Cement and Concrete Composites 149 (2024) 105511

Contents lists available at ScienceDirect

Cement &
Concrete
Composites

Cement and Concrete Composites

journal homepage: www.elsevier.com/locate/cemconcomp

ELSEVIER

Check for

Stability analysis of a granite-based geopolymer sealant for CO2 | e
geosequestration: In-situ permeability and mechanical behavior while
exposed to brine

Seyed Hasan Hajiabadi® , Mahmoud Khalifeh ?, Reinier van Noort"

& Department of Energy and Petroleum Engineering, Faculty of Science and Technology, University of Stavanger, 4036, Stavanger, Norway
Y Department of Reservoir Technology, Institute for Energy Technology, Postbox 40, 2027, Kjeller, Norway

ARTICLE INFO ABSTRACT

Keywords:

Geopolymer

CO, geosequestration
Brine exposure

In-situ permeability
Mechanical performance

When considering the use of geopolymers (GPs), as potential alternatives for Portland cement, high durability
during exposure to brine at encountered downhole is a key requirement. This study delves into the response of a
granite-based GP system designed especially for CO-geosequestration upon exposure to brines with different
concentrations of NaCl. Exposure was carried out by imposed flow in a triaxial apparatus, at 90 °C and 13.8 MPa
confining pressure. Mechanical properties were tested in the same apparatus once exposure was completed. A
suite of micro-scale analytical techniques was then used to assess the GP’s microstructure, mineralogical
composition, and chemical bonding. The obtained results revealed increasing compressive strength with
increasing brine salinity, suggesting greater resistance to deformation and potential cracking. Concurrently,
decreasing Poisson’s ratios and increasing Young’s moduli could lead to an elevated risk of mechanical failure
under strain. In addition, following a 3-week injection period, permeability of NaCl-flooded samples decreased
by 20%-35% from initial values. Analysis of the effluents showed fluctuations in the pH and ion content with
time, mainly attributed to complex chemical interactions including cation exchange, silicate dissolution and
hydrolysis, precipitation of alkali-enriched gels, and mineral alterations. Micro-scale analyses revealed that the
improved durability is linked with the formation of new minerals, especially zeolites in the presence of NaCl or
portlandite when deionized water was introduced. In conclusion, this study presents new data on the durability
of a rock-based GP system when exposed to brine and elevated pressure and temperature, offering insights for
optimization to downhole environments.

1. Introduction

Carbon Capture and Storage (CCS) in geological formations is a
crucial strategy for mitigating climate change, as acknowledged by the
Intergovernmental Panel on Climate Change (IPCC) [1-3]. Saline aqui-
fers, owing to their substantial storage capacities and broad geograph-
ical distribution, as well as depleted oil and gas reservoirs, due to the
proven effectiveness of their caprocks and the existence of suitable in-
jection infrastructure, are the most viable geological formations for
long-term CO- sequestration [4-6]. However, in particular in reservoirs
containing high-salinity brine, this brine can trigger geochemical re-
actions with Ordinary Portland Cement (OPC), the predominant mate-
rial used for wellbore isolation, potentially leading to increased
permeability and subsequent CO; leakage [7-9]. Sealant integrity may
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be further complicated by local stresses and salt crystallization-induced
stress-strain alterations of mechanical behavior [10-15]. These integrity
issues have been highlighted in both laboratory research and field-scale
observations [16-19].

Geopolymers (GPs) offer a promising alternative to OPC, and have
recently gained significant attention [20-22]. GPs are low Ca-content
alkali-activated materials that can be synthesized by activating reac-
tive precursors with varying aluminosilicate contents using alkali-based
activators such as (combinations of) NaOH, KOH, Na,SiOs3, and K5SiO3
[23-26]. Key benefits of well-designed GPs over OPC include high acid
resistance, rapid strength development, and low chemical shrinkage,
making such GPs primary candidates for cementing the wellbores in CCS
operations and hydrocarbon reservoirs [27-32].

Recent literature highlights the potential of rock-based materials,
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particularly granite, as precursors for GPs [24,28,33-36]. Despite crys-
talline phases, these materials are classified as GPs due to their alumi-
nosilicate composition, cohesive structure formed, and mineralogical
transformations during geopolymerization [37]. Furthermore, the in-
clusion of slag and micro-silica ensures the presence of crucial amor-
phous components. Reactive slags act as early strength enhancers,
accelerating the geopolymerization rate by promoting the formation of
calcium aluminosilicate hydrate (C-A-S-H) gels [25,38-40]. Research
indicates that the coexistence of sodium/potassium aluminosilicate hy-
drate (N,K)-A-S-H and C-A-S-H gels in GPs enhances internal confine-
ment and compressive strength, and lowers the permeability of the
system [21,41-47]. Additionally, micro-silica serves as a reactive
micro-filler, adjusting the SiO5/Al;05 ratio, facilitating the formation of
nucleation sites necessary for geopolymerization, and further reducing
the GP’s permeability [48-51]. However, excessive micro-silica can
induce self-desiccation and cracking, necessitating careful control of its
amount for optimal performance [21,49].

The current body of literature investigating the impact of brine
exposure on GP systems at elevated pressures and temperatures
encountered in downhole conditions shows a strong dependence on both
GP composition, and exposure conditions, highlighting the need for
further research to close existing knowledge gaps [21,30,32,41,52-54].
The conventional static-exposure technique, frequently employed to
replicate downhole conditions, is constrained by inherent limitations
arising from the establishment of equilibrium conditions, leading to
notable experimental artefacts. Such limitations are commonly
addressed through a renewal approach, for example by replacing the
brine solution at set intervals during autoclave aging. Nevertheless, this
method has its own drawbacks, including thermal shocks and
depressurization-pressurization cycles induced during each fluid
renewal, potentially causing substantial structural damage to the ma-
terials tested [19]. In addition, in batch/autoclave conditions, fluid
penetration into the samples tested is mostly limited to diffusive trans-
port. These limitations can be overcome by using imposed-flow expo-
sure, in which a flow of fluid is driven through the exposed sample by a
pressure gradient, leading to deeper fluid penetration within a reduced
timeframe.

In addition, the existing literature on GP systems cured in brine so-
lutions is limited in scope, particularly in terms of comprehensive micro-
scale analysis. This limitation often results in inconsistent findings, with
certain investigations noting diminished performance of GPs under
brine exposure [30,32,44], while others suggest augmented mechanical
durability [41,52,55]. The absence of thorough effluent analysis further
exacerbates this situation, preventing the conclusive demonstration of
underlying causes for these discrepancies, thereby promoting hypothe-
sized explanations, such as reduced alkali leaching [30,32,41,44,52,55].
Further details on previous findings regarding the impact of brine
exposure on GPs or OPC, as well as their response to chlorine attack or
hydrothermal conditions, can be found in Table Al in the Appendix.

In this work, we assess the impact of brine exposure on the me-
chanical behavior and permeability of a granite-based GP system spe-
cifically developed for CO, geosequestration. An imposed-flow
technique is employed, injecting NaCl brines with a range of salinity
levels (0-15 wt%) through cured cylindrical GP samples. After exposure,
a comprehensive range of micro-scale analytical techniques is employed
to investigate the link between the GP system’s mechanical attributes
and its mineralogy, morphology, and chemical bonding, and thus gain
further insights into the factors impacting the system’s stability.

2. Materials and methods
2.1. Materials
A low Ca-content GP system (containing less than 10 wt% CaO) was

developed by combining a naturally occurring aluminosilicate rock as
the primary precursor with active quenched Ground Granulated Blast
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Furnace Slag (GGBFS) and a small amount of commercially obtained
micro-silica, mainly consisting of ultra-fine amorphous SiOy spheres.
The aluminosilicate rock used in the experiment was a powdered granite
sourced as a quarrying byproduct from southwestern Norway, with
particle sizes ranging from 5 to 150 pm, to which no additional modi-
fications were made.

Tables 1 and 2 present the chemical composition and physical
properties, respectively, of the constituents comprising the solid phase
of the prepared GPs.

The activating hardener employed was a potassium silicate solution
with a modulus ratio (SiO5/K50) of 2.14. Deionized water (DW) was
added to regulate the water content and viscosity of the system, and to
serve as a solution medium for the chemicals. The workability of the
mixed system was tuned using an in-house-developed retarder based on
zinc nitrate hexahydrate (Zn(NOs);.6H20) and potassium nitrate
(KNOs) (0.64 wt%).

2.2. Preparation of the GP system

The granite-based GP system used in this study was prepared ac-
cording to the procedures described in Hajiabadi, Khalifeh and van
Noort [37]. Precise proportions of the constituent raw materials
employed in the formulation of the GP system are presented in Table 3.
The content of retarders and the K*/Zn?*-ratio were determined based
on the results of several laboratory experiments conducted and reported
previously [37,56,57]. To ensure system homogeneity, the solid phase
was added to the liquid phase after a 24-h rest period, and the mixing
process was conducted using a Waring high-speed blender equipped
with an OFITE control pad, in accordance with the procedures recom-
mended by API RP 10B-2 [58].

2.3. Samples conditioning and curing

After the mixing process, the GP slurries were conditioned at 60 °C,
using an atmospheric consistometer, gradually raising the temperature
from room temperature at a rate of 1 °C/min. Subsequently, the slurries
were subjected to stirring at 150 rpm and 60 °C for a duration of 30 min.
The purpose of this procedure was to replicate the conditions to which
the slurries would be exposed during downhole placement. Addition-
ally, the conditioning process ensured slurry homogeneity and mini-
mized thermal shock to the specimens upon the subsequent static curing
conditions in autoclaves [37]. These autoclaves were maintained at a
constant temperature of 90 °C, as the selected bottomhole static tem-
perature (BHST), and were connected to high-precision pumps to sustain
a curing pressure of 13.8 MPa, as the selected bottomhole static pressure
(BHSP). Once the samples had been cured at these conditions for one
week, the autoclaves were cooled down and then depressurized gradu-
ally, taking care to avoid rapid changes in temperature and pressure that
might impact GP integrity [58].

