and, thus,
substantial sensitivity of compressive strength to
changes in these curing conditions. Of particular interest
is the region delineated by the highest compressive
strength values, which is indicated by the red end of the
spectrum. A distinct trend was observed within the
design space, where an increase in both curing
temperature and pressure contributed to a notable
enhancement in the compressive strength of the
geopolymer cement. These results suggest that higher
temperatures may enhance the chemical processes
responsible for strength development in geopolymers.
This result is in agreement with several other researchers
[10], [34], [35]. This phenomenon is due to high heat
curing allowing for more reactivity in the fly ash, which
causes more dissolution of the ash and more Al** and
Si*" ions to form a stronger geopolymer. Elevated curing
temperatures also allow for the release of water from the
geopolymer system, resulting in a less porous and denser
geopolymer. This resulted in a product that could
withstand greater compressive stress [35].

At a constant temperature, an increase in pressure
generally corresponds to an increase in compressive
strength. For instance, at 120°C, the strength at 6.90
MPa (1,000 psi) was 21.87 Mpa (3,171 psi), and at 20.68
Mpa (3,000 psi), it increased to 25.83 Mpa (3,745 psi).
However, the increase in pressure did not significantly
affect the strength when cured at temperature 60°C and
90°C. For example, at 60°C, increasing the pressure
from 6.90 Mpa (1,000 psi) to 21.87 Mpa (3,000 psi) only
increases the strength by approximately 0.4%.
Increasing the curing pressure from 4.04 Mpa (586 psi)
to 23.54 Mpa (3,414 psi) at 90°C only increased the
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strength by 3%. Thus, this could suggest that at lower
temperature, the effect of pressure is not as pronounced.
The influence of temperature and pressure on the
compressive strength can be scientifically reasoned by
considering the geopolymerization process, where the
molecular structure of the cement is altered through a
chemical reaction. Higher temperatures can enhance the
dissolution of fly ash particles and the subsequent
geopolymerization reaction, leading to denser and more
robust microstructures. Similarly, increased pressure
can promote a more compact packing of the material,
reducing its porosity and increasing its compressive
strength. The presence of GO in the mixture was
intended to further enhance the mechanical properties of
the geopolymer cement. GO, even at low concentrations,
can act as a reinforcing agent, improving the stress
distribution and crack resistance of the material.

Table 9 lists the optimized pressure and temperature
values for Formulation OP 1 to maximize the
compressive strength. During the optimization process,
both temperature and pressure were set in the ranges of
60—-120°C and 6.90 Mpa (1,000 psi) to 20.68 Mpa (3,000
psi), respectively. It can be observed from the table that
the established optimum temperatures and pressures
were 120°C and 20.68 Mpa (3,000 psi), respectively.
Under this optimal condition, the predicted compressive
strength is 25.68 Mpa (3,723 psi). The predicted
optimum condition was validated, and the compressive
strength tests after 24 h are presented in Fig. 11. The
experimental compressive strength at the optimum
temperature and pressure was 23.83 Mpa (3,455 psi).
Based on the validated data, the compressive strength
was within the tolerance interval of the predicted value,
as in the point prediction function in DOE, with an error
of 7.2%.

Table 9 Summary of optimization data for Phase 3 (developed by the authors)

Parameter Goal Experimental region  Optimized Condition
Lower Upper
Temperature (°C) In range 60 120 120
Pressure (psi) In range 1000 3000 3000
Compressive Strength (psi) Maximize 1038 3795 3723
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Fig. 11 Prediction and experimental compressive strength at
optimal temperature and pressure (developed by the authors)

4. Conclusion

The study was conducted to optimize the graphene
concentration to enhance the performance of the fly ash-
based geopolymer cement under HPHT conditions for
well-cement applications. Concerning the objective of
the study, the major findings are summarized below:

1. The study highlighted a nuanced relationship
between NaOH molarity, GO concentration, and
geopolymer cement compressive strength, revealing
optimal results at 3.83 M NaOH and 0.2% GO
(Formulation OP 1), achieving a compressive strength
of 21.25 MPa. The results identified a threshold effect
where high GO concentrations could detrimentally
affect strength, emphasizing the importance of balanced
formulations for enhanced mechanical properties.
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2. Formulation OP 1 underwent rigorous oil-well
cement functional tests to evaluate rheology, fluid loss,
and thickening time, which are pivotal for applying lab
results to field scenarios. Rheological assessments
indicated thixotropic behavior at ambient temperatures
and consistently lower viscosities at 90°C, suggesting
potential for real-world applications despite the high
filtrate volume of 734.2 ml in fluid loss tests, which can
be attributed to the absence of a fluid loss additive. The
formulation's thickening time suggests that it sets
relatively quickly, which highlights the need for precise
operational timing in practical applications.

3. Variations in pressure and temperature affect the
compressive strength of fly ash-based geopolymer
cement. The study confirmed that compressive strength
significantly increases with temperature due to enhanced
fly ash reactivity, which promotes a denser, more robust
geopolymer structure, whereas the impact of pressure on
strength was less marked, suggesting that temperature
plays a more critical role in geopolymerization and
strength enhancement. The optimal compressive
strength was achieved at 120°C and 3,000 psi, with
experimental results closely aligning with predictions,
indicating the formulation effectiveness under
challenging conditions typical of oil well cementing
applications.

In conclusion, the incorporation of GO at optimal
concentrations can  significantly improve the
performance of geopolymer cements at elevated
pressures and temperatures. The functional tests
demonstrated that the properties of GO are crucial for
enhancing the geopolymer well cement performance.
GO serves as a multifunctional additive that enhances
the rheological properties, reduces fluid loss volume,
and shortens the thickening time of geopolymer cement.
While GO has been extensively studied in concrete
applications, its use in geopolymer cement across a
wider range of pressures and temperatures provides
valuable insights into the oil and gas industry.

Nevertheless, due to time and cost constraints, the
present study has some limitations. The study was
conducted without incorporating other commercial
functional additives, and the compressive strength tests
were short-term, demonstrating only the initial
compressive strength development. Additionally, the
study focused solely on GO without comparing its
effects with those of reduced graphene oxide. Future
research should address these limitations to provide a
more comprehensive understanding of GO's impact on
well-cement performance.

Recommendations

1. Further studies should incorporate functional
additives such as rheology modifiers, fluid loss
additives, retarders, and accelerators. The addition of
additives helps fine-tune the results to meet the specific
requirements of well operations.

2. To conduct compatibility tests between
commercial  functional  additives and  GO.
Understanding the interactions and compatibility of the
additives can provide insights into optimizing the
formulation for enhanced performance.

3. While the present study examined the effects of
different pressures and temperatures on compressive
strength, future research should focus on the impact of
longer curing durations. This will help observe the long-
term effects of the additives on the performance of the
geopolymer well cement and identify potential
degradation over time.

4. The present study provides an opportunity to
investigate the use of reduced graphene oxide as a
substitute for current GO. Reduced graphene oxide may
enhance the performance of geopolymer well cements
under elevated pressures and temperatures.

5. To perform a cost analysis to evaluate the
economic feasibility of graphene oxide compared with
commercial additives. The performance benefits should
be balanced against the higher cost of graphene oxide to
determine its viability for widespread application.
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