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Full Length Article
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A B S T R A C T

While ensuring the long-term integrity of wellbore sealants is critical for the success of geological carbon storage 
(GCS), the chemical degradation of conventional materials under CO₂-rich conditions remains a major challenge. 
This study investigates the carbonation behavior of a one-part granite-based geopolymer, integrating a novel 
pore-scale simulation framework with experimental validation. A new model, ReacSan, is developed to simulate 
CO₂ transport and carbonation reactions within the evolving microstructure of the geopolymer under GCS- 
relevant conditions. The framework incorporates CO₂ dissolution using the Redlich–Kwong equation of state, 
gel dissolution via transition state theory, ion transport using the Lattice Boltzmann Method, and chemical re
actions through thermodynamic modeling. The model was validated through experiments exposing equivalent 
geopolymer samples to CO₂ under in-situ conditions. The experimentally observed rapid carbonation, leading to 
a decrease in pore fluid pH and the precipitation of CaCO₃ matched the numerical simulations well, demon
strating the ability of the novel ReacSan framework to capture both temporal and spatial variations in the 
microstructure and carbonation mechanisms of alkali-activated materials (AAMs) exposed to supercritical CO₂. 
Based on the demonstrated validity of the model, the model is capable of providing detailed predictions of 
carbonation progression of AAMs or any other sealants over longer time- and length-scales required to ensure 
long-term GCS integrity.

1. Introduction

The increasing concentration of greenhouse gases, particularly car
bon dioxide (CO2), in the atmosphere has necessitated the development 
of effective strategies for mitigating climate change (Echevarria Huaman 
and Jun, 2014; Wennersten et al., 2015). Carbon Capture and Storage 
(CCS) has emerged as a critical component in this effort, with the 
Intergovernmental Panel on Climate Change (IPCC) highlighting the 
potential of geological carbon storage (GCS) to stabilize atmospheric 
CO2 levels (Stocker, 2014; Field and Barros, 2014). GCS involves the 
injection and storage of captured CO2 in underground geological res
ervoirs such as depleted oil fields and saline aquifers (Liu et al., 2025; 
Liu et al., 2025). However, the long-term success of this approach 
heavily depends on the integrity of wellbore sealants, which are crucial 

for preventing CO2 leakage over extended periods (Iyer et al., 2022; Bai 
et al., 2016; Hajiabadi et al., 2023; Kiran et al., 2017). Conventional 
wellbore sealants, predominantly composed of Ordinary Portland 
Cement (OPC), face significant challenges in CO2-rich environments. 
OPC is prone to chemical degradation and brittle mechanical failure 
under such conditions, leading to increased porosity and permeability, 
which compromise its sealing effectiveness (Raza et al., 2015; Barlet
gouedard et al., 2009; Turner and Collins, 2013). These limitations have 
driven research into alternative materials, including calcium sulfoalu
minate cement, calcium aluminate cement, and alkali-activated mate
rials. Among the latter, geopolymers have shown particular promise due 
to their superior resistance to acidic environments, enhanced durability, 
and adaptability to harsh conditions (Nasvi et al., 2016; Nasvi et al., 
2014; Bakharev, 2005; Ahmad et al., 2020).
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Recently developed rock-based geopolymers, incorporating mate
rials such as granite and aplite, have gained attention for their suitability 
in downhole applications for GCS and H2S rich environments (Khalifeh 
et al., 2017; van Noort et al., 2024). These materials exhibit desirable 
properties, including favorable setting behavior, low permeability, 
strong bonding with steel and geological formations, superior mechan
ical performance (higher strength-to-modulus ratios), minimal chemical 
shrinkage, and compatibility with oil-based drilling fluids (Hajiabadi 
et al., 2023; Eid et al., 2021; Hajiabadi et al., 2024). In addition, their 
widespread availability, cost-effectiveness, and low carbon footprint 
underscore their potential as a sustainable alternative to traditional 
cementitious materials, making them particularly promising for 
large-scale adoption in GCS projects.

The work presented here focuses on one such geopolymer, a one-part 
formulation based on granite, containing slag, micro-silica, K2SiO3, and 
KOH as its constituents. The main reaction products in this complex 
system are sodium/potassium aluminosilicate hydrates (N, K)-A-S-H). 
The frequent co-existence of calcium aluminosilicate hydrates (C-A-S- 
H) with (N, K)-A-S-H gels has been shown to significantly enhance their 
mechanical properties (Hajiabadi et al., 2023). Furthermore, 
micro-silica aids the geopolymerization process by optimizing the Si/Al 
ratio. This adjustment promotes the formation of critical nucleation 
sites, leading to a significant reduction in the permeability of geo
polymers (Hajiabadi et al., 2025; Hajiabadi et al., 2023).

This geopolymer was also engineered to have a relatively low cal
cium content, to ensure reduced reactivity and greater stability under 
CO2-rich conditions. Experimental studies have demonstrated this by 
exposing samples to both clean and impure CO2 in the presence of water 
(van Noort et al., 2025; van Noort et al., 2025). While some Ca-leaching 
occurs, the structural integrity remains largely unaffected, and degra
dation is negligible under wet supercritical CO2 conditions (van Noort 
et al., 2025). Hajiabadi et al. conducted microstructural analyses, 
including XRD, SEM-EDS, and FTIR, revealing the formation of distinct 
zones within CO2-exposed geopolymers, such as a leaching front, 
carbonated zone, carbonation front, and unaltered zone. Increased 
crystallinity in the carbonated zone, associated with the formation of 
calcium carbonate polymorphs, enhances mechanical properties, while 
stronger Si-O-(Si, Al, K) bonds improve the network connectivity of the 
geopolymer (Hajiabadi et al., 2025; Hajiabadi et al., 2023). Thermal 
shock tests on the geopolymer sealant also showed only a minor 
decrease in compressive strength, particularly when brine was used as 
the containment fluid (Hajiabadi et al., 2024). Overall, these findings 
support the suitability of this sealant for the downhole application.