2.4. Tri-axial experiments

To evaluate the impact of brine-exposure on the mechanical behavior
of the GP, tri-axial tests were conducted on samples prepared as
described above. The experiments followed the recommended proced-
ures outlined in API TR 10TR7 2017 [59]. The ends of the specimens
were ground flat and parallel on a lathe to ensure uniform distribution of
axial stresses applied throughout the tests. During the tri-axial tests, an
extensometer was positioned around the middle of each specimen to
continuously monitor radial deformation, while the axial displacement
was measured using a Linear Variable Differential Transformer (LVDT)
connected to the top of the loading piston.

Each tri-axial test consisted of three distinct stages: the hydrostatic
stage, waterflooding, and the deviatoric stage. To start a test, the sample
was heated to 90 °C at a controlled rate of 1 °C/min. After a one-night
rest period to ensure thermal stability, a hydrostatic load of 13.8 MPa
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Table 1

Chemical composition of the constituents within the solid precursor used in this work, based on XRF analyses.
Elements” (wt.%) Si Al Fe Mg Ca Na K Ti P S Mn
Granite 32 7.3 2.5 0.6 1.4 2.2 5.1 0.3 0.1 <0.1 <0.1
GGBFS 16 6 0.2 7 25 0.4 0.8 1.8 <0.1 1.2 0.4
Micro-silica 46 <0.1 <0.1 0.1 0.1 <0.1 0.5 <0.1 <0.1 0.1 <0.1

# The elements are calculated as oxides and normalized to 100%, but reported as elements (wt.%).

Table 2

Physical properties of the constituents within the solid precursor used in this work.

Physical properties” dio (um) dso (um) dgg (um) Density (g/cm®) Specific surface area (m?/kg)
Granite 3.52 21.1 131 2.63 631

GGBFS 2.79 15.9 46.6 2.90 944

Micro-silica 0.19 0.34 0.6 2.29 19320

2 dy, dso, doo represent the percentiles of particle-size distribution. Specific surface area was measured through BET analysis.

was applied by simultaneously applying axial and radial stresses at a
constant loading rate of 5 MPa/min. Once the desired pressure and
temperature conditions were reached, the sample was allowed to
equilibrate for another 3-4 h. After that, a flow of brine containing set
concentrations of NaCl (0, 5, 10, and 15 wt%) was forced through the GP
sample for three weeks, set at a constant flow rate. During this time, the
upstream pressure was continuously recorded, while the downstream
pressure was kept atmospheric. By continuously monitoring the differ-
ential pressures across the samples at set injection rates, sample per-
meabilities could be tracked in real time based on Darcy’s law [60,61].
Samples of the effluent fluid were collected at specific intervals, for
chemical analysis. Note that as the permeabilities of the samples
decreased, injection pressures at set flowrate increased. For some sam-
ples, as the injection pressures approached the limiting value set roughly
10% below the confining pressure at 12.5 MPa, the imposed flowrate
needed to be reduced. Imposed flowrates are plotted against time in
Fig. la. For one sample, GP-BR-5NaCl, due to its low initial perme-
ability, the flowrate had to be reduced multiple times, and a steady flow
was not achieved for most of the exposure duration. It should also be
noted that when the maximum pressure on the injection pump was
triggered, this lead to a break in the fluid injection until the pump could
be reset.

Subsequent to the waterflooding period, axial loading was increased
at a constant loading rate of 10 MPa/min and through a consolidated-
drained (CD) deviatoric regime. The loading rates employed in the
tests were in accordance with the recommended values outlined in API
TR 10TR7 2017, which range from 3.5 to 14 MPa/min [59]. One
reference sample was also subjected to identical conditions over the
same duration, but without exposure to a flow of DW or brine.

Table 4 presents the experimental parameters for each GP sample,
including exposure time, exposure fluid, and NaCl concentration in the
exposure fluid. Note that prior to the exposure tests, all GP samples
underwent a one-week curing regime within an autoclave set at 90 °C
and 13.8 MPa.

2.5. Sample characterization

After triaxial exposure and testing, the induced alterations in sample
composition and microstructure were assessed using a range of analyses
techniques. The chemical bonds present within the GP systems were
assessed using Fourier transform infrared spectroscopy (FTIR) utilizing

Table 3
A list of mix design parameters of the GP slurry used in this work.

an Agilent Carry 630 instrument. The mineral composition of the sam-
ples was determined using X-ray diffraction (XRD) analysis performed
on a Bruker-AXS Micro-diffractometer D8 Advance. The XRD analysis
employed a Cu-Ko radiation source with a wavelength (1) of 1.5406 A,
operating at 40 kV and 25 mA, and diffraction patterns were recorded
over a 20 range of 5-70°. Furthermore, the microstructures of the cured
and exposed materials were examined using a Zeiss Supra 35VP scan-
ning electron microscope (SEM) equipped with a backscattered electron
detector (BSD) and an energy dispersive spectroscopy (EDS) analyzer.
Brunauer-Emmett-Teller (BET) surface areas of exposed GP samples
were determined using a TriStar II 3020 instrument with Ny, in order to
assess the effects of mineralogical alterations on the accessible surface
area, and thereby, the pore structure of GP samples.

To prepare the samples for these analyses, they were initially dried at
40 °C overnight and subsequently stored in a vacuum-dryer for one day
to eliminate any remaining moisture. SEM-EDS studies were carried out
on fractured sections, while parts of the samples were powdered for
XRD, FTIR, and BET analyses. Prior to BET analyses, powdered samples
were sieved, to attain a particle size <63 pm, improving homogeneity
and minimizing particle size impact on the measured surface areas, and
subsequently vacuum-sealed and degassed at 100 °C for an hour.

Additionally, the pH of fluid samples taken during the flooding ex-
periments was measured at room temperature, using a digital pH meter
(Orion Research, model 201). Fluid sample chemical compositions were
analyzed on an Agilent 5800 ICP-OES and Thermo Scientific Element XR
HR-ICP-MS, on samples that were filtered through 0.45p filters and
diluted with 2% suprapur nitric acid to proper concentrations of tar-
geted elements.

3. Results and discussion
3.1. In-situ permeability measurements

Based on the set flowrates and measured injection pressures, sample
permeabilities could be monitored continuously, once a steady state
flow had been achieved. Fig. 1b plots in-situ permeability against time
for all samples. Note that permeabilities can only be assessed once flow
has become steady (after changing the flowrate); as such steady flow was
only achieved briefly in GP-BR-5NaCl, permeability curves are not
available for most of that exposure.

It should also be noted that while all GP samples originated from the

Components Solid phase Liquid phase
Granite GGBFS Micro-silica DW K-silicate solution NaOH pellets Zn(NO3),.6H>0 K(NO3)
Mass (gr) 490 200 10 57 314 0.5 5.28 1.65
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Fig. 1. An illustration of the alterations of (a) injection rates and (b) GPs’ permeability throughout the injection period. GP-DW-ONaCl represents exposure to
distilled water, while GP-BR-5NaCl, GP-BR-10NaCl, and GP-BR-15NaCl were exposed to brines containing 5%, 10%, and 15% NacCl, respectively.

Table 4

Experimental parameters and exposure conditions for the GP samples employed in this work.

Exposure fluid

NaCl concentration (wt.%)

Sample ID Curing time Exposure time
RGP (Reference) 1 week 3 weeks
GP-DW-0ONaCl 1 week 3 weeks
GP-BR-5NaCl 1 week 3 weeks
GP-BR-10NaCl 1 week 3 weeks
GP-BR-15NaCl 1 week 3 weeks

DW

Brine 5
Brine 10
Brine 15

same mix design, the observed variations in initial permeability stem
from the inherent heterogeneity of geopolymeric materials, primarily
influenced by complex geopolymerization reactions. These variations
are very small, considering that the permeability unit is pD, and they fall
within an acceptable range.

Table 5 presents the changes in in-situ permeability of GP samples
under simulated downhole conditions throughout a three-week expo-
sure to brines with varying NaCl concentrations. As shown, the perme-
abilities of all GP samples decreased during the 3-week injection
periods. However, a consistent trend between sample permeability and
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Table 5
The permeability alterations of GP samples throughout three-week exposure
period at simulated downhole conditions.

Sample No. Permeability (uD) Permeability reduction (%)
Initial® Final

RGP (Reference) - - -

GP-DW-0ONaCl 0.196 0.141 28

GP-BR-5NaCl 0.100 0.065 35

GP-BR-10NaCl 0.290 0.233 19.7

GP-BR-15NaCl 0.173 0.123 28.9

@ Measured upon reaching steady conditions (48 h after the initiation of DW/
brine injection).

369\ GP-BR-5NaCl
[
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Fig. 2. Permeability reduction in the GP samples flooded with different NaCl
concentrations plotted against their initial permability values.

brine salinity was not readily apparent. Note, however, that all samples
permeabilities are more than an order of magnitude lower than the
minimum values required by (for example) NORSOK D010 (<5puD) [62].

Fig. 2 demonstrates a linear relationship between permeability al-
terations and the initial permeability of GP specimens, irrespective of
the NaCl concentration in the brine. Specifically, lower-permeability GP
samples display an increased susceptibility to more pronounced
permeability reductions. This can be due to the reduced size of pore
throats in lower-permeability specimens, which makes them more prone
to clogging or plugging.

