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Abstract

Geopolymer cement has significance in several engineering applications due to improved physical and chemical charac-
teristics compared to ordinary portland cement (OPC). However, the emphasis on petroleum industry for cementing is not
well recorded under CO, exposure. This experimental research aims to investigate the impact of CO,-saturated brine on
geopolymer-based and OPC-based cement under elevated temperature. Fly ash-based alkali-activated cement is prepared, and
cement slurry is cured at two different conditions (17.23 MPa/60 °C and 24.13 MPa/130 °C). The slurry is then submerged
into CO,-saturated brine using autoclave chamber at supercritical CO, conditions for 24, 72 and 96 h. Microstructure prop-
erties are characterized using SEM, XRF, XRD, and IR. Compression strength is experimentally tested on cubical cement
samples. A comparative analysis of fly ash geopolymer cement and OPC at varying conditions exhibits that microstructure
and compressive strength of geopolymer cement show better performance. It signifies the potential of fly ash as a binder in
sequestration cement for CO, injection wells. This research suggests that the concentration of CO, has a minor influence
on the degree of carbonation. However, the temperature is found to be a critical factor for microstructure and mechanical
properties reduction in OPC in a CO,-rich environment.
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Introduction

The cementing sector is widely recognized in several engi-
neering industries involving chemical, mechanical, petro-
leum, and construction. The demand for cement is increasing
globally, which drastically increases CO, production as well.
It is an alarming scenario that requires mitigation plans to
minimize CO, emissions from the cement industries. The
researchers in recent years have proposed the solution that
clinker-free cement can be an alternative to reduce the emis-
sions. The other significant option is partly replacement of
portland cement by other supplementary cementitious mate-
rials. Petroleum exploration cementing (oil and gas well) is
one of the crucial processes in post-drilling operation when
the drilling reaches the target depth, and the casing string
has been set up in place. The cement slurry is introduced in
between the annular space of the wellbore and casing or two
casing strings. The primary target of a wellbore cementing
is to prevent fluid movement between zones and support
casing, as an effort to create efficient wellbore integrity. For
this purpose, well cement should meet the required charac-
teristics such as long-term integrity, less permeable, non-
shrinking, able to withstand compressive and tensile loads,
and resistance to an acidic environment (H,S, CO,, also
referred to as acid gas). It also has good bonding with casing
formation and not harmful to casing integrity (Khalifeh et al.
2014). The wellbore integrity is the most crucial parameter
in the well-cementing process, which is highly dependent
on the characteristics of cement slurry (Velayati et al. 2015).