With the advancement of computational tools, numerical simula
tions have also become an alternative path to understand the chemical 
and physical properties of this material and microstructural changes due 
to its exposure to CO2 under well conditions. Most existing numerical 
models for reactive transport operate at the macroscale and are pri
marily focused on capturing bulk phenomena such as leakage pathways, 
cracking, and material degradation (Xu et al., 2011; Gherardi et al., 
2012; Jacquemet and des S, 2025). Xu et al. introduced TOUGHREACT, 
a simulation model for multiphase reactive geochemical transport in 
saturated geologic media (Xu et al., 2006). This program can be applied 
to many geologic systems and environmental problems, including 
geothermal systems, diagenetic, and weathering processes in homoge
neous and heterogeneous porous media (Xu et al., 2006). However, this 
model is used at the macro to meso scale; as a result, this simulation 
framework needs inputs such as porosity, permeability, and tortuosity 
(Xu et al., 2006; Xu et al., 2011). These inputs are either estimated by 
conducting a dedicated experiment or from an empirical relation, which 
also has limited applicability. Similarly, there are other continuum scale 
modeling frameworks such as CrunchFlow, HYTEC, and OpenGeoSys, 
which also simulate the reaction and transport; however, these also 
require pore structure and microstructure characteristics as input 
(Steefel et al., 2015; van der Lee et al., 2003; Steefel and Yabusaki, 
2000). These models, while invaluable for understanding large-scale 

behaviours, do not account for the intricate pore-scale interactions 
that govern such macroscopic performance. Raoof et al. proposed a 
pore-scale reaction transport model by generating the pore network of 
the OPC-based sealants by the Complex Pore Network Model and 
simulated the carbonation of the OPC under CO2 storage conditions 
(Raoof et al., 2012). However, Raoof et al. assumed Portlandite as the 
only reactive phase in the system. Notably, most of the available models 
have only been applied to OPC-based concrete and have not been 
developed and/or applied to alkali-activated materials (Marty et al., 
2009). Additionally, a few models have been developed that incorporate 
ion transport, dissolution-precipitation reactions, and microstructural 
reorganization, especially for the geopolymer-based sealants exposed to 
GCS well conditions.

To bridge this gap, the objective of the present study is to develop a 
novel numerical modeling framework, ReacSan, to simulate physical 
and chemical changes in this newly developed rock-based geopolymer 
exposed to underground well conditions. ReacSan uses 3D microstruc
tural input to estimate CO2 dissolution into pore solution under elevated 
temperature and pressure using a thermodynamics framework. Ion 
transport within the microstructure is simulated using the Lattice 
Boltzmann Method (LBM). Lastly, the model was coupled with a ther
modynamic model (GEMS) to model the precipitation of the different 
reaction products. Complementary experiments were conducted by 
exposing the sealant material to supercritical CO2 and measuring the 
depth of carbonation at different times, which was also used to compare 
the modeling results. Microstructural characterization using a scanning 
electron microscope (SEM) was also performed to study the micro
structure of the CO2-exposed geopolymer, and compare it with the 
model outputs.

The structure of this article is as follows: Section 2 presents the 
description of different modules and formulations used in the numerical 
model. Section 3 outlines the materials and experimental methods, and 
Section 4 discusses the simulation results and their comparison with 
experimental findings.

2. Numerical simulation model

Fig. 1 illustrates the overall flowchart for the reaction transport 
simulation framework ReacSan. The ReacSan model primarily consists 
of five components: 1) Input microstructure and hydration products, 2) 
CO2 dissolution, 3) Gel dissolution, 4) Ion transport, and 5) Precipitation 
of reaction products. In the first module, the input microstructure, which 
contains the 3D distribution of different phases (unreacted raw materials 
and hydration products), is taken as input. This 3D microstructure of the 
hydrated one-part geopolymer was generated using Geomicro3D (Gupta 
et al., 2025). Next, the dissolution of CO2 and of the binding gel in the 
pore solution is modeled in modules 2 and 3. Following the dissolution 
step, the ions transport module is utilized to diffuse the ions in the 
microstructure of the paste (module 4). Lastly, the precipitation and 
growth of different reaction products in the microstructure of the paste 
are modeled in module 5. At that point, the model returns to module 2 
and repeats the cycle until the target simulation time is reached. An 
elaborate description of the five different modules is given in the 
following sections.

2.1. Initial simulation input

The starting point for the ReacSan framework is a 3D microstructure 
of the paste. This input microstructure should capture the spatial dis
tribution of key phases, including hydration products, pores, and 
unreacted particles, along with the pore connectivity. For this work, the 
input microstructure is derived from GeoMicro3D, a hydration and 
microstructure modeling platform for alkali-activated materials (Gupta 
et al., 2025; Chen, 2024; Zuo and Ye, 2021). GeoMicro3D has previously 
demonstrated its capability to successfully simulate the reaction kinetics 
and microstructural evolution of one-part geopolymer systems (Gupta 
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et al., 2025). In this context, GeoMicro3D models the dissolution of 
various precursors and the activator by incorporating experimentally 
determined dissolution rates (Gupta et al., 2025; Zuo and Ye, 2021). This 
dissolution process is coupled with ion transport and nucleation models 
to thermodynamically predict both the quantity and type of reaction 
products, as well as their spatial distribution within the 
three-dimensional domain. The microstructure and associated chemical 
data produced by GeoMicro3D have been validated against experi
mental observations. The input contains volume fractions of different 
reaction products, which include C-(N, K)-A-S-H gel, hydrotalcite-like 
phases MA-OH-LDH, zeolites such as natrolite and NAT(K), unreacted 
raw materials, mainly slag, micro-silica, and granite (Gupta et al., 2025). 
The pore solution contains the equilibrium concentration of Ca, Al, Si, K, 
Na, and Mg obtained from the GeoMicro3D. The pictorial representation 
of the input is shown in Fig. 2. The entire simulation domain size is 150 
µm, with a resolution of 1 µm for each voxel.

Notably, the simulation input for the reaction transport framework 
can also be taken from any other existing numerical simulation platform, 
such as HYMOSTRUC, µic, or CEMHYD3D, or from X-ray computed to
mography (XCT) scanning (Ye, 2003; Van Breugel, 1993; Bentz, 1997; 
Gupta et al., 2022).

