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Abstract

Nowadays, the carbon dioxide (CO,) capture and utiliza-
tion for curing alkali-activated materials offer a promising
pathway for both CO, sequestration and the production of
low-carbon construction materials. However, low-reactive
fly ash (FA), which is an easily accessible and widely avail-
able industrial byproduct. It poses basic challenges due to
its poor reactivity under conventional curing conditions. In
this research, the utilization of CO, generated from a pilot-
scale carbon capture plant at RKDF University, Bhopal, is
investigated to cure alkali-activated low-reactive FA pastes.
The curing process is carried out at 40 °C and 0.5 bar gauge
pressure for durations of 6, 12, and 24 h. Mass monitoring,
compressive strength testing, X-ray diffraction (XRD), and
efflorescence assessment are employed to evaluate the per-
formance. The experimental results show that after 24 h
of CO, curing, the pastes achieved a CO4 uptake of 12.4 %
by mass of FA. After 28 days, a compressive strength of
42.6 MPa is found, which is approximately 50% higher
than that of ambient-cured controls. Efflorescence is nearly
eliminated due to the conversion of free alkalis into insolu-
ble carbonates. XRD analysis confirmed the formation of
calcite (CaCOs) as the primary carbonation product, while
quartz and mullite remained inert. This research experi-
mentally shows that CO5 from a carbon capture plant can
effectively upgrade low-reactive FA into a high-strength,
durable material. It offers benefits of waste valorization,
CO, storage, and utilization.

Keywords: Carbon Capture and Utilization (CCU), CO4
Curing, Low-Reactivity Fly Ash, Alkali-Activated Materi-
als, Geopolymer, Carbonation

1 Introduction

The cement and construction industries are responsible for
approximately 8% of the global anthropogenic CO, emis-
sions. It is primarily due to the calcination of limestone and
the combustion of fossil fuels (Rootzén and Johnsson, 2017)
[1]. The biggest challenge in the cement industries is to
mitigate CO, emissions while still keeping up with and ful-
filling the rising global demand. As developing economies
expand their infrastructure, there is an urgent requirement

to develop and implement modern technologies worldwide
to mitigate emissions in this sector (Mehdizadeh and Haj-
mohammadian Baghban, 2025; Crispin, 2026) [2] B].

The carbon capture and utilization (CCU) technologies
have now emerged as a crucial strategy to mitigate CO4
emission by carbon capture from point sources such as
power plants and cement kilns. These plants capture CO,
and convert it into value-added useful products (Harle et
al., 2026) []. There are various utilization pathways, the
use of captured CO, for curing cementitious and alkali-
activated materials has gained significant attention in the
research. It definitely sequesters CO4 permanently, as well
as improves the physical and durability properties of the
material (Llorente-Garcia et al., 2025; Chew et al., 2025;
Mora et al., 2024) [5H7].

Alkali-activated materials (AAMs), commonly known as
geopolymers, are basically low-carbon alternatives to the
ordinary Portland cement (OPC) (Sun and Fan, 2024) [g].
They are typically produced by the reaction of the alu-
minosilicate precursors such as FA, slag, and metakaolin
with an alkaline activator solution (Sirotti et al., 2026;
Khan et al., 2025; Lukovic et al., 2026) [9H11]. However,
the widespread adoption of AAMs is hindered by the vari-
able reactivity of industrial byproducts, particularly “low-
reactivity FA,” which is under Class F according to ASTM
C618 [12]. Unlike high-calcium FA, low-reactive FA con-
tains limited amorphous calcium phases, which results in
slow setting, poor early-age strength, and susceptibility to
efflorescence.

illustrates the schematic representation of the in-
tegrated carbon capture and utilization (CCU) process to
produce the alkali-activated low-reactivity FA products.
The flue gas CO, is captured, purified, and then used for
curing the FA paste, which finally yields a high-strength
construction material. represents the conceptual il-
lustration of the microstructural changes induced by CO,
curing. The uncured alkali-activated low-reactivity FA
paste generally contains interconnected pores and free al-
kali ions (left). After the CO, curing process, the calcite
precipitates fill the pores and consume alkalis, which finally
leads to a highly dense, strong, and efflorescence-resistant
material (right).