Class G cement (OPC-based cement) is the most com-
monly used cement in the petroleum exploration sectors due
to the ability to be mixed with a wide range of additives
(Ridha et al. 2013; Mahmoud et al. 2018). However, the pri-
mary concern is that OPC-based cement is not stable in rich
CO, acid reservoirs (Santra et al. 2009; Kutchko et al. 2008;
Zhang et al. 2013; Omosebi et al. 2017). It may rise to wells
integrity problems due to fluids leak paths. As a result, it can
lead to the contamination of freshwater by reservoir fluid,
charged formation pressure, or even fluids kick-out from the
formation. Few studies are found in the literature (Kutchko
et al. 2008; Sauki and Irawan 2010; Jacquemet et al. 2012;
Chindaprasirt et al. 2013) on the interactions between CO,,
neat cement, and pozzolanic material. It was observed that
several oil wells were cemented using a mixture of Class G
and pozzolanic additives. However, not much investigation
has been conducted to inspect the interactions between CO,,
brine, and geopolymer cement under elevated temperature
conditions. Calcium carbonate and solid carbonates (e.g.,
calcite, aragonite, or vaterite) can react with CO,-formed
calcium bicarbonate. It can lead to high porosity, high per-
meability, and lower compressive strength of the cement
paste (Omosebi et al. 2016; Ridha et al. 2018).
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Geopolymer cement is usually formed as a reaction of
highly concentrated aqueous alkali hydroxide or silicate
solution with the aluminosilicate solid source materials
(Davidovits 2011; Junaid et al. 2017). The aluminosilicate
source materials consist of fly ash, silica fume, metakaolin,
granulated blast furnace slag, and rice husk ash (Rameza-
nianpour 2014). Geopolymer cement is known to have
improved and efficient properties and affective character-
istics of cement, such as high compressive strength, low
shrinkage, excellent resistance to sulfate attack, good acid
resistance, and low creep depending on the raw material
selection and curing conditions (Palomo et al. 1999; Phair
and Deventer 2002). A mixture of alkali hydroxide and sili-
cate solution, commonly known as an alkali activator, in
general, is a combination of sodium hydroxide or potassium
hydroxide with sodium silicate or potassium silicate (Dux-
son et al. 2007). An alkali hydroxide solution is required for
the dissolution of raw materials, while sodium (or potas-
sium) silicate solution acts as a binder, alkali activator, and
dispersant (Junaid et al. 2017). A recent study by Zhang
et al. (Zhang et al. 2020) concluded that the geopolymers
synthesized by the binary mixtures of glass powder and
slag with high calcium content achieved much higher com-
pressive strength, and the appropriate increase in curing
temperature had a more positive impact on the mechanical
properties of geopolymers made with glass powder. Kaze
et al. (2020) studied the reaction kinetics and rheological
behavior of meta-halloysite-based geopolymer cured at room
temperature. It was found that the increase in calcination
temperature from 600 to 750 °C considerably improved the
reactivity of halloysite clay by the increase in the amount of
amorphous phase within meta-halloysite. In another recent
study by Ridha et al. (2020), wet supercritical CO, was
injected on fly ash geopolymer cement under elevated tem-
peratures for well cement applications. It was found that the
strength development continues to build up under elevated
temperature and pressure by producing zeolite which is ben-
eficial as a filler in a pore.

Geopolymer cement is one of the most trending areas of
research in the current era due to its vast application in con-
struction industries. The researchers have shown significant
interest in geopolymer cement due to the efficient chemical
and physical properties compared to Class G cement. How-
ever, limited knowledge is available in the literature, espe-
cially the applications to the oil and gas industry for cement-
ing jobs that are not well recorded under CO, exposure at
reservoir conditions. This research paper aims to experi-
mentally investigate the impact of CO,-saturated brine on
geopolymer cement under elevated temperature and pressure
(reservoir conditions). The study focuses on the characteris-
tics of fly ash geopolymer cement and Class G cement before
and after exposure to CO,-saturated brine. These experi-
mental characteristics include mineralogical composition,
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microstructure behavior, and compressive strength. The lit-
erature suggests several investigations on microstructure and
compressive strength of geopolymers derived from different
sources (Belmokhtar et al. 2017). To the authors’ knowl-
edge, the microstructural and compressive strength of geo-
polymer cement under the curation of CO,-saturated brine
and high temperature has not been subjected to investigation,
hence establishing the novelty of this research. The previous
studies are mostly focused on the investigations at standard
room conditions. However, in this study, the curing process
CO,-saturated brine is performed for 24 h with two differ-
ent pressure/temperature conditions (17.23 MPa/60 °C and
24.13 MPa/130 °C), which has significance in the oil and gas
exploration sectors. The alkali/fly ash ratio in this research
is selected based on optimum ratio provided by the litera-
ture (Duxson et al. 2007; Belmokhtar et al. 2017; Nuruddin
et al. 2011; Ridha and Yerikania 2015), and the API 13 B
(American Petroleum Institute) standard variation is used
for the slurry preparation. Therefore, the variation in alkali/
fly ash ratio or cement slurry is not considered in this work.

Materials and methods
Materials

The principal materials for this research are fly ash, Class
G cement, sodium silicate solution, and sodium hydroxide
pellets. Fly ash is collected from the by-product produced
by Tenaga Nasional Berhad (TNB) Manjung Power Plant,
Malaysia. X-ray fluorescence (XRF) analysis is performed
to find the chemical compositions of fly ash and Class G
cement powder. The compositions are given in Table 1. It is
found that the combined quantity of oxides containing silica,
iron, and aluminum in fly ash and Class G cement powder
samples corresponds to 68.2% and 32.68%, respectively. The
chemical analysis from XRF exhibits a minute quantity of
unreacted fly ash that can be categorized as Class C fly ash.