2.2. CO2 dissolution

In order to calculate the solubility of CO2 in the pore solution of 
cement paste at high temperature and pressure, an approach proposed 

by Choi and Nesic is used (Spycher et al., 2003; Redlich and Kwong, 
1949; Choi and Nešić, 2011). This thermodynamic model equates the 
chemical potential of H2O and CO2 using the Redlich–Kwong (RK) 
equation of state (EOS) (Redlich and Kwong, 1949). At the equilibrium 
condition, the activity (ai) of the components (i) in the liquid phase, 
would be equal to fugacity (fi) of the gas components (i). This equilib
rium relation is defined by true equilibrium constants (Ki) for the 
component (i) as given below: 

KH2O =
fH2O (g)

aH2O (l)
(1) 

KCO2 =
fCO2 (g)

aCO2 (l)
(2) 

The fugacity (fi) can be written in terms of pressure (P), fugacity 
coefficient (∅i) and mole fraction (yi of component i in gas) as: 

fi = ∅iyiP (3) 

The equilibrium constants are dependent on temperature (T) and 
pressure (P) and can be written as: 

K(T,P) = K0
(T,P0)

exp

⎛

⎝

(
P − P0

)
V
̿

i

RT

⎞

⎠ (4) 

Where P0, R and V
̿
i are the reference pressure (1 bar), gas constant, and 

Fig. 1. The overall flowchart of the ReacSan modeling framework.
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average partial molar volume of the pure component i over the pressure 
interval P0 to P, respectively. Combining Eq. (4), Eq. (3) and Eq. (1), yH2O 
(mol fraction of H2O in gaseous phase) can be written as: 

yH2O =
K0

H2O.aH2O

∅H2OP
exp

⎛

⎝

(
P − P0

)
V
̿

H2O

RT

⎞

⎠ (5) 

Considering Raoults law, the water activity can be approximated by 
its mole fraction in the water phase (xH2O = 1 − xCO2 ). Accordingly, Eq. 
(5) can be rewritten as: 

yH2O =
K0

H2O.(1 − xCO2 )

∅H2OP
exp

⎛

⎝

(
P − P0

)
V
̿

H2O

RT

⎞

⎠ (6) 

Similarly, combining the equations for CO2, by considering the aCO2 

= 55.50xCO2 (Choi and Nešić, 2011), the mole fraction of CO2 in liquid 
phase can be written as: 

xCO2 =
∅CO2

(
1 − yH2O

)
P

55.50.K0
CO2

exp

⎛

⎝

(
P − P0

)
V
̿

CO2

RT

⎞

⎠ (7) 

K0
CO2

and K0
H2O are functions of temperature, and their expression can be 

found in (Choi and Nešić, 2011). The fugacity coefficients (∅CO2 and 
∅H2O) is calculated using the volume of the compressed gas phase (V) 
using the equation given below: 

ln(∅m) = ln
(

V
V − bmix

)

+

(
bk

V − bmix

)

−

(
2
∑n

i=1yiaim

RT1.5bmix

)

ln
(

V + bmix

V

)

+
bmamix

RT1.5b2
mix

[

ln
(

V + bmix

V

)

−
bmix

V + bmix

]

− ln
(

PV
RT

)

(8) 

Here a and b represent the intermolecular attraction and repulsion 
factor respectively. amix and bmix are mixture constants for CO2 and water 

mixtures. The calculation amix and bmix and values of a and b can be found 
in (Choi and Nešić, 2011). The volume of the compressed gas phase (V) 
is estimated using the Redlich–Kwong (RK) EOS as given below: 

P =
RT

V − b
−

(
a

T0.5V(V + b)

)

(9) 

Solving the above equations allow estimation of the CO2 mole frac
tion in the pore solution under different temperature and pressure 
conditions, as shown in Fig. 3.

Fig. 2. Inputs required for the ReacSan (a) microstructure of the paste, (b) deposition of the different phases (c) volume fraction of phases and pore solution 
composition.

Fig. 3. Solubility of CO2 in pore solution estimated at different temperatures 
and pressures.
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2.3. Gel dissolution

As a result of increasing carbonate ion concentration in the pore 
solution, Ca and Mg carbonates start to precipitate, which reduces the Ca 
and Mg ion concentrations in the pore solution. This disturbs the 
chemical equilibrium between reaction products and pore solution, 
leading to dissolution of certain phases and the decalcification of C-(N, 
K)-A-S-H gel. The dissolution kinetics of these different reaction prod
ucts are modelled using the Transition state theory (Löher et al., 2025; 
Lasaga, 1981). According to this theory, the dissolution rate (rχ) of any 
phase χ can be written as: 

rχ = r+χ

(

1 −

(
IAPχ

Kspχ

)1/σ)

(10) 

■ rχ : Overall dissolution rate (mol/m2s).
■ r+χ : Forward dissolution rate (far from equilibrium dissolution rate 

(mol/m2s)).
■ IAPχ : Ion activity product for the phase χ
■ Kspχ : Solubility product of the phase
■ σ: Ratio of dissolution rate of the activated complex relative to the 

overall reaction rate.

The dissolution equation for any phase can be represented by the 
dissociation of its constituent ions. An example of C-K-A-S-H, MA-OH- 
LDH and NAT(K) are given below: 

(CaO)(Na2O)0.34(Al2O3)0.15(SiO2)1.18(H2O)1.3 ↔ Ca2+ + 1.18SiO2−
3

+ 0.31AlO−
2 + 0.68Na+ + 1.3H2O (11) 

(MgO)4(Al2O3)(H2O) + 2H2O ↔ 4Mg2+ + 2AlO−
2 + 6OH− (12) 

(K2O)(Al2O3)(SiO2)3(H2O)2 + 6OH− ↔ 2K2+ + 2AlO−
2 + 3SiO2−

3 + H2O
(13) 

Different researchers have conducted dissolution tests for C-S-H gel 
with different Ca/Si ratios at different pH levels (De Windt et al., 2008; 
Trapote-Barreira et al., 2014). Furthermore, some mathematical models 
have been proposed to estimate the forward dissolution rates (Marty 
et al., 2015). The forward dissolution rates (r+χ ) estimated from the 
literature vary in a range from 1e-9 to 1e-6 (mol/m2s) (De Windt et al., 
2008; Trapote-Barreira et al., 2014; Marty et al., 2015). Due to a very 
fine resolution of the voxels (1 µm), higher time steps will result in 
numerical instability in the ion transportation model, hence a lower r+χ 

would require a very high computation steps and thus increase the 
simulation time. Therefore, in the current work, a relatively higher 
forward dissolution rate of 1e-6 (mol/m2s) is used for all the reaction 
products. Notably, in the current study phases present in the granite 
such as plagioclase or (K-) feldspar which might react with CO2 at a very 
slow rate relative to the hydration products are assumed to be 
unreactive.