3.2. In-situ mechanical properties

To assess the mechanical performance of the GP samples, their
compressive strengths, Young’s moduli, and Poisson’s ratios were
determined as critical parameters indicating the material’s resistance to

Table 6
Compressive strength, Young’s modulus, and Poisson’s ratio of the GP samples
according to Tri-axial test analyses.

Sample ID Compressive strength Young’s modulus Poisson’s
(MPa) (GPa) ratio

RGP 45.63 3.98 0.33

(Reference)

GP-DW-0ONaCl 41.17 4.92 0.24

GP-BR-5NaCl 56.20 6.96 0.27

GP-BR-10NaCl 52.06 6.04 0.17

GP-BR-15NaCl 59.76 6.54 0.20

Fig. 3. The in-situ compressive strength and Young’s modulus of the GP sam-
ples flooded with brines of different NaCl concentrations at simulated downhole
conditions of 90 °C and 13.8 MPa.

deformation and overall stiffness (See Table 6 and Fig. 3). Compared to
the reference sample (RGP) that was aged without imposed fluid flow,
brine-exposed samples have considerably higher compressive strengths.
The compressive strength of the sample flooded with DW (GP-DW-
ONacCl) was significantly lower than that of RGP.

Additionally, GP samples flooded with brines (GP-BR-5NaCl, GP-BR-
10NaCl, and GP-BR-15NaCl) demonstrated higher Young’s moduli
compared to both the reference (RGP) sample and the DW-flooded (GP-
DW-ONaCl) sample. As a higher Young’s modulus means that the ma-
terial is less able to accommodate deformation elastically, this indicates
that exposure to higher salinity levels may result in a greater risk of
cracking under fixed strain. It is worth noting that the flexibility of
cementitious materials is commonly linked to their strength develop-
ment: as strength increases, flexibility decreases [31,61].

In addition, the results also indicate a decrease in Poisson’s ratio of
the GP system with higher brine salinities. This implies a higher risk of
destructive hoop stresses and potential mechanical failure [63]. The
stiffening effect of NaCl on the GP system thus also reduces the system’s
ability to deform laterally, leading to increased localized stresses upon
strain, making the material more vulnerable to strain.

3.3. Sample characterization

3.3.1. XRD analysis

Fig. 4 presents the XRD analysis results for all GP samples after
exposure. Note that phase identification utilized DIFFRAC.EVA soft-
ware, while phase quantification was not performed. The software
estimated crystallinity content by comparing the assigned areas of
amorphous content, indicated by characteristic humps in the XRD pat-
terns, with the crystal peaks. This comparative analysis yielded relative
values rather than precise measurements. For detailed sample XRD
patterns, refer to Fig. Al in the Appendix.

Estimated crystalline contents (see Table 7) show that exposure to
brines with higher NaCl contents leads to increased crystalline content
in the GP system. In GP systems, such higher crystalline contents are
commonly associated with enhanced network connectivity, mechanical
strength, and Young’s modulus [64-68]. For more detailed information,
the individual XRD patterns of each GP sample are provided in the
Appendix.

Further inspection of the XRD analyses shows that all GP samples
exhibited similar mineral distributions. However, samples GP-BR-
10NaCl and GP-BR-15NaCl displayed more prominent peaks for quartz
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simulated downhole conditions.

Table 7
The crystalline content of the GP samples observed through
XRD analysis.

Sample ID Crystallinity (%)
RGP (Reference) 59.6
GP-DW-0ONaCl 60.9
GP-BR-5NaCl 61.7
GP-BR-10NaCl 62.3
GP-BR-15NaCl 64.8

and feldspars (albite and microcline) and relatively less prominent peaks
for chlorite, biotite, and amphibole. These differences, together with the
3-5% increase in crystalline content, point to accelerated reaction rates
in GP systems exposed to NaCl-based brines, leading to the consumption
of minerals that had not yet dissolved, such as micas and amphiboles,
and the subsequent formation of more stable minerals through
condensation and polymerization processes [69-71]. Higher NaCl con-
centrations resulted in increased intensities of peaks associated with
zeolites (K-Phillipsite) and the emergence of hydrogarnet (kotoite) in the
XRD patterns. These secondary minerals are likely formed due to sig-
nificant ion exchange triggered by elevated NaCl levels, and contributed
to the higher crystalline content in the GP system. In contrast, the GP
sample flooded with DW (GP-DW-0ONacCl) exhibited a higher quantity of
portlandite (Ca(OH);) and lower K-Phillipsite content compared to
NaCl-exposed samples.

Moreover, comparing the mineralogical content of GP samples, GP-
BR-5NaCl and GP-BR-15NaCl exhibited an increase in the relative
quantity of albite compared to microcline. These observations are
consistent with previous findings, indicating that the increased intensity
of the albite peak signifies a higher degree of polymerization, contrib-
uting to improved compressive strength in the samples [68].

3.3.2. FTIR analysis

FTIR analysis was performed on all GP samples to assess the impact
of fluid injection on the types of chemical bonds present in the GP
samples. The results are presented in Fig. 5. The absorption peaks at 965-
978 cm ™! are caused by asymmetric stretching vibrations of Si-O-T (T =
Si, Al, K). Additional peaks at 715-721 cm ™! correspond to symmetrical
stretching vibrations of Si-O-Si and Si—O-Al bonds, while peaks related
to hydroxyl group stretching ((Si, H)-O-H bonds) appears at 3328-3399
em™ L. The bending vibrations of hydroxyl groups (H-O-H) at 1634-
1638 cm ™! are attributed to absorbed or imprisoned water in cavities
[72-74]. The bands at 1408-1463 cm~!indicate O-C-0 bond stretching,
characteristic of carbonate groups. They also indicate the presence of
calcium/sodium carbonates resulting from GP sample carbonation
[74-77].

The results show a shift towards higher wave numbers (and thus
shorter bond lengths) in the Si-O-T asymmetric stretching peaks in GP-
BR-10NaCl and GP-BR-15NaCl (to 972 em™! and 978 cm™!, respec-
tively) compared to the unexposed and DW-flooded samples (RGP at 967
cm-1, and GP-DW-0NaCl, at 965 cm ™ 1). This shift towards shorter bonds
can be explained by formation of new crystalline phases, formation of
more robust (C,N,K)-A-S-H gels, and implies significant poly-
condensation and the promotion of network connectivity within the GP
matrix [73-75,78]. The reduced -OH band intensity also signifies
increased polycondensation and the maturation of GPs. On the other
hand, enhanced ~OH bands, especially in GP-DW-ONacCl, result from
increased hydrolysis of the silicate gel surfaces, correlating to its
coarsened porous structure, and to its reduced mechanical strength [73,
75].

3.3.3. BET surface area analysis

BET analyses were performed on powdered samples of the exposed
GP systems (<63 pm). The obtained results provide insight into the
impact of exposure on the surface characteristics of the GP system, and



S.H. Hajiabadi et al.

Cement and Concrete Composites 149 (2024) 105511

___.«L_,k 100
N
(Si,H -
=
g &
=
(=]
2
| £
wn
=
o =
2 =
\/ St 6o
——RGP
—— GP-DW-0NaCl L
—— GP-BR-5NaCl
—— GP-BR-10NaCl
GP-BR-15NaCl SiHO-T
Illlllllllllllllllllll LE LAARE LA lllllllll LABE lllllllll lllllllll LARRE ILLLAE R 40
4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800
Wave number (1/cm)

Fig. 5. Fourier Transform Infrared Spectroscopy (FTIR) spectrum of the unexposed and exposed GP samples to brines of different NaCl concentrations at simulated

downhole conditions of 90 °C and 13.8 MPa.

Table 8
The BET surface area of the GP samples after three-week
exposure period at simulated downhole conditions.

Sample ID Sper (m*/g)
RGP (Reference) 44.41
GP-DW-0NaCl 23.52
GP-BR-5NaCl 31.43
GP-BR-10NaCl 104.41
GP-BR-15NaCl 108.41

offer further quantitative insight into the changes in porosity and
crystallinity.

As shown in Table 8, sample GP-DW-ONaCl (exposed to DW) had an
approximately 47% lower specific surface area than the reference

Wag= 500X Brghtness = 292%
Pixe! Size =5209nm Contrast = 994 %
WD = 105 mm

GP-3-5.0UT-02:

sample (RGP). Similarly, sample GP-BR-5NaCl (5 wt% NaCl) showed a
29% decrease in specific surface area compared to RGP. A decrease in
the specific surface area of a GP can be attributed to enhanced disso-
lution, primarily driven by the continual hydrolysis of silicate species
exposed to deionized or low-salinity water. This prolonged hydrolysis
results in a reduction in adsorption surface area.

Conversely, the samples exposed to brines containing 10 wt% and 15
wt% NaCl showed increases in specific surface area of 135% and 144%,
respectively, compared to the reference sample. This increase in specific
surface area could be related to changes in the pore network associated
with the formation of new crystalline phases, as zeolites have high
specific surface areas due to their crystal structures [66,79,80].