Preparation and curing of fly ash geopolymer
cement

Alkali activator/fly ash ratio

The literature review (Duxson et al. 2007; Belmokhtar et al.
2017; Nuruddin et al. 2011; Ridha and Yerikania 2015) sug-
gests that the ratio of alkali activator to fly ash can be set at
0.44. The previous study by Ridha et al. (2015) justifies that
this alkali activator-to-fly ash ratio contributes to the high-
est compressive strength. The ratio of sodium hydroxide to
sodium silicate is also fixed at 2.5 for this investigation. An
alkali activator solution is prepared by diluting a definite
amount of sodium hydroxide pellets in distilled water in such

Table 1 Composition of fly ash and Class G cement powder

Compositions Fly ash Class G
cement
powder

CaO (%) 20.70 64.8

Si0, (%) 32.40 24.10

Al O3 (%) 12.20 3.85

Fe,05 (%) 23.60 4.73

TiO, (%) 1.38 0.086

K,O (%) 2.02 0.091

MgO (%) 2.35 0.346

Na,O (%) 0.87 0

P,O5 (%) 0.86 0.224

SO; (%) 2.40 1.36

Others (%) 1.22 0.413

a way that the concentration of sodium hydroxide is 8 molal
solution. Both sodium hydroxide and sodium silicate are
weighed in accordance with the predetermined mass.

Cement slurry preparation

The ratio of water to Class G cement was fixed at 0.44,
and the samples are prepared according to the API RP 10A
(Recommended Practice and 10A 2011) and API RP 10B-2
(API Recommended Practice 2009) standards. Geopolymer
cement slurry is prepared by gently pouring sodium silicate
into the mixer filled with 8 molal sodium hydroxide solution
for approximately 10 s. The fly ash is then poured into alkali
solution with a speed mixer for 15 s at 4000 rpm, and the
mixing is further continued for 35 s at 12,000 rpm to obtain
a homogeneous slurry.

Curing and specimen preparation

After preparing the cement slurry with required stand-
ards, the slurry is poured into a 2 X 2 X 2-inch steel cubic
mold, which is coated with grease. The molds are then
located inside a high-pressure, high-temperature (HPHT)
curing chamber containing a pressure vessel with con-
trolled heating rates. The curing process is performed
for 24 h with two different pressure/temperature condi-
tions, i.e., 17.23 MPa/60 °C and 24.13 MPa/130 °C, to
prepare cement paste for CO,-saturated brine immersion
experiments. The mix design preparation of geopoly-
mer cement samples used in this experimental study is
shown in Table 2. Here, GC60 corresponds to geopolymer
cement cured at 60 °C and 17.23 MPa, whereas GC130
corresponds to geopolymer cement cured at 130 °C
and 24.13 MPa. Similarly, PC60 is abbreviated for the
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Table 2 Mix design of geopolymer cement

No. Identification NaOH Curing tem- Curing pres-
molality (m) perature (C)  sure (MPa)

1 GC60 8 60 17.24

2 PC60 - 60 17.24

3 GC130 - 130 24.13

4 PC130 - 130 24.13

OPC-based Class G cement cured at 60 °C and 17.23 MPa,
and PC130 corresponds to OPC-based Class G cement
cured at 130 °C and 24.13 MPa.

The degradation testing is performed for the obtained
hardened cement. Geopolymer cement and Class G cement
paste were cured at 17.23 MPa/60°C and 24.13 MPa/130°C
immersed in CO,-saturated brine solution in a 7.5-L (Has-
telloy C-276) HP/HT dynamic autoclave (120 mm diam-
eter X 570 mm depth). The autoclave vessel is capable of
handling operations up to 35 MPa and 300 °C. A booster
pump is used to charge low-pressure CO, gas from vessel
to autoclave via a small diameter pipe made of stainless
steel. The temperature is controlled by an AC12T control-
ler with an accuracy of + 1 °C.