2.4. Ion transport model

Following the gel dissolution step, the ion transport module is used to 
simulate the transport of different ionic species in the microstructure. As 
cementitious seals in underground wells are typically under saturated 
conditions, only diffusive transport is considered. In this study, the 
Lattice Boltzmann method (LBM) with a cubic lattice with D3Q7 
configuration is used. A multi-relaxation time (MRT) approach, which 
allows distribution functions in different directions to evolve at different 
relaxation rates, is used in this study (Li et al., 2013; Yoshida and 
Nagaoka, 2010; Chai et al., 2016). The distribution functions for ion i by 
LBM-MRT can be written as: 

gi(x+ ciδt, t+ δt ) = gi(x, t) −
(
M− 1SdM

)

ij

[
gj(x, t) − geq

j (x, t)
]

+ δt
[

M− 1
(

I −
Sd

2

)

M
]

ij
Sj (14) 

Where i and j are the diffusion directions ∀i, j ∈ [0, 6]. ci denotes the 
discrete velocity at x and time t, and can be written as δx/δt, where δx 
and δt represent the lattice spacing and time. geq

j (x, t) denotes the 
equilibrium distribution function, which can be written as: 

geq
j (x, t) = ωiC (15) 

where ωi is the weight coefficient (ωi = 1
7∀i ∈ [0, 6]), and C is the con

centration of ions at any lattice node. I, M and Sd represent the identity 
matrix, transformation matrix, and diagonal relaxation matrix, respec
tively, which are given in Eq. (15) and (16). 

M =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

1 1 1 1 1 1 1
0 1 − 1 0 0 0 0
0 0 0 1 − 1 0 0
0 0 0 0 0 1 − 1
6 − 1 − 1 − 1 − 1 − 1 − 1
0 2 2 − 1 − 1 − 1 − 1
0 0 0 1 1 − 1 − 1

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(16) 

Sd =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

s0 0 0 0 0 0 0
0 s1 0 0 0 0 0
0 0 s1 0 0 0 0
0 0 0 s1 0 0 0
0 0 0 0 s2 0 0
0 0 0 0 0 s2 0
0 0 0 0 0 0 s2

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(17) 

Where si is the relaxation parameter for the ith moment of the distribu
tion function, such that s0 = 0, s1 = 1/τ, and s2 = 1 − s1. τ is the 
relaxation time, which is related to the diffusion coefficient (D) as: 

D =
1
2

(

τ − 1
2

)
δx2

δt
(18) 

Sj in Eq. (14) is the source term in the jth direction, which can be 
expressed in terms of source term S as: 

Sj = ωiS (19) 

The source term takes into account the amount of ions dissolved and 
consumed in product formation at any step. The concentration of ions at 
any lattice node can be written as: 

C(x, t) =
∑6

i=0
gi(x, t) (20) 

The diffusion of SiO2−
3 , AlO−

2 , Ca2+, Mg2+, K+, Na+, CO2, CO2−
3 and 

HCO−
3 is considered in the current study, with their diffusion coefficients 

taken from (Perry, 1950; Zoski, 2006; Huang, 2014; Cussler, 2009) and 
listed in Table 1. The amorphous gel phase (alkali 
calcium-aluminosilicate hydrate, C-(N, K)-A-S-H gel) is considered 
diffusive with a relative diffusion coefficient of 0.0025. In contrast, the 
precursors, the activator, and the secondary crystal reaction products 
(crystals) are considered non-diffusive. The bounce-back condition is 
applied to completely non-diffusive lattice nodes. Periodic boundary 
conditions are implemented for all ions across the top-bottom, and 
front-back surfaces, ensuring that the ions diffusing out from the top 
surface re-enter from the bottom surface and vice versa. For ions which 
were present previously (i.e. SiO2−

3 , AlO−
2 , Ca2+, Mg2+, K+ and Na+) 

bounce back condition is applied on the left-right faces. For CO2 constant 
concentration boundary condition is applied on the left face, while a 
zero-flux condition is maintained on the right face using the 
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bounce-back scheme. For CO2−
3 and HCO−

3 (which comes from the ion 
equilibrium with CO2), a bounce back condition is applied on the left 
face, while a zero-flux condition is applied on the right face.

2.5. Nucleation and precipitation

The concentration of the different ions in the solution increases due 
to the dissolution of different phases, and the increase in the carbonate 
concentration. As a result, the pore solution becomes supersaturated 
with respect to different reaction products, and these products start to 
nucleate in the microstructure of the paste. In the current study, the 
reaction products are mainly divided into two categories, which are 
carbonates and silica gel. Carbonates are mainly composed of Ca and Mg 
carbonates, where Ca and Mg derive from the decalcification of the C-(N, 
K)-A-S-H gel and from hydrotalcite-like phases. The silica gels, which are 
mainly formed after the decalcification of the C-(N, K)-A-S-H gel, are 
represented by a number of zeolites. Thermodynamic calculations have 
been performed using the thermodynamic modeling platform GEMS- 
selector V3 (Wagner et al., 2012; Kulik et al., 2012). The thermody
namic database used in the model includes the CEMDATA18 database 
reported in (Lothenbach et al., 2019), and the zeolites21 databases as 
reported in (Ma and Lothenbach, 2021; Ma and Lothenbach, 2020). The 
ion activity coefficients in the GEMS- Selector employ the extended 
Debye-Huckel equation (Wagner et al., 2012; Kulik et al., 2012): 

log10

(
γj

)
=

− Aγz2
j

̅̅
I

√

1 + ȧBγ
̅̅
I

√ + bγI + log10

(
xjw

Xw

)

(21) 

Where: 

○ γj- the activity coefficient
○ zj- charge of the ions
○ j- the aqueous species
○ Aγ , Bγ- the electrostatic parameters
○ I- the ionic strength
○ xjw- the mole quantity of water
○ Xw- the total mole amount of the aqueous phase
○ ȧ- the average ion size
○ bγ- the parameter for common short-range interactions of the 

charged species

The extended Debye-Hückel expression is applied under the 

assumption of low to moderate ionic strength of 1–2 molal, with fixed 
ion-size parameters and without accounting for short-range interactions 
or complexation effects. The thermodynamic data for different carbon
ates and zeolites used in this study are given in Table 2 (Ma and Loth
enbach, 2021; Ma and Lothenbach, 2020; Ma and Lothenbach, 2020).

3. Materials and experimental methods

3.1. Materials

A one-part geopolymer formulation was developed using a dry-mix 
method, targeting a low-calcium aluminosilicate matrix (CaO < 10 wt. 
%). The precursor blend included ground granite (sourced from south
western Norway, 5–150 μm), granulated blast furnace slag (quenched 
GGBFS), and high-purity amorphous micro-silica. Key physical param
eters such as particle size distribution, density, surface area (BET), and 
bulk composition (via XRF) are summarized in prior work (Hajiabadi 
et al., 2025).