3.3.4. Microstructural analysis using SEM
Fractured GP specimens were studied using an SEM-BSD with EDS

KX Bughtness = 202%
a9nm Contrast = 994 %

Fig. 6. SEM images of RGP (unflooded sample) after three-week curing at simulated downhole conditions of 90 °C and 13.8 MPa. Points (1) and (2) depict the
elemental ratios and morphological traits associated with (C, K)-A-S-H gels and zeolites, respectively.
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Fig. 7. SEM images of GP-DW-0NaCl flooded with DW at simulated downhole conditions of 90 °C and 13.8 MPa. Points 1, 2, and 3 represent portlandite, while Point
4 depicts the elemental ratios and morphological characteristics suggestive of zeolites (likely K-Phillipsite). Point 5 corresponds to (C, K)-A-S-H gels with their

honeycomb structure.

analyses. While the polished samples are recommended for SEM-EDS
analysis, the fractured samples were intentionally used in these experi-
ments to prevent from compromising the morphology of the samples.
Selected micrographs, along with their EDS analyses are presented in
Figs. 6-10. Noteworthy is that the mineral identification stems from the
analysis of elemental ratios (e.g., Si/Al, Si/O, Si/Ca, etc.) coupled with
micrograph observations from the SEM images. By scrutinizing the
elemental content of each point and comparing it with the suspected
phases, as well as correlating it with the observed micrograph
morphology, the phases were recognized.

SEM-BSD/EDS analysis of the RGP(unflooded) sample (Fig. 6) re-
veals the persistence of unreacted precursor particles within the GP
matrix. EDS analysis of the matrix further confirms the presence of (C,

K)-A-S-H gels, characterized by their typical honeycomb structures,
occupying intergranular pore spaces within the GP framework [81].
These gels act as a binding agent, filling the voids between larger par-
ticles, thereby enhancing material strength, while their amorphous na-
ture contributes to ductility. Additionally, a limited observation of
micron-sized grains is noted, displaying elemental ratios and grain
morphology suggestive of potential zeolite presence (see Fig. 6b). Note
that the matrix shows numerous fine cracks, which were most likely the
result of drying shrinkage induced during sample preparation within the
vacuum chamber, and were not present during the experiments.
SEM-micrographs taken on sample GP-DW-ONaCl (exposed to DW)
are shown in Fig. 7. Fig. 7a and b, highlight the marked presence of
dissolved zones (black zones in Fig. 7a) alongside unreacted particles,
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Fig. 8. SEM images of GP-BR-5NaCl flooded with brines of 5 wt% NaCl concentration at simulated downhole conditions of 90 °C and 13.8 MPa. Points 1, 2, and 3
correspond to quartz, clinochlore (chlorite), and biotite, respectively. Points 4 and 5 depict the elemental ratios and morphological characteristics of zeolites,

presumably K-Phillipsite.

both embedded within an amorphous matrix, composed of gel, that is
less compact than the gel observed in reference sample RGP. Further-
more, the gel matrix is seen to consist largely of loosely embedded
particles of <1 to ~2 pm in size (Fig. 7b). The dissolution of matrix can
be attributed to the increased breakage of Si-O-Si bonds due to the
hydrolysis of silicate species, and reduced polycondensation/recrystal-
lization processes in the absence of NaCl. Furthermore, Fig. 7c, d, and 7e
clearly depict the presence of considerable quantities of plate-like por-
tlandite (Ca(OH)3) and a limited occurrence of newly formed grains of
K-Ca-Al-silicates. These grains, exhibiting characteristic composition
and grain morphology resemblances to zeolites, likely K-Phillipsite, are
surrounded by (C, K)-A-S-H gels. These observations highlight the
reduced contribution of Ca®" to the reactions in the absence of NaCl,

which leads to the precipitation of these ions as Ca(OH), within the GP
system and formation of less compact structures.

Considering the SEM observations on samples exposed to NaCl-
containing brines, we see that such exposure induced notable micro-
structural changes, particularly evident at higher NaCl concentrations.
SEM-EDS analysis of sample GP-BR-5NaCl (5 wt% NaCl) demonstrated
the enhanced dissolution of precursor minerals such as quartz, chlorite,
and biotite in the presence of NaCl, resulting in the increased precipi-
tation of (C, K)-A-S-H gels, thus creating a more robust geopolymeric
network. Limited formation of zeolites, likely K-Phillipsite, was also
observed within the GP matrix (Fig. 8d-e).

After exposure to 10 wt% NaCl brine, unreacted minerals still persist
within the GP system (such as the feldspar grains easily recognized from
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Fig. 9. SEM images of GP-BR-10NaCl flooded with brines of 10 wt% NaCl concentration at simulated downhole conditions of 90 °C and 13.8 MPa. Points 1, 2, and 3
represent microcline, while Point 4 depicts the composition and morphological characteristics of hydrogarnet (Katoite).

their exsolution lamellae depicted in Fig. 9a, b, and 9c). Additionally, an
increased abundance of new minerals, resembling hydrogarnets
(Katoites) in grain shape and composition, is observed within the GP
matrix (see Fig. 9d). The formation of these minerals might be due the
enhanced reactivity of the Ca(OH)s-aluminosilicate-water system in the
presence of NaCl, as discussed in literature [82,83]. Furthermore, both
precursor grains and newly formed minerals are tightly enclosed by a
geopolymeric gel binder.

After exposure to 15 wt% NaCl brine, substantial quantities of zeolite
(most likely K-Phillipsite) are observed covering the microstructure of
the GP-BR-15NaCl sample. This substantive zeolite formation implies a
catalytic impact of elevated concentrations of NaCl on the mineralogical
composition of the GP. As shown in Fig. 10e, zeolite nucleation and
precipitation takes place at the honeycomb nodes of the (C, K)-A-S-H gel.
Under favorable conditions, this process leads to a complete trans-
formation of (C, K)-A-S-H gels into zeolite, with the (C, K)-A-S-H gels
within the GP systems as a transitional phase towards that conversion
[84]. These zeolitic minerals, in turn, may be a transitional phase as
well, as they may further react to form more stable aluminosilicate
minerals such as feldspathoids and feldspars [84,85]. Note that on the
SEM micrographs presented in Fig. 10f, the appearance of thin crusts of
NaCl are identified based on EDS. However, these most likely formed as
a result of pore fluid evaporation during sample handling and storage
between testing and SEM imaging.

3.3.5. Characterization of the effluents

Fig. 11aillustrates the changes in effluent pH against time, observed
throughout the three-week flooding experiments. When interpreting the
results, it is imperative to account for the subtle impact of

10

interconnected porosity, a parameter not directly measured in this
study. Depending on this parameter, the time required for one pore
volume of fluid to traverse the sample could range from approximately 1
day (assuming a very low accessible porosity of 2%) to about 9 days
(assuming a porosity of about 20%). This range, consequently, leads to
the transit of 2.5-20 pore volumes of fluid throughout each individual
test.

The results show that during injection of DW and low-salinity (5 wt%
NaCl) brine, effluent pH decreased nearly continuously, from initial
values of 13.7 to 13.0. However, injecting brines containing NaCl con-
centrations of 10 wt% and 15 wt% resulted in an initial increase in
effluent pH from 11.8 to 13.0, to a peak of 12.8 and 13.4 after 9 days,
followed by a continuous decrease down to 11.2 and 11.7.

When considering the Si-concentrations in the effluent samples (see
Fig. 11b), higher concentrations are measured in the DW and 5 wt %
NacCl samples than in the samples from experiments with higher NaCl-
contents. Furthermore, the Si ion concentrations for these latter efflu-
ents show similar trends with time as observed in the pH-measurements,
increasing initially, and then decreasing.

In Fig. 11c-a notable observation emerges: notably lower effluent Na
concentrations compared to the injected brine. Furthermore, while Na-
concentrations in the effluent of the samples flooded with DW and low-
salinity brine are nearly constant, or decrease slowly, in the GP samples
exposed to higher NaCl concentrations, pronounced increases in effluent
Na-concentration occur over the injection period, commencing
approximately at 0.4 and 0.5 normalized injection time for the GP-BR-
10NaCl and GP-BR-15NaCl effluents, respectively. It should be noted
that the injection rates for the GP-BR-5NaCl sample were lower due to
the specimen’s lower initial permeability.
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Fig. 10. SEM images of GP-BR-15NaCl flooded with brines of 15 wt% NaCl concentration at simulated downhole conditions of 90 °C and 13.8 MPa. Points 1, 2, and 3
represent Zeolite (K-Phillipsite), (C, K)-A-S-H, and NacCl, respectively, while Point 4 corresponds to Hydrogarnet (Katoite).
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Fig. 11. An illustration of alterations in (a) pH, (b) Si ion content, (c) Na ion content, (d) K ion content, and (e) Cl ion content in the effluent of the GP samples

throughout the normalized exposure time.
approximately 0.4 and 0.5 normalized exposure time, respectively.

Furthermore, in Fig. 11d, presenting the K-ion content in effluent
samples, GP-DW-0NaCl and GP-BR-5NaCl effluents show high initial K-
contents. However, in the sample exposed to 0 wt% brine, this con-
centration initiates a decline after approximately 0.4 normalized expo-
sure time, persisting continuously until the end of the experiment.
Similarly, in the sample exposed to 5 wt% brine, the K-ion content in the
effluent begins to decrease after 0.5 normalized exposure time. In
contrast, K-ion contents are initially considerably lower in the effluents
from GP-BR-10NaCl and GP-BR-15NaCl, followed by an increase after

Fig. 11e, finally, shows Cl-measurements performed using HR-ICP-
MS. Initial Cl levels across all samples are notably low. For the DW-
exposed sample, effluent Cl concentrations remain consistently low
throughout the testing period. Conversely, in all samples exposed to
NacCl, although initial Cl concentrations are also low, they exhibit an
increasing trend over time. Specifically, in the case of 5 wt% NaCl
exposure, there is a modest increase in effluent Cl content observed in
the final sample, occurring after 0.85 to 1 normalized exposure time. In
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the 10 wt% NaCl exposure, Cl concentrations begin to rise in the third
effluent sample, taken between 0.25 and 0.36 normalized exposure
time, peaking rapidly before stabilizing at a slightly lower level for the
remainder of the experiment. In the 15 wt% NaCl exposure, effluent Cl
content shows a rapid increase in the fourth effluent sample, taken be-
tween 0.44 and 0.58 normalized exposure time, continuing to rise with
some variability until the end of the experiment.