Geopolymer and Class G cement pastes are soaked
in 3% NaCl solution (acting as a brine) saturated with
CO, under elevated temperature and pressure conditions.
The cement carbonation due to the CO, exposure tests is
conducted by placing hardened cement paste and brine
solution inside a cement autoclave. The vessel is then
pressurized with CO, gas to resemble reservoir HP/HT
conditions, i.e., 17.23 MPa/60 °C and 24.13 MPa/130 °C.
A pH measurement analysis is performed initially for 3%
brine solution, exhibiting a value of 5.97. CO,-saturated
brine condition is obtained by continuously injecting
CO, gas into brine for approximately 2 h. The pH of
CO,-saturated brine is set in the range of 3.8—4.0, and the
measurement is concluded at 23 °C (£2 oC) at 1.01 MPa.
The CO, is in a supercritical state at predetermined tem-
peratures and pressures. Inside the cement autoclave,
samples are arranged in a stack for the identification of
submerged and non-submerged cement samples in the
brine solution. This arrangement assists in investigating
the impact of carbonation to cement paste after exposure
to the CO,-saturated brine. The experiments are performed
in a controlled CO,-saturated brine environment with a
controlled heat rates as a function of high-temperature/
high-pressure environment. The tests are performed under
three different static conditions, i.e., 24, 72, and 96 h, to
determine the effect of acid gas deterioration on cement
pastes cured at discrete conditions. At the end of each test,
autoclave pressure is reduced gradually for 1 to 2 hours to
hinder sample breakage.
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Experimental testing and characterizations
Material characterization

The degradation of the cement after exposure to CO,-saturated
brine under elevated temperature and pressure for 24, 72, and
96 h is studied using different characterization techniques.
These techniques include scanning electron microscopy
(SEM), X-ray fluorescence (XRF), X-ray diffraction (XRD),
and infrared spectroscopy (FTIR). Electron microscopy
analysis is performed using field emission SEM (FESEM),
SUPRAS55VP, Germany. This analysis is used for microstruc-
tural observations of the affected surfaces. For microstructure
analysis, the fragments are collected at 1-2 mm depth from
the sample surface under an acceleration voltage of 10 kV.
The observation is performed at a working distance (WD)
of 3-10 mm. The observed samples are coated with evapo-
rated gold before investigation using the secondary electron
mode of the FESEM. The XRF characterization provides the
sample element percentage. The SEM analysis is used for the
visual appearance of different phases inside the sample from
millimeters to micron meters to produce information such as
an excellent physical and mechanical description of the crys-
talline microstructure and amorphous materials (Komnitsas
and Zaharaki 2007). XRD analyses are performed using PAN
analytical XPERT3 powder diffractometer with specific con-
figurations. The investigation is conducted at a continuous 20
(degree) scan range of 5°-80° with a scan step of 0.01. A fixed
divergent slit of 0.38 mm is used, and the Ko value is fixed at
1.54. The generator voltage and the current are set to be 45 kV
and 40 mA, respectively. FTIR spectroscopy is an analytical
method used to identify the presence of different functional
groups and to determine the major reaction zones of Si—O and
Al-O of cementitious paste (Ryu et al. 2013). PerkinElmer
Spectrum One/BX spectrometer is employed for FTIR analysis
with a wave range of 400-4000 cm™!.

Compressive strength

The compressive strength of the geopolymer cement is
measured according to ASTM C 109 (ASTM C 2008)
using an ELE ADR 3000 with a capacity of 3000 kN on the
2-inch cubical samples. For each sample set, the compres-
sive strength tests are conducted on three cubical samples
separately, and the average values are reported.