Recent research (Guo et al., 2026; Wang et al., 2026)
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[13, 14] has shown that CO, curing, which is also known
as carbonation curing, can accelerate the reaction kinetics
and enhance the performance of low-reactivity precursors.
When CO, is introduced into an alkali-activated paste, it
dissolves in the pore solution to form carbonate ions. Af-
ter that, it reacts with calcium and sodium ions to pre-
cipitate calcite (CaCO3) and sodium carbonate. This pro-
cess enhances the density of the microstructure, increases
strength, and consumes free alkalis; ultimately, it reduces
the efflorescence. Nevertheless, most research has used
pure CO, from gas cylinders, which is energy-intensive and
does not reflect real-world CCU scenarios where CO, is
supplied directly from a capture plant.

This research utilizes CO4 generated from a pilot-scale
carbon capture plant at RKDF University, Bhopal, for cur-
ing the alkali-activated pastes made from low-reactivity
FA. The objectives of this research are as follows:

1. To quantify the CO, uptake and mass change as a
function of curing time,

2. To evaluate the compressive strength development at
3,7, 14, and 28 days,

3. To characterize the phase evolution using the XRD
analysis,

4. To assess efflorescence resistance, and

5. To demonstrate the feasibility of direct CCU integra-
tion with the production of construction material.

The remainder of this paper is organized as follows: Sec-
tion 2 represents comprehensive surveys on CCU, CO,
curing, low reactivity FA, AAM, geopolymers, and their
integrated researches. Section 3 describes the materials,
sample preparation, and experimental methods. Section 4
presents the results and discussion of mass change, CO,
uptake, compressive strength, XRD, efflorescence. Section
5 concludes the research and suggests directions for future
work.

2 Related Work

In recent years, the curing of fresh concrete using CO4 has
been adopted as a carbon capture and storage (CCS) ap-
proach in response to the requirement to the mitigation of
CO, emissions (Haselbach and Thomle, 2014; Lippiatt and
Ling, 2020) [I5, [16]. This section represents a comprehen-
sive analysis on major application of carbon capture and
its utilization in curing.

2.1 Carbon Capture and Utilization

(CCU)

Carbon capture and utilization has been widely studied as
a modern technology to mitigate the industrial CO,5 emis-
sions while creating value-added products. The integration
of CCU with construction materials has gained particular
attention in the research (Mohammadi and Mousazadeh,
2022; Zhang et al., 2022; Elaouzy and Zaabout, 2025) [I7-
[I9] due to the large potential for permanent CO, storage.
Monoethanolamine (MEA)-based absorption is considered
the most mature capture technology, though alternative
solvents have been developed by Liang et al. (2015) [20] to
minimize the energy losses.

Usta et al. (2022) [2I] explored the production of sus-
tainable building materials by carbonating the FA com-
pacts. It basically served as sustainable building materials
and achieved moderate strength (10-36 MPa) and signifi-
cant CO, uptake (up to 15%). They found that the higher
temperature, pressure, and CO, levels improved uptake,
while compaction pressure enhanced strength and mixed
ashes increased uptake but reduced strength.
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Harirchi and Yang (2022) [22] examined the impact of
CO, curing on low-reactive FA alkali-activated (geopoly-
mer) pastes. CO, curing of FA geopolymers increases car-
bon uptake, with more CO, retained in the matrix over
time. However, it hinders the geopolymerization, which
causes the efflorescence and reduced strength, though
longer curing maximizes the strength and improves the mi-
crostructure density.

Cuéllar-Franca and Azapagic (2015) [23] applied many
life cycle assessment studies to compare the environmen-
tal impacts of CCS and CCU. They found that CCS sig-
nificantly reduced the global warming potential (GWP)
by 63-82%. However, it can increase other environmental
impacts, such as acidification and human toxicity. CCU
represented the application-specific mixed results, min-
eral carbonation and dimethyl carbonate production re-
duced GWP, while microalgae biodiesel increased it. CCS
achieved greater GWP mitigation than most CCU options;
however, CCU generally has a lower impact on other envi-
ronmental categories.

Bui et al. (2018) [24] reviewed the current state of CCS,
which covers capture, transport, utilisation, and storage
across multiple scales. Although CCS is technically mature
and vital for climate goals with net CO, removal. How-
ever, it has not been deployed up to the required scale due
to its commercial and political barriers. They also exam-
ined the negative emissions technologies such as bioenergy
with CCS and direct air capture, and highlighted the key
research challenges and the obstacles to large-scale imple-
mentation.