The interpretation of the observed trends in effluent composition is
intricately tied to the assumed interconnected pore volume. If the
accessible interconnected pore volume is low, it implies that the entire
pore network would have undergone flushing before the initial fluid
sample was collected. Conversely, assuming a higher brine-accessible
interconnected pore volume necessitates consideration of the extended
time required for displacing the first pore volume in the interpretation of
the results.

3.3.5.1. Low accessible interconnected pores. Under the assumption of
low brine-accessible interconnected pore volume, the interconnected
pore network was completely flushed before the collection of the first
effluent sample. Consequently, the observed trends in pH and ion con-
centrations can be explained as follows:

Path 1: During injection of DW or low-salinity brine, first, high-pH
pore solution fluid is displaced from the sample, after which dissolu-
tion of KOH from the GP leads to the high observed effluent pH. The
subsequent decrease in pH as exposure continues can then be ascribed to
a depletion of KOH from the GP samples, as well as the dissolution of
silica from K-silicate and other silicates, and the dissociation of dissolved
H4SiO4 (This also contributes the bump in Si-contents observed in these
samples after some exposure time) [86-89]. During further injection, as
KOH and reactive (K-)silica become more depleted, effluent pH and K-
and Si-contents decrease. In addition, for GP-BR-5NaCl, the Na-content
in the effluents is much lower than the injected Na-concentration,
indicating that Na is taken up by the sample. This could be through
cation exchange mechanisms, where Na adsorbs on mineral surfaces,
releasing cations trapped there (e.g., K), but Na may also be bound in
new phases being precipitated (such as (C,N,K)-A-S-H gels).

Path 2: The lower initial pH of effluent pH of the samples flooded
with higher-salinity brines compared to that of DW- and low-salinity
brine is ascribed to the counterbalancing of pH-increasing reactions by
the cation exchange reactions where Na™ adsorbs on silica surfaces,
causing the release of H' ions from those surfaces. Na™ ions initiate the
formation of Si — O~ bonds within the framework of the GP structure,
followed by the formation of H,O and Si— O~ Na*. This process reduces
the initial pH and Na-ion content of pore solution in the samples flooded
with higher-salinity brines compared to DW and low-salinity brine
flooded samples (Eq. (1)):

=Si—OH+Na"+0OH - =Si— 0 +Na"+H'"+0OH - =Si

— O Na' + H,0 €))

At the same time, the competition between Na* and pre-existing K*
ions in the GP system is crucial. In the presence of a substantial amount
of K ions, as in the GP system employed in this study, the generated =
Si — O~ bonds (from the reaction described above) undergo stochastic
occupation through competitive interactions between Na™ and K ions
[89]. Eq. (2) describes the reaction that might occur between K™ ions
and = Si — O~ triggered by Na™:

=S8Si—-0 +K"+H"+0H - =Si— 0 K"+ H,0 2

Reactions described in Egs. (1) and (2) contribute to the significant
reductions in the Na* and K* ion contents, respectively, observed in the
effluent of samples exposed to higher NaCl concentrations compared to
the sample exposed to DW and low salinity brine. Moreover, the
decreased pH of the injected fluid at higher NaCl concentrations, in
comparison to the samples exposed to DW and low-concentration brine,
leads to a reduced rate of silica dissolution, thus a declined Si ion content
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in the injected fluid.

Path 3: Competing mechanisms and reactions contribute to the
initial increasing trend observed in pH and Si ion content in the pore
solutions of high-salinity brine-flooded samples. The previously
mentioned diminishing pH trend, attributed to Na- and K-adsorptions on
silica surfaces consuming OH, slows down as the surfaces become
partially saturated with Na and K. Simultaneously, another mechanism
increases OH™ content, where continued NaCl ingress elevates NaOH
concentration within the GP’s pore solution. This process, facilitated by
reactions with Ca(OH),, significantly contributes to the initial pH in-
crease [88]:

Ca(OH), + 2NaCl=Ca(Cl), + 2NaOH 3)

This corresponds to increased Cl content in effluents from samples
exposed to higher NaCl concentrations, which coincide with elevated K
levels, indicating K* ion release from the sample to balance Cl~ ions. It is
worth noting that Ca content in these effluents was below detectable
limits, implying that Ca remains within the pore network. In addition,
literature suggests that solutions containing alkali-group cations
enhance the dissolution of quartz and amorphous silica, with evidence of
a 30-fold increase in amorphous SiO: dissolution rates observed in NaCl-
containing solutions; however, Li* and K* have been demonstrated to
have similar impacts on silica dissolution rates [87,89]. As the released
silica diffuses away from the surface and into the flowing pore fluid, this
contributes to the initial rise in Si ion content in the effluent of the high
salinity-flooded GP samples [82,83]. Simultaneously, = Si — O~ bonds,
formed through the hydrolysis of silanol groups, contribute to the
adsorption of Na* and K" ions. This adsorption contributes to the
observed consistent trends of Na* and K™ ions.

The interactions involving diffused silica ions, Na*, and K* ions in
the presence of water may result in the development of alkali-rich N(K)-
A-S-H gels [88]. However, in the presence of NaCl, when free Ca(OH) is
available, ion-exchange processes can lead to the partial transformation
of N(K)-A-S-H gels into Ca-rich gels enveloping the reactive particles
(Eq. (4)) [82,83,88]:

N(K) —A—S — H+ Ca(OH),=(C,N,K) —A—S—H 4

The effects of this reaction are visible in the SEM micrograph in
Fig. 8a, where a dissolving quartz grain is seen that is surrounded by (C,
K)-A-S-H gels. Once such (C,N,K)-A-S-H gels have formed, the intro-
duced (Na,K)-enriched medium can initiate a sequence of ion exchange
mechanisms within these gels, leading to the formation of secondary
minerals. Specifically, these ion exchange processes can facilitate the
development of stable and well-organized nanocrystals within the gels
(see Fig. 10e). These nanocrystals subsequently serve as nuclei for
polymerization and rearrangement of the gels, and lead to the trans-
formation of the gels into zeolites [80,83,90,91].

Path 4: A sharp increase in the effluent Na-content indicates that the
ability of the sample to take up Na-+ from the injected fluid is becoming
saturated. K-contents continue to increase as well, as dissolution of K
continues, while the ability of the sample to take up K in new phases is
saturated (by Na'). Simultaneously, there is also decrease in pH and Si-
content, suggesting that the reactions releasing OH- are taking place at
lower rates, and (potentially as a result of the lower pH) Si-release re-
actions are also slowing down.

It should be noted that the lower Na ion content in effluents
compared to the injected fluid indicates Na* adsorption in the system. In
addition, under elevated NaCl concentrations, effluent K-ion contents
exceed Na-contents. The observed phenomenon is ascribed to the
smaller size and increased mobility of Na® ions relative to K*. This
discrepancy leads to the initiation of ion exchange within K-bearing
components, potentially inducing mineralogical modifications similar to
the albitization of K-rich alkali feldspars [92,93].

3.3.5.2. High accessible interconnected pores. Considering a scenario
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where a larger interconnected pore volume is assumed for GP samples,
implying incomplete flushing of the pore network before the initial
sample collection, the data can be interpreted within the framework of a
displacement mechanism that is not fully miscible.

In samples exposed to brine, the movement of injected fluid in the
porous network is discernible due to the significantly higher concen-
trations of Na and Cl ions in the injected fluid compared to the pore fluid.
This detection relies on monitoring points where concentrations of these
elements in the effluents show notable increases. In the case of the GP-
BR-5NaCl sample, Cl appears in the effluent between 0.85 and 1
normalized exposure time, corresponding to an injected brine volume of
approximately 19.2-22.6 mL. Interestingly, there is no observable in-
crease in Na concentration in the effluent during this test. For the GP-BR-
10NaCl and GP-BR-15NaCl specimens, initial increases in Cl content are
observed between 0.25 and 0.36 (10 wt% NaCl — minor increase) and
0.44 to 0.58 (15 wt% NaCl - strong increase) normalized exposure time,
equivalent to an injected brine volume of about 16-21 mL. Notably,
correlating these Cl content increases to effluent Na content reveals a
delayed onset of Na content increase. Furthermore, Na contents remain
relatively low compared to Cl contents, suggesting Na uptake in the
sample through mechanisms such as adsorption on silicate surfaces (as
described by Eq. (1)), cation exchange with K, or ion replacement in K-
feldspar (microcline), leading to the formation of albite lamella within
their structures. It is essential to note that some adsorption of Cl in the
samples cannot be excluded. Remarkably, in the 10 wt% NaCl exposure,
effluent Cl contents stabilize at approximately 50 g/L, slightly below the
injected concentration, indicating a phenomenon of Cl removal from the
fluids.

For the sample exposed to DW, effluent Na- and K-contents begin to
decline following the injection of approximately 16 mL of water. This
can be interpreted as the result of mixing and dilution of the in-situ pore
fluid with injected water. However, the pH remains constant during this
period, suggesting that pH might potentially be buffered by the release
of OH™ from the sample. Additionally, there is a notable increase in Si
content, suggesting the dissolution of a silicate phase at this stage.
Subsequently, after the injection of about 26 mL, both Si-content and pH
begin to decrease, suggesting at a possible depletion of one or more
reactive phases. Taken together, these observations consistently high-
light the requirement of an injection volume between 15 and 20 mL for
the injected fluid to effectively pass the interconnected pore network.