Results and discussion
SEM analysis

Electron microscopy analysis is performed for different
cement samples immersed in CO,-saturated brine for 72 and
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96 h, as shown in Fig. 1a—d that corresponds to 72GC60b,
72PC60b, 96GC130b, and 96PC130b samples, respectively.
The effect of CO,-saturated brine on Class G cement is
shown in Fig. la, b, and the impact on geopolymer cement
is presented in Fig. 3c, d. It is evident from Fig. 1 that arago-
nite (calcium carbonate, C), a small amount of ettringite
(E), and most of the amorphous SiO, (S) are present in the
sample. Furthermore, approximately all content of calcium
hydroxide (P) is transformed into aragonite due to the car-
bonation in the presence of carbonic acid. The presence of
calcium hydroxide is still visible despite after carbonation
during the immersion test for 96 h at 130 °C, evident in
Fig. 1b. The presence of calcium hydroxide in the cement
acts as a primary defense against carbonic acid by main-
taining a pH of 12.0 inside the pore. Calcium hydroxide
is dissolved by carbonic acid due to acid diffusion into the
pore, producing calcium carbonate. The pH of the system
decreases when calcium hydroxide is fully depleted. It is
attributed to the failure of the buffer system inside the pore
cement. Then, carbonic acid begins to attack C—S—-H gel
and then convert C—S—H gel phase into calcium carbonate
and amorphous silica gel (complete carbonation) or calcium
silicate carbonate, C—S—C (incomplete carbonation).

It is evident from Fig. 1c that geopolymer cement exhibits
a porous structure after 96 h of exposure to CO,-saturated
brine. Furthermore, 96GC130b is observed to be highly
porous and fragile in the surface area after the immersion
on CO,-saturated brine. A half-spherical concave shape is
identified on the sample surface with a diameter in the range

Fig.1 SEM image of sam-
ples after CO,-saturated brine
exposure at specific duration:
a 72PC60b, b 96PC130b, ¢
72GC60b, and d 96GC130b.
The abbreviations refer to port-
landite/calcium hydroxide (P),
silica (S), calcium carbonate
(C), and ettringite (E)

of 0.5-2 pm. A few pores and micro-cracks are also visible
in the sample. However, it is challenging to justify the actual
reason for crack formation. It can either be due to the car-
bonation or force effects outside the compressive strength
test. Aragonite (calcium carbonate, C) is a new crystal that
can be seen inside some of the pores indicated in Fig. 1d.
The hollow spheres of fly ash react with the alkaline acti-
vator solution to yield gel, which is identified as Si—-O-Al
and Si—O-Si bonds. Geopolymerization between fly ash and
alkali activator is induced by the availability of Al and Si in
both reactants. Partially reacted or unreacted fly ash particles
create cavities, dispersed small size of pores, in the surface
of the cement gel matrix. Larnite, ettringite, and aragonite
are formed as a newly detected crystal that fills the pores
based on the physical appearance and chemical composition
of raw materials, as shown in Fig. 1d.

Chemical composition

XRF analysis is performed to quantify the chemical com-
position of the samples. It is found that the element content
of Si, Fe, and Al in fly ash constitutes to 68.2%. The Ca
content of fly ash is approximately 20.7%, categorized as
high-calcium fly ash. In terms of the geopolymerization,
Si and Al react with an alkaline activator solution to yield
an aluminosilicate framework, which is represented by
Si—O-AI-O-Si bonds. It is also observed that fly ash with
high calcium content leads to higher reactivity compared to
fly ash with low calcium content, and it is noticeable due to
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the short thickening time in alkali-activated paste measured
using consistometer. The fly ash has low alkali (Na,O) con-
tent, which illustrates that the fly ash is not much reactive
compared to other alkalis. The increase in pH of the solution
inside the cement pore affirms that it does not hasten the fly
ash dissociation or alkali silica reaction (ASR) (Fauzi et al.
2016). The oxides composition of Class G cement powder
indicates that Al/Fe ratio is less than 0.64, and the propor-
tions of C;S, C,S, C;A, and C,AF using Bogue calculation
are 60.0, 23.8, 1.3, and 14.9%, respectively. C,;S and C,S are
responsible for strength development, initial strength gain
and strength gain after 7 days. Due to the shallow content
of C;A phase (below 2%), it can be categorized as cement
with high sulfate resistance. Although C,AF hydrates rap-
idly, it does not increase much on strength development of
the cement.