2.2 Alkali-Activated
Geopolymers

Materials and

Alkali-activated materials (AAMs) are recognized as low-
carbon alternatives to OPC in the research (Provis, 2018;
Shi et al., 2011) [25 26]. The reaction mechanisms of
FA-based geopolymers have been extensively characterized
(Davidovits, 2020; Brooks et al., 2010; Van Deventer et
al., 2012) [27H29]. However, the performance of AAMs
strongly depends on the precursor reactivity [30, BI]. Low-
calcium (Class F) FA| in particular, exhibits slow setting
and low early strength in the research (Chindaprasirt et
al., 2009; Chi and Huang, 2013) [32] [33].

Xue and Hou (2024) [34] investigated the sustainable
porous building materials made by alkali-activating FA
with waste clay brick powder, which are capable of produc-
ing sustainable building materials. Approximately, 10%
brick content represents the highest strength, while higher
amounts reduce the strength but increase porosity, which
makes it perfectly useful for insulation.

Zhu et al. (2025) [35] evaluated the hybrid alkali-
activated cement (HAAC) in the form of a low-carbon al-
ternative to OPC under accelerated curing. HAAC, which
mainly contains the slag with some OPC, represents faster

setting and higher strength, particularly at elevated cur-
ing temperatures. While higher curing temperatures in-
crease energy use, the resulting strength gains reduce over-
all economic and environmental impacts that make mod-
erate heat curing an efficient strategy for precast concrete
production.

Dener et al.  (2024) [36] found that the hybrid
alkali-activated binders minimize CO, from OPC. They
found optimal performance at 15% OPC in a moderate
Na,Si03/NaOH ratio, and 50°C curing. They noted that
the higher temperatures and excess OPC generally reduce
the strength and hydration.

Schneider et al. (2025) [37] found that the submerged
curing produced the best materials, which achieved CO4
adsorption up to 2.24 mmol/g with high surface area and
porosity. These geopolymers effectively capture CO, and
can support reuse processes such as catalytic or electro-
chemical conversion. They concluded that the waste-based
geopolymers are promising, cost-effective, and reusable
materials for efficient CO, separation.

Bakri and Mahmoud (2026) [38] presented that
geopolymer/alkali-activated binders perform much better.
They maintained ultralow permeability and ~90% strength
under CO, exposure due to their stable gel structure and
lack of portlandite. Unlike OPC, they resisted severe car-
bonation and pore damage. They found that the geopoly-
mers are a more durable and sustainable alternative for
CO, sequestration wells. However, the challenges remain
in the mix design, consistency, and field validation.

2.3 CO,; Curing of Cementitious and

Alkali-Activated Systems

CO, curing (carbonation curing) has been characterized to
enhance the physical properties and durability of concrete
and AAMs in the research (Monkman and MacDonald,
2016; Ashok et al., 2025; Oke and Abuel-Naga, 2025; Ros-
tami et al., 2012; Lei et al., 2025) [39H43]. In the systems
of OPC, the carbonation process leads to the formation of
calcium carbonate and a densified the microstructure (Ren
et al., 2024; Ferndndez Bertos et al., 2004) [44] 45]. For
alkali-activated FA, CO, curing can promote the precipita-
tion of calcite and consume free alkalis, thereby, it reduces
efflorescence in the research (Lamaa et al., 2023; Bernal et
al., 2013; Etcheverry et al., 2023) [46H48].

Jin et al. (2025) [49] examined that the geopolymer ma-
terials from slag and FA can replace OPC. NaOH works
best for slag, and Ca(OH), for FA, with optimal dosages of
8% and 6% respectively. Slag-based mixes achieved much
higher strength. Proper activator choice improves reaction,
structure, and performance.

CO, storage in CCUS systems risks leakage due to ce-
ment sheath corrosion in wells. Zhu et al. (2025) [50] im-
proved G-grade oilwell cement by adding a small amount
(0.1%) of an alkali-activated gel. Their modified cement
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presented higher strength, lower permeability, and reduced
corrosion depth under high-pressure CO,. This improve-
ment is due to increased formation of C-S-H gel, which
basically slows carbonation damage. The alkali-activated
additives significantly enhance cement durability, which
makes them auspicious, reliable, and trustworthy for safer
CO, storage applications.