Activation was achieved using anhydrous potassium silicate (molar 
modulus ratio ~3.9), with supplementary additions of aluminum hy
droxide and potassium hydroxide to optimize the Si/Al ratio and 
enhance the dissolution rate, respectively. The complete formulation, 
comprising aluminosilicate precursors, solid activators, and distilled 
water (water-to-solid ratio of 0.33 by weight), is detailed in (Hajiabadi 
et al., 2025).

3.2. Exposure to CO2

Verification of the model presented here was achieved through 
comparison with experimental studies (van Noort et al., 2025). Van 
Noort et al. exposed samples of the rock-based geopolymer studied here 
to wet supercritical CO2 at pressure and temperature conditions typi
cally expected during geological carbon storage (80 ◦C and 10 MPa 
CO2-pressure) (van Noort et al., 2025). These experiments were per
formed with durations of 4, 8, and 16 weeks (van Noort et al., 2025). 
Reacted microstructures were studied using SEM (with EDS). To further 
validate the model, additional tests were performed exposing sample 
cylinders to wet supercritical CO2 for shorter durations. In these tests, 
single, water-saturated cylinders of the cured geopolymer sealant (ø 12 
mm, and length 30 mm – from the same sample batch as used in (van 
Noort et al., 2025)) were placed in a small titanium pot, which was 
subsequently placed in an externally-heated pressure vessel (internal 

Table 1 
Diffusion coefficient of different ions.

Ions SiO2−
3 AlO−

2 Ca2+ Mg2+ K+ Na+ CO2 HCO−
3 CO2−

3

Dref (m2/s) 0.7 × 10–9 0.6 × 10–9 0.72 × 10–9 0.71 × 10–9 1.96 × 10–9 1.33 × 10–9 1.96 × 10–9 1.1 × 10–9 0.9 × 10–9

Table 2 
Thermodynamic properties of phases included as the products for modelling.

Phase V0 (cm3/mol) Δf H0 (kJ/mol) Δf G0 (kJ/mol) S0 (J/mol.K) C0
p (J/mol.K)

Scolecite (CaAl2Si3O10⋅3H2O) 172.42 − 6011.6 − 5560.52 367 383
Analcime (Na2(AlSi2)2O2(H2O)2) 194.8 − 6575.8 − 6139.70 469 425
Chabazite (Na) (Na2(Al2Si4)O12.6(H2O)) 249.9 − 7808.3 − 7117.55 548 578
Chabazite (K) (K2Al2Si4O12.4(H2O)) 252.9 − 7228.7 6686.63 607 564
Chabazite (Ca) (Ca(Al2Si4)O12.6(H2O)) 247.6 − 7806.7 − 7144.01 581 617
Heulandite (K) (K2.22Al2.22Si6.78O18.4.7(H2O)) 324.8 − 10,289.3 − 9487.07 586 665
Heulandite (Ca) (Ca1.07Al2.14Si6.86O18.4.4(H2O)) 317.8 − 10,118.6 − 9353.66 541 611
Stilbite (K) (K2.2Al2.2Si6.8O18.4.8(H2O)) 316.7 − 10,301.1 − 9505.55 630 669
Stilbite (Ca) (Ca1.11Al2.22Si6.78O18.6.8(H2O)) 327.4 − 10,815.6 − 9944.75 748 782
Calcite (CaCO3) 36.9 − 1207 − 1129 92.7 81.9
Huntite (CaMg3(CO3)4) 123 − 4533 − 4206 300 310
Artinite (Mg2(OH)2(CO3)(H2O)3) 96.2 − 2921 − 2568 233 248
Hydromagnesite (Mg5(OH)2(CO3)4(H2O)4) 208.8 − 6514.9 − 5864.2 503.7 526.6
Nesquehonite (MgCO3(H2O)3) 74.8 − 1977.3 − 1723.7 195.6 237.8
Magnesite (MgCO3) 28.0 − 1113 − 1029.5 65.7 75.8
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volume 100 ml). A small quantity of demineralized water was then 
added to the vessel (without direct contact with the sample), and the 
vessel was sealed with a Teflon O-ring. Then, the vessel was pressurized 
with CO2, and heated through an external heating sleeve controlled by a 
thermocouple placed inside the vessel, near the sample, to 80 ◦C and 
8–10 MPa. Once the sample had been exposed for the intended duration, 
the heating was switched off to allow the sample to cool. The remaining 
pressure was then carefully released to prevent sample damage, and the 
sample was retrieved. During one test, a pressure loss was observed 
approximately 1.5 h after the start of the experiment, and the pressure 
gradually decreased. Further heating was discontinued, and the sample 
was exposed to elevated temperatures for approximately 3.5 h; tem
perature and pressure profiles were measured. The retrieved samples 
were wrapped tightly in parafilm and then sealed in a ziplock bag until 
the phenolphthalein test was performed.

The carbonation depth of cement paste samples was determined 
using the phenolphthalein indicator test. Following exposure, the sam
ples were split, and phenolphthalein solution (1 % in ethanol) was 
sprayed on the freshly fractured surface. The uncarbonated regions 
turned pink, while the carbonated areas remained colorless

3.3. SEM analysis

Microstructural imaging and elemental mapping were conducted 
using scanning electron microscopy (SEM) on two advanced in
struments: the Zeiss Supra 35VP and the JEOL JSM-IT800. Both systems 
were equipped with backscattered electron (BSE) detectors and energy- 
dispersive X-ray spectroscopy (EDS) for compositional analysis.

Cross-sectional samples were taken from two depths: the upper re
gion, fully exposed to reactive fluid, and the central region, primarily 
affected by radial diffusion. One disc from each location was designated 
for SEM-EDS analysis.

Prior to imaging, samples were dried at 40 ◦C and stored under 
vacuum for 24 h to minimize moisture-related artifacts. Due to the small 
specimen size, the analysis was limited to comparing the upper and 
central sections rather than isolating finer chemical gradients or reac
tion zones.

4. Results and discussion

This section will discuss the results from the numerical simulation, 
experiments, and their comparison.