XRD analysis

The diffractogram of fly ash and geopolymer cement paste
after 24-h curing is shown in Fig. 2. The analysis is per-
formed with an inset sample scanned using different con-
figurations consisting of anti-scatter and divergence slit, step
size, and counting time. The samples are scanned using low
counting time, larger step size, and smaller slit to obtain
short peaks with low intensity. It is also challenging to dif-
ferentiate between small peaks and noises. Diffractograms
with the configuration of 100 s counting time and 1/8 slit
depicted only six peaks that are identified, and other peaks
are found to be challenging to distinguish between the peak
and the noise. Therefore, the optimum combination at 500 s
counting time, 0.01 step size, and 1/4 slit is selected to
obtain good peaks with intensity at more than 2500 counts.

The diffractogram of fly ash and alkali-activated cement
paste after 24-h curing is shown in Fig. 2. The fly ash sample
illustrates peaks at 12° and 25.5° corresponding to kaolin-
ite and anhydrite, that are vanished in GC60 and GC130
samples. This is attributed to the reason that the crystal sur-
face is masked by the amorphous phases through the reac-
tion of aluminosilicate framework with atmospheric CO,
or by an ordinary product of geopolymerization produc-
ing Si—-O-Al-O-Si framework, thereby covering the XRD
reflections of the mullite. Therefore, the peaks of kaolinite,
anhydrite, or other crystalline material are absent. Peaks due
to the crystalline component of fly ash (quartz, Q; magnetite,
Mg; hematite, H; mullite, M; anhydrite, A) can be seen in
the region of 16° to 40° arising from the glassy phase of the
fly ash. The crystals identified from the diffractogram of
fly ash and geopolymer cement cured at 60 °C and 130 °C
are shown in Fig. 2. It is observed that three similar peaks
are found in region 26.6°, 33.3°, and 35.6° in GC60 and
GC130, which can be identified as phases of quartz, mullite,
and magnetite. A comparison between fly ash and GC60

]
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Fig. 2 Diffractogram of fly ash and alkali-activated cement paste after
24-h curing

diffractogram reveals that peaks located at 12° (kaolinite)
and 25.4° (anhydrite) initially exist in fly ash. It suggests
that kaolinite encounters a dissolution and polycondensation
forming Si—~O-AIl-O-Si framework in the presence of alkali
activator, and white anhydrite transforms into ettringite.

A comparison of calcium carbonate, Class G cement, PC
60 and PC 130 after 24 h of curing is shown in Fig. 3. The
dominant phases in Class G cement powder (C;S, C,S, C;A
and C,AF) are indicated in Fig. 3. It is observed that the
peaks overlap between each phase of 2-3 polymorphs, i.e.,
C,S has polymorph as alpha-, beta-, and gamma-C,S. A sim-
ilar XRD pattern is also observed between the cement hydra-
tion product and the cement clinker; for example, between
calcite and alite there is a similar peak at 39.4°.

A comparative XRD pattern of geopolymer cement cured
at 60 °C and 130 °C immersed in CO,-saturated brine for
24,72 and 96 h is shown in Fig. 4. The samples exhibit a
similar generalized pattern. The differences appear on dif-
fractogram of samples under curing temperature of 130 °C,
located at 20 of 12.5°, 17.8°, 21.7° and 28.1° identified as
gismondine (sodium alumina silicate hydrate, NASH) crys-
tal. The N-peaks that belong to gismondine crystal are not
indicated in diffractogram of GC60 and GC130 (cement
before CO, exposure) and also for samples exposed to CO,
at 60 °C. It can be concluded that NASH was produced dur-
ing CO,-saturated brine exposure of geopolymer cement.
Significant transformations in XRD diffractogram of
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Fig. 3 XRD pattern of portland cement (PC) paste after 24-h curing
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Fig.4 XRD pattern of the alkali-activated cement cured after
exposed to CO,-saturated brine at 60 °C and 130 °C

geopolymer cement after CO,-saturated brine exposure at
60 °C are identified as the formation of calcium carbonate.