Dou et al. (2025) [5I] discovered that the “alkali-
activated municipal solid waste incinerated bottom ash-
slag” materials can capture CO, while serving as stable
mine backfill. By increasing the ash content, it boosts CO4
uptake and lowers the porosity with only minor strength
loss, and it offers a low-emission alternative to cement.

Kennedy et al. (2026) [52] examined the addition of CaO
and biochar to CO,-cured alkali-activated slag to improve
performance and carbon capture. CaO basically acceler-
ates early hydration and provides strength development,
while biochar enhances CO, uptake and the carbonate for-
mation. The optimal mix (about 1% biochar) produced
the highest strength and densest structure. Though higher
biochar reduced the workability and increased the porosity.
The integrated system improves the strength and signifi-
cantly enables CO, sequestration, which makes it a reliable
low-carbon alternative to conventional cement.

Nair et al. (2026) [53] developed carbon-neutral alkali-
activated slag composites using biochar and carbonation
curing. They added biochar (12-15%), which significantly
improved the compressive strength, with the best result
(563% increase at 90 days) at 5% Nay,O and 12% biochar.
They achieved strength gains mainly due to CaCO3 forma-
tion which fills the pores and refines the microstructure, as
well as enhances the formation of C-A-S-H gel.

2.4 Low-Reactivity FA

Low-reactivity FA (Class F) is abundant but often un-
derutilized due to its poor pozzolanic activity (Hemmings
and Berry, 1987; Ahmaruzzaman, 2010) [54, B5]. Vari-
ous activation methods (thermal, physical, chemical) have
been explored by (Hela and Orsdkovd, 2013; Ferndndez-
Jiménez, 2019; Criado et al., 2022; Li et al., 2021) [56l-
59] to improve its reactivity. The use of CO, as a curing
agent for low-reactivity FA is a relatively modern approach
used by (Khan et al., 2016; Statkauskas et al., 2024; Qin
et al., 2025) [60-H62]. The studies in (Ridha et al., 2020;
Sindhunata et al., 2006; Hamsashree et al., 2024; Longhi
et al., 2024; Abhishek et al., 2021) [63H67] have reported
that pressurized CO, curing can significantly increase the
strength of low-lime FA pastes.

Ambikakumari Sanalkumar et al. (2019) [68] proposed a
method to combine NaOH dissolution and HCI extraction
to effectively estimate the reactive content and to find the
reactive Si/Al ratio of FA for geopolymerization. They
found that about 68.8% of the FA is reactive, which is
very close to its amorphous content. The reactive Si/Al

ratio (2.65-2.98) significantly differs from ratios that are
calculated using traditional XRF or XRD methods. Their
results suggest that the mix design for FA geopolymers
should rely on the reactive Si/Al ratio rather than total
ratios, which are generally used but it is inaccurate for
this purpose.

Snellings et al. (2021) [69] found that low-quality FA can
be made more useful for cement by reducing particle size
through milling or classification. Finer particles react more
effectively, which increases the reactivity of cement. This
mainly improves both early strength gain and long-term
strength in blended cement.

Boakye and Khorami (2023) [70] added a small amount
of calcined clay (about 20%) into the FA to improve the
strength and durability of geopolymer mortar. Although
it slows early reactions, it leads to better long-term perfor-
mance by refining the pore structure. This research makes
calcined clay a useful partial replacement for FA in the
geopolymer binders.

Poowancum and Aengchuan (2022) [71] applied a se-
quence mixing method to allow low-reactivity FA geopoly-
mers to become much stronger by preventing trapped gas
bubbles. This reduces porosity, improves strength, and
speeds up setting time, which makes the material highly
suitable for structural and repair use.

2.5 EfHorescence in Geopolymers

Efflorescence, caused by the migration of soluble alkalis
to the surface, is a major durability concern for geopoly-
mers (Skvéra et al., 2005; Lv et al., 2020; Djangang et al.,
2020; Simaéo et al., 2021; Ge et al., 2023) [72H76]. Several
strategies have been proposed to mitigate efflorescence, in-
cluding the addition of calcium sources (Huang, 2020) [77]
and CO, curing (Kim et al., 2025) [78]. Recent studies
confirm that carbonation reduces sodium leaching by con-
verting Na™¥ into insoluble NayCO5 or NaHCO, (Arbi et
al., 2016; Mokhtari et al., 2024; Hui et al., 2026) [T9-81].