4.1. Modeling observations

Fig. 4 plots the pH and relative concentrations of different carbonate 
species in the pore solution at an intermediate stage of carbonation. It is 
apparent from Fig. 4(a) that the pH of the pore solution dropped dras
tically up to the carbonation depth with the penetration of CO2 through 
the microstructure. As the CO2 dissolves in the pore solution, it disso
ciates into HCO−

3 and CO2−
3 and the concentrations of these individual 

species is dependent on the pH of the solution. From Fig. 4(a), it can be 
seen that the pore solution has majorly three ranges of pH, viz, low pH, 
medium pH, and high pH. Fig. 4(c–e) plot the relative concentrations of 
different carbonate species, showing that H2CO3 is the main species of 
CO2 in the low pH zone, while HCO−

3 dominates in the medium pH zone, 
and CO2−

3 dominates in the high pH zone. Fig. 4(b) plots a qualitative 
variation of the concentration of different carbonate species with pH. 
The equilibrium constant for the dissociation of the H2CO3 (given in Eq. 
(22)) is approximately 4.3 × 10− 7 which makes HCO−

3 the dominant 
species in slightly acidic to neutral solutions (pH ~6–9). The second 
dissociation (given in the Eq. (23)) has an equilibrium constant of 4.8 ×
10–11 which predominates only in alkaline solutions (pH > 9). Hence, 
the current numerical modeling can capture the drop of pH as well 
transition of different carbonate species with pH (Raoof et al., 2012). 

H2CO3
↼
⇁

H+ + HCO−
3 (22) 

HCO−
3 = H+ + CO2−

3 (23) 

Fig. 5(a) plots the phase assemblage of the one-part geopolymer due 
to carbonation as obtained from the numerical simulation. Due to a drop 
in the pH, the original hydration products (C,(N, K)-A-S-H, MA-OH-LDH, 
natrolite, and NAT(K)) start to disintegrate and dissolve into the pore 
solution, and then react with carbonate ions to precipitate carbonates 
and silica gels (outlined in Table 2). For the current material, the C-(N, 
K)-A-S-H gel is mainly composed of INFCK 

Fig. 4. (a) pH of the pore solution obtained from the model, (b) qualitative variation in concentration of carbonate species with pH, (c) relative concentration of 
H2CO3 in the pore solution, (d) relative concentration of HCO−

3 in the pore solution, (e) relative concentration of CO2−
3 in the pore solution.
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((CaO)1(K2O)0.3125(SiO2)1.5(H2O)1.1875) and INFCKA ((CaO) 
(K2O)0.34375(Al2O3)0.15625(SiO2)1.1875(H2O)1.3) (Gupta et al., 2025). As 
the CO2 penetrates through the microstructure of the paste, first the 
MA-OH-LDH and natrolite, and NAT(K) start to react and transform to 
carbonates and other silica gel. This is in much agreement with the 
literature, as Ke et al. (Ke et al., 2020) and Farnaz et al. (Aghabeyk et al., 
2024) conducted a thermodynamic study about the phase changes due 
to carbonation and observed that hydrotalcite-like phases convert to 
carbonated hydrotalcite and ultimately convert to magnesium carbonate 
and silica gels. Further, the decalcification of the C- (N, K)-A-S-H gels 
takes place, leading to the formation of calcium carbonates. It can be 
seen from Fig. 5(a) that initially, chabazite (K) is the main silica gel 
formed (with a Si/Al ratio of 2), which then further converts to stilbite 
(with a Si/Al ratio of approx. 3) as carbonation continues. The initial 
precipitation of low-Si/Al chabazite is driven by the release of Al ions 
from the dissolution of Nat(K), natrolite, and MA-OH-LDH. The disso
lution of these species maintains a sufficient concentration of Al to form 
Chabazite. However, with further progression of the carbonation and 
dissociation of the INFCK ((CaO)(K2O)0.3125(SiO2)1.5(H2O)1.1875) from 
the C- (N, K)-A-S-H, more Ca, Si and K ions are released into the pore 
solution. This increases the Si ion concentrations in the pore solution, 
resulting in the conversion of chabazite (K) into higher-Si/Al stilbite (K). 
At the same time, Ca and Mg are released from the gel precipitates as 
CaCO3 and MgCO3 in the pores. In previous studies involving identical 
one-part geopolymer compositions subjected to dynamic exposure to 
CO2-saturated water (via coreflooding), calcite precipitation was 
observed, and magnesite precipitation was found at the outlet end of the 
specimens (Hajiabadi et al., 2025). This was attributed to the leaching 
and downstream migration of Mg2+ ions from interior regions (refer to 
SEM micrographs Fig. A1 in Appendix A1). Additionally, the formation 
of chabazite-K was also observed in those experiments, likely resulting 
from interaction with tap water containing dissolved carbonate ion 
species (Hajiabadi et al., 2025). This secondary zeolite phase was also 
predicted by the model and is consistent with known geopolymer–water 
interaction. It is also apparent from Fig. 5(a) that the total solid volume 
has increased after complete carbonation of the phases, which (under 
conditions of constant overall volume) implies a decrease in the overall 
porosity of the material. The porosity of the paste before exposure to the 
CO2 was 0.42, while after complete carbonation of the paste, the 
porosity of the sample reached 0.40. It is important to note that this 
represents the total porosity of the paste samples, which is obtained by 
subtracting the total solid volume from the total volume. Hence, this 
porosity also includes the fraction of the volume occupied by the gel and 
absorbed water in the C- (N, K)-A-S-H and silica gel.

Fig. 5(b) plots the phase assemblage due to carbonation, performed 
using GEMS separately. This simulation was performed by using moles 
of the different hydration products as input and stepwise addition of 
CO2. A comparison of the two figures reveals that the phase transitions 
predicted by the current modeling framework closely align with the 

GEMS results. The differences observed can be attributed to the incor
poration of ion transport and the rate-dependent dissociation of various 
phases in the current model, providing a more accurate representation of 
the underlying processes.