FTIR analysis

The FTIR spectrum of the fly ash, GC60, GC130, and
cement paste after CO,-saturated brine exposure at the
band range of 400-4000 cm™' is compared in Fig. 5. Sev-
eral absorption frequencies in the range of 960-1010 cm™"

are indicated which affirms that the transformation occurs
during geopolymerization. The broad spectrum in all infra-
red bands in the range of 1600 to 3500 cm™" is identified
to stretching and bending vibrations of H-O-H bond from
molecules of water entrapped in the pore, which is then
absorbed on the surface of the pore or attached in the spa-
cious hollow of the aluminosilicate framework. The higher
values of these bands indicate that more mass of water
molecule is absorbed in Si—-O-Si bending vibrations by the
spectra below 500 cm™!. The formation of semicrystalline
or an amorphous alumina silicate phase of the materials is
observed at a band range 500-800 cm™', which exhibits the
symmetric stretching vibration of the Si—~O—Si and Si—-O-Al
bonds. An increasing profile of Si—O-Si bond in the sample
can be seen at the band range 1600-1000 cm™'. FTIR spectra
of Si—O-C bond of fly ash, GC60, and GC130 are found at
1019 ecm™!, 1003 cm™', and 965.3 cm™’, respectively. These
spectrums indicate that the glassy component of the alumi-
nosilicate source material reacting with alkali activator solu-
tion produces aluminosilicate gel as indicated by Si—O-Si
and Si—O-Al bonds. Si—O-Si and Si—-O-Al spectra of sam-
ples cured at 130 °C are shifted to the lower frequency com-
pared to the samples cured at 60 °C. The stretching modes
are sensitive to the Si—Al composition in the framework of
alkali activated due to an increasing number of tetrahedral
aluminum atoms. A similar pattern of Si—~O—C bond is also
found in geopolymer cement (GC) paste after immersed in
CO,-saturated brine at temperature 60 °C. The Si—O-Si
bond of 24GC60b, 72GC60b, and 96GC60b is located at
1009 cm™!, 1009 cm~! and 1006 cm™! (shown in the gray-
shaded area). The samples exposed at 96 h have the lowest
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Fig.5 FTIR pattern of the fly ash and alkali-activated cement (GC)
paste before and after exposure to CO,-saturated brine
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frequency located at 1006 cm™". The Si—~O-Si bond exposed
under 130 °C at a wavenumber of 1015 cm™" indicates that
strength development is occurring. This analysis affirms that
the product consists of more Si—O-Si and Si—O-Al bonds
than other samples, which is causing higher compressive
strength (Bakria et al. 2011).

A comparative IR spectrum of Class G cement powder,
PC60 and PC130 before and after CO,-saturated brine expo-
sure at band range 400-4000 cm™" is presented in Fig. 6.
It is found that the peaks generated at wavenumbers of
3636-3639 cm™', 1470 cm™', and 951-985 cm™" indicate a
specific phase, such as calcium hydroxide, calcium carbon-
ate, and calcium silicate hydrate. The presence of sodium
carbonate is indicated in the sample, which is immersed in
CO,-saturated brine. However, the carbonate peak appears in
the hardened cement of PC60 and PC130. This suggests that
during curing of cement, the atmospheric CO, is diffused
through the cement matrix and reacts with carried pore water
with a high concentration of sodium forming carbonates.
Interestingly, Fig. 6 depicts the absence of calcium hydrox-
ide peak in 24PC130b, 72PC130b, and 96PC130b at wave
number 3636 cm™!, which suggests that calcium hydroxide
is totally consumed during carbonation.

Compressive strength, visual inspection and testing

The compressive strength of newly prepared geopolymer
cement samples is tested. Figure 7 shows the visual inspec-
tion of Class G cement immersed in CO,-brine saturated for
96 h in the autoclave (96GC130b). It is clearly noticed that
there are two distinct zones situated in all sides of samples,

— ClassG ~ ——PC60 —PC130
—24PC130b —— 72PC130b —— 96PC130b

220
200

Not
180 prominent

160
140
1204
100

Calcium Hydroxide
80

Calciu;n Carbonate
60 - W

40
20 1
0_

Transmittance (a.u.)