Naghizadeh et al. (2026) [82] represented the strong in-
fluence of efflorescence in FA-based geopolymer concrete by
curing and mix design. They found that sealed curing min-
imizes efflorescence and maximizes strength, while open-air
curing was reported as the worst for it. They used lower sil-
icate activator and added 30-40% GGBS, which improved
strength, densified the material, and significantly reduced
the efflorescence.

Zhang et al. (2014) [83] reported that the efflorescence
in FA-based geopolymers depends heavily on activation
and curing conditions. NaOH-activated systems represent
slower and less efflorescence than sodium silicate ones un-
der ambient curing. High-temperature curing significantly
reduces the efflorescence except in silicate-activated mixes,
and when around 20% slag is added, it helps slow its for-
mation.



International Journal of Current Trends in Engineering & Technology

ISSN: 2395-3152
Volume: 12, Issue: 01 (January-February, 2026)

Tan et al. (2022) [84] found that the construction and de-
molition waste (CDW)-based geopolymers are more prone
to efflorescence because they have low reactivity. The mix-
ing of metakaolin (MK) or ground granulated blast furnace
slag (GGBS) helps reduce efflorescence, but using differ-
ent mechanisms. MK (Al-rich) lowers excess alkalis and
forms N-A-S-H gels, which makes it more effective. GGBS
(Carrich) basically reduces porosity and limits alkali move-
ment but may cause internal cracking. Thus, Al-rich addi-
tives (MK) are the better option to mitigate efflorescence
in CDW geopolymers.

Geopolymer concrete is prone to ion leaching and efflo-
rescence, which mainly harm performance. Pasupathy et
al. [85] found that the coating aggregates with hydrophobic
agents can reduce efflorescence. When hydrophobic fumed
silica is used, then it becomes more effective than silane
creme. They achieved better efflorescence control at lower
dosages by increasing water repellency. It also improved
the compressive strength. The hydrophobic fumed silica
is found to be a more efficient option to minimize the ef-
florescence while maintaining or enhancing strength. the
strong.

2.6 Integrated CCU with Construction
Materials

The concept of using captured CO, directly from the power
plants or the industrial sources for curing purpose has been
demonstrated by (Plaza et al., 2020; van Tonder and Low,
2021; Liu, 2024; Centi et al., 2021; Vijayan et al., 2024)
[86H90] at pilot scale. The life cycle assessment represents
that this approach and research developed by (Miller et al.,
2016; Pade and Guimaraes, 2007) [91], [92] can achieve net-
negative emissions when integrated with waste materials.
However, few studies have focused on low-reactivity FA
cured with CO, from a real capture plant, which is the gap
addressed by the present work (Wu et al., 2024; Jouamai
et al., 2025) [93] [94].

The built environment generally produces about 40% of
global CO, emissions but it can directly help reduce them
by becoming multifunctional. Hamed et al. (2025) [95]
outlined three key approaches called carbon capture, stor-
age, and reduction. Along with the emerging air-capture
materials, they highlighted the progress and research gaps
toward more sustainable constructions.

Rigo et al. (2020) [63] presented that the recycled aggre-
gate concrete can capture 12-94 kg CO, per m?, with up
to 19% of cement-related emissions offset, particularly at
lower water-binder ratios. However, higher recycled con-
tent reduces strength and durability, which basically in-
creases the carbonation depth and water absorption. The
recycled concrete mainly offers lower emissions and mean-
ingful carbon capture potential. However, it requires the
optimized mix design to balance the sustainability with
performance.

Gupta et al. (2017) [96] used “Biochar” as a carbon-
capturing and sequestering construction material, which is
traditionally used for soil improvement, and it is increas-
ingly being studied as a concrete admixture. It can adsorb
and store CO, in construction materials, which potentially
cuts down the greenhouse gas emissions by up to 25% more
effectively than some mineral-based carbon-storage meth-
ods. Its performance mainly depends on the production
and activation conditions.

CCU can turn CO, into useful construction materials
with long-term storage potential. Galvez-Martos et al.
(2021) [97] highlighted a magnesium carbonate material
(nesquehonite) that behaves like gypsum plaster, and it can
be produced using CO, from the industrial emissions and
magnesium from desalination brines. Their results show
that it can have lower emissions than conventional plaster-
board, especially if renewable energy is used and processes
are optimized, which makes it a promising low-carbon al-
ternative for construction.