In order to understand and visualize the spatial distribution of 
different carbonation products, such as carbonates and silica gels, the 
microstructure is analyzed at different stages of carbonation as denoted 
by the vertical lines in Fig. 5(a). Six stages in Fig. 5(a) are denoted as 
states 1, 2, 3, 4, 5, and 6. Fig. 6(a–d) plot the volume fraction of the 
chabazite (K), stilbite (K), CaCO3, and MgCO3, respectively, in the di
rection of the carbonation. Focusing on Fig. 6(a), it can be observed that 
the peak of chabazite (K) keeps moving backwards with an increase in 
the extent of carbonation, and ultimately, the peak vanishes at state 6. 
On the other hand, the peaks for the stilbite (K) (from Fig. 6(b)) keep 
accumulating at the CO2 exposure surface, and then into the progres
sively carbonated microstructure. These different temporal distribution 
patterns for these two low-calcium gels are explained by the initial 
formation of chabazite (K), followed by its gradual conversion into 
stilbite (K) with increasing carbonation. From Fig. 6(c) and Fig. 6(d), it is 
evident that the precipitation of carbonate phases (CaCO3 and MgCO3) is 
significantly higher near the exposure surface compared to the deeper 
regions. This is because, as carbonate phases begin to precipitate at the 
exposure surface, a concentration gradient for Ca2+ and Mg2+ ions is 
established, which drives the diffusion of these ions from the inner re
gions toward the exposed face, leading to increased precipitation of 
CaCO3 and MgCO3 there. This mechanism explains the localized accu
mulation of carbonate phases at the carbonation front, which was also 
observed on samples exposed to GCS conditions in (van Noort et al., 
2025). In their study, Van Noort et al. reported a somewhat elevated 
Ca/Si-ratio near the surface of geopolymer samples batch-exposed to 
wet supercritical CO2, based on SEM-EDS analyses, as well as elevated 
density close to the sample surface, based on CT-scanning. Notably the 
scale of SEM-EDS analyses by Van Noort et al. and the current simulation 
is different.

Fig. 7 illustrates the 3d microstructure generated from the current 
numerical framework before and after exposure to CO2. The arrow 
shown below each microstructure shows the direction of flow of CO2. 
Fig. 7(a–c) show the volume fraction of all phases (including raw ma
terials, hydration products and reaction products) before and after CO2 
exposure at state 3 and state 6, respectively. It is evident that reaction 
products such as carbonated and silica gel are precipitating in the 
available pore spaces as the carbonation is proceeding. By comparing 
Fig. 7(a) and (c) it is apparent that the reaction products are more 
distributed as compared to unexposed microstructure. Fig. 7(d–f) shows 
the volume fraction distribution of the hydration products, carbonates 
and silica gel in the microstructure at state 3. It can be seen that CO2 has 
penetrated up to a certain depth, where the hydration products have 
dissolved (shown in Fig. 7(d)). In the same carbonated zone, the pre
cipitation of the carbonates and silica can be observed, while not much 

Fig. 5. (a) Simulated volume proportion of phases with ReacSan (b) volume fraction of phases using GEMS.
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precipitation have started in the uncarbonated zone (shown in Fig. 7
(e–i) shows the volume fraction distribution of the hydration products, 
carbonates and silica gel at state 6. At this state the CO2 has penetrated 
in the entire microstructure, which is evident by the complete dissolu
tion of the hydration products in Fig. 7(h). It can also be observed that 
the carbonate phases precipitate in the available pore spaces and fill the 
porosity, while the low calcium phases deposit more homogenously 
throughout the microstructure. These observations are very similar to 
the SEM images observed for alkali activated slag exposed to super
critical CO2 by Samarakoon et al. (2022). SEM images were also con
ducted in this study and are discussed in the next section.

4.2. SEM observations

SEM analysis was performed on the top (the exposure-facing) and the 
middle sections of geopolymer specimens following exposure to CO2- 
rich conditions to assess spatial variation in carbonation effects. Fig. 8(a) 
and (b) present SEM micrographs of the top surfaces. Distinct rhombo
hedral calcite crystals are prominently observed, occupying and 
partially occluding the pore spaces within the geopolymer matrix. This 
secondary mineralization contributes to a reduction in porosity, and a 
potential enhancement of the sealing capacity of the material. These 
observations are in agreement with predictions from the reactive 
transport simulations, which also indicate calcite precipitation in this 
region (see Figs. 6 and Fig. 7(c)).

Fig. 8(c) and (d) present SEM micrographs obtained from the middle 
sections of the specimens. In contrast to the top region, this area exhibits 
much lower calcite precipitation. EDS mapping confirms the presence of 
finely dispersed calcium carbonate phases with morphologies charac
teristic of vaterite (shown in Fig. 8d). The coexistence of both calcite, the 
thermodynamically stable polymorph, and vaterite, a metastable phase, 
in the interior zones, which were less exposed to the advancing 
carbonation front than the inlet surface, suggests a kinetically controlled 
precipitation pathway, where vaterite precipitates first and then grad
ually transforms into calcite via a dissolution-reprecipitation 

mechanism. It is important to note that the current numerical model is 
restricted to equilibrium-based thermodynamic predictions and there
fore does not simulate the formation of metastable or kinetically favored 
phases; consequently, vaterite precipitation was not predicted in the 
simulation results.

4.3. Carbonation depth data comparison

In order to estimate the depth of the carbonation, a finite volume 
mesh was generated (at the macro scale) with dimensions of 12 mm in 
length and a cross-sectional area of 0.1 × 0.1 mm. The mesh resolution 
was set to 10 μm to balance accuracy with computational efficiency. The 
small cross-section minimized the number of elements, thereby reducing 
computation time while maintaining the representativeness of the 
microstructure.

Each element of the mesh was initialized with the pore solution 
composition derived from GeoMicro3D simulations. The diffusion co
efficient for individual elements was calculated based on the effective 
diffusion coefficient of the cube at the microscale, incorporating the 3D 
spatial distribution of reaction products and unreacted phases. These 
spatial distributions, obtained from GeoMicro3D, account for the het
erogeneity in the microstructure and enable an accurate representation 
of ion transport during carbonation. The effective diffusivity of the 
microstructure is obtained by solving the ion transport through the 
microstructure of the paste, where individual nodes have diffusivity 
based on the volume fraction of the reaction products (Gupta et al., 
2025; Zuo and Ye, 2021). The Dirichlet boundary condition is applied at 
the inlet and outlet ends of the cube with concentrations of Ci=2 M and 
Co=1 M, respectively. Periodic boundary conditions were applied on the 
other faces. The simulation was performed using LBM MRT as discussed 
in Section 2.4, until the relative change in the average concentration 
reached <1e-6. The effective diffusion is calculated by estimating the 
volume average of the steady stage flux ( J→) across the heterogeneous 
media using the equation given below: 

Fig. 6. Precipitation of different products along the depth of carbonation (a) chabazite (K), (b) stilbite (K), (c) calcite and (d) magnesite.
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Deff =

〈
n̂. J→

〉

〈n̂.∇→C〉
(24) 

Here 〈m〉 represents the volume average quantity of m, and C is the 
concentration of the ion. The flux at different nodes is calculated using 
the equation given below (Xuan et al., 2010): 

J =
∑

i
cigi

(
τ − 0.5

τ

)

(25) 

Here τ, ci and gi are the relaxation time, lattice velocity, and distri
bution functions as described in Section 2.4. After performing the 
simulation, the relative diffusion coefficient was obtained to be 0.05.