For the GP-BR-10NaCl and GP-BR-15NaCl samples, the notable in-
creases in effluent Cl-contents align closely with rises in effluent K-
content, and (in the case of 10 wt% NacCl) decline in pH. This suggests a
release of K* from the sample to counterbalance Cl~. The decrease in pH
may be attributed to the mixing of pore fluid (with a high pH) and brine
(with a neutral pH). However, the initial effluent pH-values, as well as
the concentrations of K and Si in these two samples, were notably lower
compared to the other sample effluents. This observation challenges the
current assumption and implies that the displaced initial pore fluid may
have had a different composition.

Moreover, a distinct rise in effluent Si-content is consistently
observed across all exposure tests, typically occurring at lower injected
volumes than those required for Cl~ appearance. This further suggests
that complete flushing of the pore network, accompanied by reactions
releasing Si into the fluid (such as those enhancing the dissolution of
quartz/amorphous silica in the presence of alkali ions, as outlined in
path 3), had already occurred at this stage.

While a comprehensive understanding of the chemical interactions
in our injection tests may be limited by the available data, notable ob-
servations emerge. These include Na' binding, accompanied by a
release of K, particularly evident in samples exposed to high Cl-content
fluids. Additionally, NaCl influences the augmented breakage of Si-O
bonds in minerals, with heightened involvement of Ca ions in reactions,
fostering increased (C,N,K)-A-S-H gel formation. This gel may further
transform into zeolites via cation exchange, thereby enhancing Cl™ ion
binding capacity.
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4. Mechanistic insights into the impacts of brine exposure on GP
system properties: an integrated analysis from micro to macro
scales

To gain deeper insights into the main mechanisms behind the
improved performance of GP systems when exposed to NaCl solutions,
this section establishes a correlation between the microscale observa-
tions and the mechanical properties of the GP system. In summary, our
findings challenge the simplistic notion that the improvement in
compressive strength of GP systems following brine exposure can solely
be attributed to reduced alkali leaching, as suggested in previous studies
(see Table Al in the Appendix). Instead, the results of SEM, XRD, BET,
and FTIR analyses, complemented by the ICP-OES observations, reveal
the following mechanisms being responsible for the enhanced mechan-
ical performance of the GP samples tested here after exposure to NaCl-
based brines:

e Formation of Robust Gels and Secondary Minerals: The presence
of NaCl in the brine induces the formation of alkali-enriched (C,N,K)-
A-S-H gels surrounding the reactive particles, which augments the
strength and durability of the GP system. This has been supported by
other research works [21,94]. NaCl prompts the contribution of Ca®t
ions into the reactions, triggering ion exchange processes, and sub-
sequently leading to the formation of (C,N,K)-A-S-H and secondary
minerals, such as zeolites. These transformations construct a highly
interconnected geopolymeric network, through the formation of
durable Si-O-T bonds. The system’s increased capacity to adsorb C1~
ions, particularly noticeable at higher NaCl concentrations, serves as
additional confirmation of the heightened formation of (C,N,
K)-A-S-H gels, aligning with prior literature findings [95,96].

e Replacement of K-Feldspar by albite: Exposure to NaCl-based
brine facilitates dissolution-precipitation and fluid-assisted ion
replacement processes within GP samples, potentially leading to the
replacement of K-feldspar by albite. This precipitation of albite
within the GP’s microstructure may also contribute to the observed
mechanical improvements.

Extended Reaction Duration: The observed augmentation in the

mechanical properties and permeability of the GP system may also be

attributed, in part, to the prolonged reaction duration of these ma-
terials. Slower reaction kinetics may contribute to a continuous
enhancement of material properties over extended periods.

The obtained results demonstrate the intricate interplay between
microstructural changes and mechanical performance in brine-exposed
GP systems, and provide valuable insights regarding the application of
GP systems in challenging environments. However, it is crucial to note
that the impact of NaCl ingress on different GP systems is subject to
variations influenced by curing/exposure factors (e.g., NaCl concentra-
tion, curing/exposure temperature, etc.) and the initial GP system
composition (including precursor type, alkali levels, mineralogical
properties). This variability leads to conflicting outcomes documented
in the literature (as shown in Table Al in the Appendix). Consequently,
different scenarios might cause distinct mechanisms, necessitating
further research to unravel the unexplored aspects of NaCl’s influence
on GP systems.

5. Summary and concluding remarks

In this work, we assessed the alterations in mechanical properties
and permeability of a geopolymer (GP) system specifically developed for
CO9-geosequestration upon exposure to deionized water (DW) and to
brines with different concentrations of NaCl in the range 5-15 wt%. A
dynamic-exposure technique using tri-axial experiments at 90 °C and
13.8 MPa was employed, forcing a flow of brine through a sample at set
injection rates. After exposure, a comprehensive range of micro-scale
analytical techniques was applied to analyse the link between the GP
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system’s permeability and mechanical properties, and its mineralogy,
morphology, and chemical bonding, and to gain further insights into
how these factors impact the system’s stability. Key findings of this study
are as follows:

e Mechanical Properties: Tri-axial experiments conducted at 90 °C and
13.8 MPa confining pressure revealed significant alterations in the
mechanical properties of the GP system in response to varying NaCl
concentrations in brines. Notably, a marked increase was observed in
compressive strength, accompanied by elevated Young’s moduli
(though lower than those of OPC-based materials), and reduced
Poisson’s ratios in GP samples exposed to brines. These alterations
may result in an elevated susceptibility to cracking in samples
exposed to higher salinity levels, underscoring the importance of
addressing associated risks, particularly when operating at elevated
brine salinities.

Permeability: Following the 3-week injection period, exposure led to
a reduction in permeability across all GP samples, including the
sample exposed to DW, compared to the reference sample. However,
a clear impact of NaCl-content on permeability reduction was not
observed. The permeability alterations appeared to be independent
of the NaCl concentration of the brine, exhibiting a direct propor-
tionality solely to the initial permeability of the samples.

Effluent Analyses: During the three-week flooding period, initially
high effluent pH decreased continuously in experiments using DW
and low NaCl brine (5 wt%). Conversely, during experiments using
higher NaCl concentrations (10 wt% and 15 wt%), effluent pH
increased initially, followed by a subsequent decline. For all tests,
there was a correlation between effluent pH and effluent Si-content.
Furthermore, for experiments injecting NaCl-containing brine, ef-
fluents were consistently depleted of Na, while all effluents con-
tained high concentrations of K. These observations are attributed to
an interplay of chemical interactions, including silicate dissolution
and hydrolysis, Na™ adsorption and binding (supported by Cl~
trend), K-leaching, and the formation of alkali-enriched (C,N,K)-A-S-
H gels and crystalline silicates.

Micro-scale Analyses: SEM, XRD, FTIR, and BET analyses of fractured
and powdered solid samples provided insights into the effects of DW
and brine introduction on the GP system. DW resulted in reduced
connectivity of the GP-network due to matrix dissolution and the
formation of weak portlandite. In contrast, brine injection facilitated
the formation of a robust network of alkali-enriched (C,N,K)-A-S-H
gels, enhancing the strength and durability of GPs. NaCl-brine in-
jection also induced the formation of secondary minerals (such as
zeolites), and replacement of K-feldspars by albite through
dissolution-precipitation processes, collectively reducing perme-
ability and enhancing the overall performance of the GP system on
both micro and macro scales. Extended reactions in the GP system,
over the prolonged intervals, may also contribute to ongoing
improvement in mechanical properties and permeability.

In summary, the results of this study highlight the effectiveness of the
dynamic-exposure technique in understanding the interplay between
brine salinity and GP system performance, with implications for

Appendix
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optimizing their suitability in high-pressure, high-temperature down-
hole applications. While these findings contribute to advancing GP
systems as dependable solutions for challenging environments, varia-
tions influenced by factors like ion type, ion concentration, temperature,
and initial GP system composition warrant further research to uncover
specific mechanisms and unexplored aspects of brines’ impacts on GP
systems. Additionally, the imposed-flow exposure method, while offer-
ing controlled assessments of GP behavior, has constraints, including its
time-consuming nature and the requirement for specialized equipment,
complicating test duplication and standard deviation measurement.
Moreover, although XRD and SEM techniques offer valuable insights,
their emphasis on crystallography and surface characteristics highlights
the necessity for complementary methodologies in future studies.
Techniques like Focused Ion Beam (FIB) and Transmission Electron
Microscopy (TEM) are essential for enhancing analytical depth and
achieving a comprehensive examination of structural changes across
layers. Furthermore, although a NaCl-based brine was employed to
facilitate result interpretation, it is crucial to note that formation waters
in realistic geological formations consist of multiple ions beyond NaCl.
The implications of these additional ions on GP properties necessitate
further investigation in future studies.
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Fig. A1. XRD analysis of normalized precursors (a), and GP samples, including RGP (b), GP-DW-0NacCl (c), GP-BR-5NaCl (d), GP-BR-10NaCl (e), and GP-BR-15NaCl
(f) after three-week exposure period at simulated downhole conditions.
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Fig. Al. (continued).
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Fig. Al. (continued).

Table Al
A list of published studies on GP/cement systems exposed to brines or chemicals simulating Na®, Cl™ attack, or hydrothermal treatment of GPs.

Author(s) Aim (s) Materials (Precursors) Experimental Conditions/Methods Main achievement(s)
Mohamed, Ranjith and To evaluate the mechanical - FFA -Static exposure for 14, 30, 60, and -GP strength diminishes in NaCl brine,
Sanjayan [97] properties of GP cement immersed in 90 days. with higher NaCl concentration slowing
low (5% NaCl) and high (15% NaCl) the reduction rate.
brine solutions. -Assessing brine’s impact on -Failure strain decreases upon brine
strength, crack propagation, and introduction.

strain over time.