Calciun/silicate

T T T T T T T
500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (1/cm)

Fig.6 FTIR pattern of the Class G cement powder and Class G
cement (PC) paste before and after exposed to CO2-saturated brine
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less ‘gray’ altered area (X) and heavy ‘white’ altered area
(Y) by CO,-saturated brine. The compressive strength of
96GC130b sample is 13.6 MPa, which is decreased up to
approximately 64% from the strength before exposure to
CO,-saturated brine. Three samples are tested for each
condition under the compression load. Furthermore, the
analysis of cement sample microstructure, crystallinity and
functional group is taken from the heavily altered area of
the sample.

The impact of CO,-saturated brine on the compressive
strength of the cement after the exposure for 24, 72 and 96 h
is presented in Fig. 8. Generally, the compressive strength
of geopolymer cement pastes is higher compared to Class G
cement pastes. It is observed that the compressive strength
of geopolymer cement (GC) at 60 °C increases with the
aging time. However, the opposite trend is observed for
Class G cement at similar conditions. This phenomenon is
also observed at 130 °C, which affirms the potential candi-
dature of the newly prepared GC for CO, injection wells or
wells with naturally rich CO, content. This is attributed to
the fact that the increasing breakage of the glassy chain of
the fly ash activates Si and Al, which is assisted by main-
taining the temperature to accelerate strength development.

It is also observed that higher curing temperature leads
to higher compressive strength for geopolymer cement. An
increase in the curing conditions from 17.23 MPa/60 °C to
24.13 MPa/130 °C increases the compressive strength of
approximately 100%. It can be attributed to the rapid geopol-
ymerization process at an early stage, caused by higher cur-
ing temperature. In a similar situation for Class G cement,
the sample experiences a 20% reduction in compressive
strength when the temperature is increased from 60 °C to

Fig.7 API Class G cement after immersion test under CO,-saturated
brine
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Fig.8 Compressive strength of GC after CO,-saturated brine expo-
sure

130 °C. The compressive strength of GC60 is found to be
6.36% higher compared to PC60. Similarly, GC130 pos-
sesses compressive strength of 133.62% higher than PC130.
The potential reason for this considerable strength difference
is attributed to the reason that at elevated temperatures, alite
and belite quickly hydrate and yield portlandite and C—-S-H
gel during the early stage of strength development, which act
as an excellent compressive strength agent.

Conclusion

This research presents an experimental investigation into the
effect of temperature on the microstructure and mechanical
properties of fly ash geopolymer well cement immersed in
CO,-saturated brine. The strength of geopolymer cement
increases at 60 °C and 130 °C, while the strength of Class
G cement decreases as a function of exposure durations.
It is found that the carbonation reaction of portlandite is
mostly completed at 130 °C, resulting in the precipitation
of calcium carbonate, which is later leached in the pres-
ence of carbonic acid, therefore causing loss of mechani-
cal strength. The results from this research suggest that the
concentration of CO, has a minor influence on the degree of
carbonation. The temperature is found to be a more critical
factor for microstructure and mechanical properties reduc-
tion in portland cement in a CO,-rich environment. The
compressive strength and microstructural characterization
confirm that the maximum degradation occurs at 130 °C.
Fly ash is potentially used as a binder in oil well cement for
CO, injection wells or wells with naturally rich CO,. Binder
material is optimal if it has lower calcium content to sup-
press carbonation reactions. It can be achieved with hybrid
cement, alkali-activated product by mixing fly ash with low
calcium material such as metakaolin. Further studies can
be carried out to investigate the potential and capabilities

of geopolymer cement immersed in CO,-saturated brine at
varying conditions of the desired depth of the oil well.

Oil well cementing with wellbore integrity is a crucial
step in oil and gas industry and is considered as one of the
foremost challenging operations in petroleum drilling. CO,
management is one of the important procedures in Malay-
sian oil and gas drilling industry as it constitutes a huge
level in the oil and gas underground reserves. This work is
focused on such applications where the geopolymer cement
is immersed in the CO,-saturated brine at varying reservoir
conditions. A complete understanding is required to assess
the known and unknown behavior of geopolymer cement
at different conditions. Therefore, the authors propose to
expand the research toward a detailed experimental archi-
tecture at more elevated temperature and pressure condi-
tions, and varying alkali/fly ash concentration ratio for more
realistic approach toward deep wells applications.
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