In order to simulate the experimental conditions, Dirichlet boundary 
conditions were applied at both ends of the finite volume mesh. The 
dissolved concentration of the CO2 at the boundary nodes was estimated 
based on the applied pressure (shown in Fig. 9). The temperatures under 
both exposure conditions were 80 ◦C.

Further reaction transport simulation was performed, information 
about the different ion concentrations at different nodes was transferred 
to GEMS, and the pH of the pore solution was estimated. Fig. 10 com
pares the result to two samples exposed for either 3.5 h or 16 h as 
described in Section 3.2 to the model results. Testing with phenol
phthalein showed that after exposure for ~3.5 h (Exposure 1), the depth 
of the carbonation was nearly 2 mm, while after 16 h, the sample was 
fully carbonated (Exposure 2). When comparing these experimental 
results to Fig. 10a, which plots the pH variation across the depth of the 
sample as estimated from the model, a strong agreement is obtained as 
the model predicts that for Exposure 1 phenolphthalein would give a 

pink color at a depth around 2 mm, while for Exposure 2, the pH has 
dropped below 8.5 indicating complete carbonation of the sample. 
These observations prove the rationality of the numerical model 
capturing the progression of carbonation and microstructural changes. 
Further studies should be conducted to accurately estimate the decal
cification rates of different gels and incorporate multi-phase flow, 
broadening its applicability to different GCS scenarios.

Spontaneous imbibition refers to the capillary-driven displacement 
of a non-wetting fluid by a wetting fluid in porous media and is 
commonly encountered in multiphase systems, including certain GCS 
scenarios. For example, the injection of dry supercritical CO2 may lead 
to local desaturation near the injection interface, potentially initiating 
counter-imbibition as water moves toward the drying zone (Hajiabadi 
et al., 2021; Chang et al., 2016; Hall, 2019). However, the conditions 
investigated in this study involved fully water-saturated specimens 
exposed to wet ScCO2. The absence of a dry gas phase and the static 
exposure setup preclude the development of spontaneous or reverse 
imbibition mechanisms. Therefore, such processes are not expected to 
influence the observed reactive transport behavior or carbonation front 
evolution in the present system.

While the present study demonstrates the capabilities of the ReacSan 
framework in simulating reaction–transport processes in a granite-based 
one-part geopolymer under geological carbon storage (GCS) conditions, 
several avenues remain for further development. Dedicated experi
mental studies are essential to quantitatively assess the evolution of 
microstructural features such as hydration gel content, carbonate poly
morphs, silica gel formation, and porosity over time. These measure
ments would enable improved calibration of the model parameters and 

Fig. 7. Microstructural evolution and product distribution: (a) initial paste microstructure, (b, c) microstructure after states 3 and 6, respectively, (d, g) hydration 
products at states 3 and 6, respectively, (e, h) carbonate precipitation at states 3 and 6, respectively, (f, i) silica gel precipitation at states 3 and 6, respectively.
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Fig. 8. SEM-EDS images of the one-part geopolymer after exposure to CO2 (a) and (b) at the inlet of the specimens (c) and (d) from the middle portion of 
the specimens.

Fig. 9. (a) Pictorial representation of the simulated sample and its boundary conditions (b) exposed and modeled pressure applied to the CO2 exposed sample.

Fig. 10. pH profile obtained from the model for the two exposed conditions and images of the samples from the experiments after the phenolphthalein test.
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enhance predictive accuracy. In addition, the synergistic impact of 
simultaneous exposure to CO₂ and brine—especially relevant for saline 
aquifers and offshore storage sites—warrants further investigation. 
Incorporating these conditions into the experimental–numerical 
framework will offer a more representative understanding of in situ 
performance. Thermal shocks induced by the injection of supercritical 
CO₂ present another critical challenge in wellbore environments. Future 
versions of the ReacSan framework should incorporate a coupled 
thermo-chemo-mechanical model to capture such interactions and their 
effects on microstructural degradation (Gupta et al., 2023; Gupta et al., 
2023). This may also be extended to simulate cracking and its feedback 
on transport and reaction kinetics. Finally, the degradation of the 
steel–concrete interface remains a key vulnerability in GCS systems. 
Ongoing and future work will aim to model chemical attack, 
corrosion-induced expansion, microcracking, and interfacial debonding 
at this interface to provide a more holistic picture of sealant durability 
under real-world conditions.

5. Conclusions

In the current study, a combined experimental and numerical 
approach was employed to investigate the reaction and transport of CO₂ 
through the microstructure of a one-part granite-based geopolymer, a 
material developed for CCS applications. A novel numerical simulation 
framework, ReacSan, is developed to simulate the reaction and transport 
of CO2 through the paste microstructure. ReacSan can simulate micro
structure change in the one-part geopolymer due to its exposure to CO2. 
The major conclusions from the current study are: 

(a) The initial input for this framework is obtained from Geo
Micro3D, which provides 3D microstructure of the alkali acti
vated materials, volume fraction of different reaction products 
and its deposition in the microstructure, ion concentration of the 
different ions such as Ca, Mg, Si, Al, K and Na in the pore solution.

(b) The dissolution of CO2 under GCS well conditions (high tem
perature and pressure) is modelled using the thermodynamic 
model based on the Redlich–Kwong (RK) equation of state (EOS). 
Further, the dissolution of gels is modeled using the transition 
state theory.

(c) The transport of different ions is modeled using the lattice 
Boltzmann method (LBM), and chemical reactions and 

precipitation of various products are simulated through thermo
dynamic modeling using GEMS.

(d) SEM analysis revealed the precipitation of calcite at the exposed 
surface (top). Further into the sample, both vaterite and calcite 
are observed, indicating the initial precipitation of kinetically 
favored vaterite and subsequent transformation into thermody
namically stable calcite.

(e) Based on phenolphthalein testing on experimentally exposed 
samples, carbonation (as indicated by a decrease in sample pH) 
penetrates rapidly (within a few hours for cylindrical samples 
with a diameter of 12 mm). The simulated carbonation depth (pH 
profile) shows good agreement with the experimental results, 
demonstrating the validity of the model.
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Appendix

Fig. A1

Fig. A1. SEM images of one-part geopolymer exposed to a flow of CO2-saturated water, showing precipitated magnesite.
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