(continued on next page)
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Table A1 (continued)
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Author(s)

Aim (s)

Materials (Precursors)

Experimental Conditions/Methods

Main achievement(s)

Khalifeh, Todorovic,
Vralstad, Saasen and
Hodne [41]

Ren, Yan, Duan, Zhang,
Li and Yan [32]

Nasvi, Ranjith, Sanjayan,
Haque and Li [30]

Prusty and Pradhan [44]

Duguid, Radonjic and
Scherer [98]

Pan, Wu and Huang [99]

Ridha, Abd Hamid and
Che Ku Mazuan [100]

Abdoulghafour, Luquot
and Gouze [101]

Gonzalez-Estrella,
Ellison, Stormont,
Shaikh, Peterson,
Lichtner and Cerrato
[102]

Yan, Wei, Muchiri, Li,
Zhang and Xu [103]

Samarakoon, Ranjith
and Wanniarachchi
[104]

Ozyurtkan and Radonjic
[105]

To examine the durability of rock-
based GPs in harsh conditions,
including crude oil, brine, and HyS in
brine.

To evaluate the durability of MK-
based GPs reinforced with
wollastonite, tremolite, and short
basalt fiber when exposed to NapSO4
and NaCl solutions.

To explore the impact of varying
NacCl concentrations on the
mechanical properties of wellbore
materials.

To study the influence of chloride on
the properties of GP concrete in
marine conditions.

To evaluate the rate of cement
degradation caused by carbonated
brine penetrating reservoir rocks.

To investigate the prolonged
strength development of MgO-slag
paste during brine curing.

To investigate changes in the
mechanical properties of GP cement
with different brine salinity levels.

To assess the impact of fractured
well cement degradation on leakage
rate under CCS conditions.

To study the impact of saline brine
on fractured wellbore cement.

To study cement response to CO»-
saturated brine.

To assess carbonation effects on
alkali-activated cement (AAC)
versus OPC in subsurface conditions.

To assess mineralogical and
microstructural changes in cements

- Aplite rock

- Slag
- Micro-silica
- MK

- Wollastonite

- Short basalt fibre
- Tremolite

- FFA

- OPC

- Sandstone

- FFA

- Slag

- Class H cement

- MgO activated slag

- OPC

- FFA
- Class G cement

- Class G cement

- Cement

- Class G cement blended

with silica fume, liquid
silica, and latex

- Class G cement
- FFA
- Slag

- Class H cement

19

GPs were cured at room temperature
for one week, then exposed to 2.45%
Nacl (plus oil and HS) at 100 °C for
up to 12 months.

GPs were immersed in NaCl (0-20 wt
%) and NaySO4 (5-20%) solutions at
28 °C for 3, 7, 28, and 90 days.

Samples were cured in 5% and 15%
Nacl solutions for 24 h at 50 °C.

-GPs were made by mixing FFA and
slag with 0 and 3.5 wt% of NaCl.
-Curing involved 48 h at room
temperature followed by 48 h at
80 °C.

-A year-long study exposed Class H
cement in sandstones and
limestones, typical CCS reservoir
rocks, to brines, at temperatures of
20 °C and 50 °C.

-Analysis was conducted at 1, 2, 3, 6,
and 12-month intervals.

The MgO-slag samples were
immersed in single salt and mixed
double-salt solutions of ions (NaCl,
NayS04, MgCly, MgS0y4) for one
year.

Samples were cured at 130 °C and
3000 psi for 24 h, then immersed in
brine with up to 30% NaCl for 28
days

Monitoring permeability during the
flow of CO,-enriched brine through a
single fracture in a class G cement
core.

Varying hydrostatic confining
pressures were applied in flow
experiments, reacting sequentially
with nitrogen, de-ionized water, and
brine (CaCly, NaCl, NaHCO3
mixture).

Samples were subjected to exposure
to high temperature (150 °C) and
high partial pressure of CO5-
saturated brine

Exposing various AAC compositions
and OPC to carbonated brine for 28
days.

-Salt solution comprised NaCl and
KClL.

-Higher NaCl concentrations are
preferable for GP cement in CCS
applications.

-GPs showed low permeability after brine
exposure, with compressive strength
rising after six months.

-However, HpS-exposed samples suffered
severe degradation.

-The compressive strength reduction from
NaCl and NaySO4 exposure increased with
time due to microcrack development.
-NaS04 exposure resulted in more
pronounced cracks and higher porosity
than NaCl.

GPs exhibited approximately half strength
reduction compared to OPC, owing to
decreased alkali leaching.

-FFA-Slag-based GPs initially had higher
strength than FFA-based GPs.

-A 7.86% decrease in FA-based GPs and a
30.24% decline in FA-slag-based ones
were attributed to salt crystallization
impacts.

-Limestone-embedded cements resisted
degradation.

-Sandstone samples degraded rapidly,
especially under low pH conditions.
-Pozzolans and additives could help
mitigate degradation.

-MgO-activated slag lost strength rapidly
after 150 days in brine solutions.
-Corrosion damage was more pronounced
with S03~ > CI~ and Mg?* > Na* ions.
-Strength decline stemmed from CSH
depletion in acidic solutions and
expansive AFt formation (ettringite-like
phases) in SO%~ solutions.

The GP experienced strength reduction in
brine, but the rate was roughly half that of
OPC.

-Initial fracture leakage can self-mitigate
via alteration product development and
cement carbonation.

-Silica-rich layer formation governs
permeability, influenced by pH and
cement interactions.

-Amorphous silica-rich material notably
reduced CO; leakage through fractures.
Brine injection, especially when
supersaturated with CaCOs, reduces
fracture aperture, thereby mitigating the
risk of leakage.

-Brine exposure significantly affected the
cement’s mechanical properties.

-The admixtures used created a dense
C-S-H crystal structure, reducing cement
permeability and enhancing resistance to
CO»-brine corrosion.

AACs, particularly those with elevated Ca
content due to slag addition, showed
advantages over OPC in resisting
carbonation and improving mechanical
properties.

-Fracture development increased
hydraulic conductivity after 100 days.

(continued on next page)
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Author(s)

Aim (s)

Materials (Precursors)

Experimental Conditions/Methods

Main achievement(s)

Thirumakal, Nasvi and
Sinthulan [55]

Giasuddin, Sanjayan and
Ranjith [52]

Kang and Kim [106]

Tittarelli, Mobili, Giosue,
Belli and Bellezze [46]

Lee and Van Deventer
[107]

Zhang, Yao and Wang
[108]

Tennakoon, Shayan,
Sanjayan and Xu [109]

Chindaprasirt and
Chalee [110]

Kelestemur and Demirel
[111]

Ganesan, Abraham and
Raj [112]

Vafaei, Allahverdi, Dong
and Bassim [113]

Gunasekara, Law,
Bhuiyan, Setunge and
Ward [45]

with fractures after exposure to CO»-
rich brine flow.

To evaluate the mechanical
behaviour of GP and OPC in different
downhole conditions.

To assess the effectiveness of GP
cement curing in saline water in
comparison to OPC, pertinent to CCS
applications in aquifers.

To evaluate a calcium
sulfoaluminate (CSA) and slag blend
as eco-friendly cement and exploring
innovative applications for waste
brine from seawater desalination.
To investigate steel reinforcement
corrosion in geopolymeric and
cementitious mortars exposed to
3.5% NacCl solution.

To analyse the interface between
natural siliceous aggregates and
FFA-based GPs and to examine the
effect of chloride contamination
(KC)) on interfacial bonding
strength.

To study the potential applications
of GP coatings for marine concrete
structures, particularly their anti-
corrosion behaviour and bonding
strength to cement.

To analyse chloride permeability
and corrosion initiation in GP
concrete for structural applications.

To study the performance of high-
calcium FFA-based GP in chloride
diffusion, aging resistance, and
corrosion initiation time.

To explore the influence of varying
cement substitution ratios with MK
on the properties, and corrosion
behaviour of structural lightweight
concrete (SLC) specimens.

To assess the durability of plain and
fiber-reinforced GP concrete in
comparison to OPC concrete.

To examine the durability of GP
cement mortar with waste-glass
powder and calcium aluminate
cement in acid exposure.

To study reinforcement corrosion
resistance in GP concrete versus OPC

- FFA

- High sulfate resistance
OPC

- FFA

- Slag

- OPC

- CSA

- Slag

- FFA

- MK

- OPC

- Natural siliceous
aggregates
- FFA

- GPs synthesized with
90% MK and 10% slag.
- OPC

- FFA

- Slag

- OPC

- CFA-based GP concrete
samples with varying
concentrations of NaOH
and slag content.

- SLC

- MK

- FFA

- OPC

- Waste-glass based GP

- OPC (control sample)

- High alumina cement
(control sample)

- Three different FFAs
- OPC for comparison

20

-COq-equilibrated brine with a pH
range of 4.9-5.2 was used for the
flow-through experiment.
-CO,-saturated brine flowed at 2 ml/
min, with a confining pressure of
600 psi.

GP and OPC samples were immersed
in saline water with NaCl contents
ranging from 0% to 30% for 45 days.

After curing, samples were
immersed in 0%, 8%, and 15% NaCl
solutions for 28 days.

-CSA content varied at 0%, 10%,
20%, and 30% substitution levels.
-Water mixtures included freshwater
and brine.

-Embedding steel reinforcements in
GP and OPC-based mortars of
different strengths.

-The specimens undergo curing and
exposure to wet-dry cycles in a 3.5%
Nacl solution.

-Activating solutions comprised
various soluble silicate
concentrations and KCl. -Evaluation
focused on microstructure and
bonding strength at the aggregate-
GP interface.

Investigated the interfaces between
GP and cement paste/mortar, and
pore structure of GP.

GP and OPC concrete underwent
accelerated chloride exposure (2%),
with corrosion initiation in
embedded rebar monitored.

Exposure of samples to seawater for
a period of three years.

-SLC specimens were prepared with
varying MK ratios (5%, 10%, 15%,
and 20% w/w).

-Reinforcing steel bars were
embedded in the SLC specimens.
Cured specimens underwent
durability testing (water absorption,
sorptivity, etc.) after being cured at
60 °C for 24 h and air-dried for 24 h.

Monitoring compressive strength
and mass loss at different time
intervals (over 24 months) of
exposure to HCl and H2SO4.

Subject specimens to wet-dry cycles
and ponding in 3% NaCl solution.

-Acidic brine contact raised porosity, with
secondary fractures amplifying changes.

-A decrease in porosity was observed,
possibly due to mineral deposition and
pore plugging influenced by carbonation.
-GP’s strength increased with salinity,
showing better resistance to alkali
leaching than OPC (6-66% higher UCS).
-OPC’s strength peaked at 10% NaCl, then
declines with higher levels.

In saline water curing, GPs had higher
compressive strengths due to reduced
alkali leaching, while OPCs showed a
sharp decline in strength.

Brine enhances the hydration reaction of
CSA in blended cement, resulting in the
formation of ettringite and influencing
pore content.

-High alkalinity in GPs prolonged the
active state of steel during curing.

-FFA-based GPs provided better
protection to bare steel compared to MK-
based GPs (with higher porosity).
-Geopolymeric matrices altered the
minimum chloride threshold for corrosion
initiation.

-Soluble silicates enhance bonding in GPs.

-Higher dosage results in stronger
interfaces and denser binders.

-Chloride contamination weakens
bonding, affecting mortar and concrete
strength.

GPs exhibited excellent anticorrosion
properties and efficient bonding to
cement paste due to their compact
microstructure, smaller pores compared
to OPC, and chemical stability in sea
water or air.

-GP concrete outperforms OPC in chloride
diffusion and corrosion resistance.
-Higher slag content delays chloride-
induced corrosion and enhances
protection against reinforced corrosion.

Increased NaOH concentration leads to
faster strength gain, reduced chloride
ingress (reduced chloride binding) and
reduced steel corrosion in GP.

MK enhanced the mechanical properties
of SLC, with 15% w/w exhibiting optimal
strength development, improved
corrosion resistance, and superior
microstructure.

GP concrete, both plain and fiber
reinforced, showed superior durability
compared to OPC concrete, especially in
water absorption, abrasion resistance, and
resistance to chloride, acid, and sulfate
attack.

-GP outperformed control mortars in acid
solutions, with minimal losses in mass and
compressive strength.

-GP cement’s durability is due to its stable
aluminosilicate structure and low calcium
content.

-HS04 caused faster degradation than
HCl in GP due to gypsum crystal
formation, resulting in cracking and
spalling.

-GP concrete corrodes faster than OPC
concrete due to geopolymerization and
pH reduction.

(continued on next page)
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Author(s)

Aim (s)

Materials (Precursors)

Experimental Conditions/Methods

Main achievement(s)

Javed, Shaikh and Sarker
[114]

Mayhoub, Mohsen,
Alharbi, Abadel, Habib
and Kohail [115]

Pasupathy, Sanjayan,
Rajeev and Law [116]

He, Li, Meng and Shen
[117]

Nastiti and Ekaputri
[118]

He, Wang, Fu, Wang,
Zhao, Liu, Jiang, Jia
and Zhou [119]

Yan, Xue-min, Liu, Liu
and Chen [120]

Yang, Zhang, Fu, Hou
and Dong [121]

Khalid, Lee, Park, Abbas
and Lee [122]

Murayama, Yamamoto
and Shibata [123]

concrete under different chloride
exposure conditions.

To study the influence of silica fume
on strength loss in lithium slag GP
(LSG) mortars after strong acid
exposure.

To study the impact of curing
conditions on compressive strength
and chloride binding capacity of
FFA-based GP pastes with varying
chloride levels.

To assess durability of slag-based GP
concrete in marine spray/splash
zones, compared to OPC.

To analyse the impact of NaCl and
gypsum on slag-based GP concrete
activated by quicklime.

To evaluate the impact of chloride
ions on OPC concrete coated with
FFA-based GP mortar, especially in
coastal areas

To develop a method to produce
bulk zeolites with adjustable
properties for efficient adsorption of
hazardous elements.

To assess the potential of
hydrothermal transformation of GPs
into self-supporting zeolites.

To investigate the impact of alkaline
hydrothermal activation on
Molybdenum tailings (MT)
reactivity and mechanical properties
of the resulting one-part GP.

To propose a one-step hydrothermal
method for synthesizing GP-
supported zeolites from industrial
by-products as adsorbents.

To study the mechanism of zeolite
synthesis from coal FFA via
hydrothermal reactions in different
alkali solutions.

- LSG mortars containing
sodium (Na) and
potassium (K) based
alkaline activators.

- FFA

- FFA

- OPC

- Coarse and fine
aggregates

- Slag

- FFA

- OPC

- MK

- Amorphous Al,03-SiO2

powder combined with

DW or silicate solutions.

- MT

- Slag

- FFA

- Slag

- FFA
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The mortars were exposed to 5%
sulphuric and hydrochloric acid
solutions separately for 60 days.

-Preparation of FFA GP pastes with
different chloride contents (1%, 2%,
and 4%).

-Application of different curing
regimes: normal, oven, steam, and
microwave.

Slag-based GP and OPC concrete
blocks were placed in a marine
environment in southern Australia,
each with steel bars at specific
depths.

Various combinations of NaCl and
gypsum were added to the GP
concrete mixtures to observe their
effects.

Coatings of varying thickness (2.5
cm, 4 cm, and 6 cm) were applied to
OPC concrete, exposed to a marine
environment with seawater curing
for 90 days.

Varying hydrothermal conditions
and initial Na/K ratios were applied
to control phase compositions.

GP samples were synthesized via a
sol-gel method, then cured at 60 °C
for 24 h and hydrothermally treated
at 90 °C for 6 h.

-Alkaline hydrothermal activation
was conducted on MT to promote
silicon dissolution and alter its
structure.

-One-part GPs were then prepared by
adding water to activated MT and
slag.

Different synthesis conditions and
parameters such as hydrothermal
treatment time, temperature/
pressure, and slag content were
investigated.

Conducted hydrothermal reactions
in an autoclave to synthesize zeolite
from coal FFA.

-Chloride diffusion in GP concrete is
influenced by porosity.

-The CaO content in GP concrete affects
chloride binding capacity by producing
C-A-S-H gel, which adsorbs chloride
ions, reducing ingress.

-Na-activated LSGs resist acids better than
K-activated ones.

-Silica fume densifies the microstructure,
reducing strength loss in acidic
conditions.

-Microstructural analysis shows calcium
sulfate crystal formation and aluminum
leaching, deteriorating the
aluminosilicate gel.

-Thermal curing enhanced the
geopolymerization process, reduced
unreacted grains, promoted a denser
microstructure, and reduced chloride
ingress.

-Increased humidity during curing led to a
compact microstructures and enhanced
chloride binding capacity.

GP exhibited higher porosity, increased
susceptibility to chloride penetration,
greater scaling effect, and higher
vulnerability to sulfate attack compared
to OPC.

-NaCl and gypsum increased GP’s
compressive strength and significantly
improved sulfate corrosion resistance.
-NaCl and gypsum combination led to the
generation of Friedel’s salt, Kuzel’s salt,
and NaOH, further enhancing strength.
-Coating OPC concrete with GP enhanced
compressive strength in seawater, with a
4 cm thickness recommended for optimal
performance.

-The coating effectively binds chloride
ions, preventing their ingress into sound
concrete.

-Analcime formation from GP was
facilitated by alkaline conditions and high
temperature.

-Zeolite phase compositions tailored by
adjusting Na/K ratio.

-GP and resulting zeolite adsorbed Cs™
and Sr?* via ion exchange and
chemisorption.

-Geopolymerization can induce zeolite
nucleation with proper Si/Al ratio, water
usage, and reaction conditions.
-Hydrothermal transformation of
Al>03-2Si02-NayO GPs yielded NaA
zeolites.

-Similar coordination structures were
found in Al;03-2Si02-Na0 GPs and NaA
zeolites.

-Alkaline hydrothermal activation
enhanced silicon dissolution and modified
quartz properties in MT, forming
amorphous sodium aluminosilicate.

-This altered MT morphology, increasing
its chemical activity and improving
resulting GP’s mechanical properties.
-Higher slag content favoured
compressive strength development but
decreased zeolite content and BET surface
area.

-GP-supported zeolites exhibited higher
volume of mesopores, crucial for
adsorption capacity.

-Zeolite P and chabazite were primarily
synthesized from coal FFA.

(continued on next page)
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Author(s)

Aim (s)

Materials (Precursors)

Experimental Conditions/Methods

Main achievement(s)

Examined changes in physical and
chemical properties of the obtained

-Alkali hydrothermal reaction involved
three steps: Si** and Al** dissolution,

zeolites. condensation of silicate and aluminate
ions to form aluminosilicate gel, and
zeolite crystallization.
-OH- aided Si* and Al** dissolution, while
Na* facilitated zeolite P crystallization.
-Na* concentration predominantly
controlled zeolite synthesis rate.
-Crystallization rate decreased with
increasing K* concentration in the
presence of Na*.
FFA: Class-F Fly ash CFA: Class-C Fly ash MK: Metakaolin.
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