3 Materials

Low-reactivity FA (Class F according to ASTM C618) is
obtained from a local thermal power plant. Its chemical
composition is basically determined by the X-ray fluores-
cence (XRF), and it has major oxides as follows: SiO,
(54.2%), Al,05 (28.6 %), FeyO3 (7.4 %), CaO (3.8%), and
LOI (2.1 %). The alkaline activator solution is prepared by
mixing sodium hydroxide (NaOH, > 98% purity, Merck)
and sodium silicate (NaySiOs3), modulus SiO5/Nay,O = 2.0,
Sigma-Aldrich) with the deionized water. CO, for cur-
ing purpose is obtained from a pilot-scale carbon capture
plant. The CO, purity is (> 99.5%) after stripping and
compression. All samples are prepared and cured at am-
bient conditions (25 £+ 2 °C, relative humidity 50 £+ 5%).

3.1 Brunauer-Emmett-Teller (BET) Cal-
culation

The specific surface area of the alkali-activated FA pastes
is mainly determined by nitrogen adsorption-desorption
isotherms at 77K using a Micromeritics ASAP 2020 in-
strument. Before the analysis process, the samples are
degassed at 105 °C for 12h under vacuum. The BET the-
ory as proposed by Brunauer et al. (1938) [98] is then
applied to the adsorption branch in the relative pressure
range P/Py = 0.05 — 0.30. The BET equation generally is
calculated as:

1 1 Cc-1/(P
W[(PO/P)_I] _WmC+WmC <]DO)

(1)

where: W denotes the weight of gas adsorbed at relative
pressure P/ Py, W, denotes the weight of adsorbate form-
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ing a monolayer, and C represents the BET constant re-
lated to the net heat of adsorption.

A linear plot of W versus P/P, as illustrated

in yields a slope s = V?,'é and intercept i =

-
From these, W,,, and C are calculated as:

Wi C*

1
W S+ ()
C=1+> (3)

The total surface area Sgrr (in m?/g) is then obtained
using:
WmNAAcs

S =
BET My

(4)
2
where, N4 is Avogadro’s number (6.022 x 1023 mol ™),
Acs denotes the cross-sectional area of a nitrogen molecule
(0.162nm?), and My, is the molar mass of nitrogen
(28.0134 g/mol).

All BET surface area measurements are performed in
triplicate, and the average values are reported with a stan-
dard deviation of +2%.

3.2 Sample Preparation

Low-reactivity FA (Class F, mean particle size D5g =
18.5 um) is used as the sole precursor. The alkaline acti-
vator solution is prepared by dissolving sodium hydroxide
pellets (NaOH, > 98% purity) into the deionized water to
obtain a 8 M solution. It is further mixed with sodium
silicate solution (Na,SiO3), SiOy/Nay,O = 2.0, 45 % solids

content) to achieve a mass ratio of Na,SiO3/NaOH = 2.5.
The activator is allowed to cool at room temperature (25
+ 2 °C) before any use.

The FA and the activator solution are mixed in a plan-
etary mixer at low speed for 2 min, followed by high speed
for 3min, which ensures the making of a homogeneous
paste. The liquid-to-solid ratio (L/S) is fixed at 0.40 by
mass. The fresh paste is then cast into the cylindrical
polypropylene moulds (30 mm diameter x 60 mm height)
and vibrated for 30s to remove the entrapped air. All
moulds are covered with plastic film to prevent moisture
loss and initially cured at ambient conditions (25 + 2 °C,
50 + 5%) relative humidity) for 24 h prior to demoulding.

3.3 CO,; Curing Set-Up

After demoulding, the samples are immediately transferred
into a custom-built stainless steel curing chamber (volume
10 L) which is generally equipped with a gas inlet, outlet,
pressure gauge, and internal temperature/humidity sen-
sors. CO, is supplied from a pilot-scale carbon capture
plant operating on monoethanolamine (MEA) absorption,
followed by a compression stage to achieve a purity of
> 99.5%. The CO, is introduced into the chamber at a
flow rate of 1.0 L/min until atmospheric pressure is purged,
and then the chamber is pressurized to 0.5bar (gauge).
The temperature during curing is maintained at 40 + 1
°C using an external heating jacket controlled by a PID
controller. Relative humidity inside the chamber is kept
at 65 £ 5% by passing the CO, through a distilled water
bubbler before entry.
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Three different curing durations are investigated: 6h, — To maintain the desired relative humidity (65 +
12h, and 24 h. After each curing period, the chamber is de- 5%), the CO4 stream passes through a “water
pressurized, and samples are removed for immediate char- bubbler” (an elliptical vessel containing distilled
acterization. Reference samples (control) are cured under water). This humidifies the gas before it enters
ambient air (no CO,) under identical temperature and hu- the chamber.
midity COD.dl'.EIOIlS. A scl?ematlc diagram of the experimen- — From the bubbler, the humidified CO, flows into
tal set-up is illustrated in the bottom of the curing chamber.
In [Fig. 4 CO, source (carbon capture plant) is rep-
resented as a cylinder which supplies CO, into a buffer e Curing Chamber:

tank. A water bubbler is used for flow and humidity con-
trol. The curing chamber contains the sample cylinders,
attached with pressure gauge (at 0.5 bar), humidity sen-
sor, and temperature control at 40 °C (heating jacket with

— The chamber is a sealed stainless-steel vessel
(volume~ 10 L) containing the alkali-activated
FA samples (cylindrical specimens).

PID). The gas flow from inlet (using valve) into capture — A “heating jacket with a PID controller” which
plant, and finally outlet vent. maintains the temperature at 40 + 1°C.

The illustrates the custom-built system for cur- — A “pressure gauge” which monitors the internal
ing alkali-activated low-reactivity FA using CO, captured pressure (set to 0.5 bar gauge).

from a carbon capture plant. The set-up consists of three
main sections (CO, supply, gas conditioning, and curing
chamber):

— A “relative humidity (RH) sensor” to ensure the
humidity stays within the target range.

— The exhaust line vents excess gas after curing.

e CO; Supply: The gas flow path indicates the flow of CO4 from the cap-

ture plant to the buffer tank, to the bubbler, to the curing
chamber, and finally to the vent. The plant contains CO4
> 99.5% purity, the curing pressure is kept at 0.5 bar, the
curing temperature is kept at 40°C, and humidity is kept
— A “buffer tank” basically stabilizes the gas pres- at 65+ 5% RH.

— Carbon capture plant provides highly pure CO,
(> 99.5%) through an amine-based absorption
process.

sure and flow before it enters the curing chamber. The diagram clearly shows how CO, from a carbon cap-
The delivery rate is manually controlled by the ture plant is conditioned and then applied to cure alkali-
valve and a flow meter. activated FA samples, which enables controlled carbona-
tion reactions that mainly enhance the physical properties
¢ Gas Conditioning: of the material.
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FTIR Spectrum with Gaussian Deconvolution of Active Bonds
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Fig. 5:
Bonds

FTIR Absorbance Spectrum of the Low-Reactivity FA Sample with Deconvoluted Gaussian Curves for Active

Table 1: Reactive Bond Parameters and Reactivity Calculation of the FA Sample

Bond Wavenumber  Gaussian Area Reactivity Weighted
Type (em™1) Area (a.u.) Fraction Factor Reactivity
Si-O-Si 1080 42.3 0.48 0.70 0.336
Si-O-Al 950 28.7 0.33 0.85 0.281
Al-O 850 11.5 0.13 0.60 0.078
0-Si-0 460 5.2 0.06 0.30 0.018
Total Reactivity Index (Rpa) 0.713

3.4 Mass Monitoring

Immediately after demoulding and prior to CO4 curing,
each sample is weighed using an analytical balance (preci-
sion £0.001 g). The initial mass (myg) is recorded. During
the CO, curing process, the samples are removed at the
predetermined intervals of (6h, 12h, and 24 ), it is gently
wiped to remove surface moisture, and weighed again to
obtain the mass after curing (m;). The mass change (Am)
is calculated as:

me — My

Am(%) x 100 (5)

mo

All measurements are performed in triplicate, and the av-
erage value is reported with standard deviation.

3.5 Measurement of Absorbed CO,

The amount of chemically absorbed CO, is determined us-
ing a carbon-hydrogen-nitrogen-sulfur (CHNS) elemental
analyzer. The powdered samples (approximately 10mg)
are combusted at 950°C in an oxygen-rich atmosphere,
and the evolved CO, is detected by thermal conductivity.
The total carbon content (%C) is measured before and af-
ter CO, curing. The absorbed CO, (%CO,) is calculated

using the stoichiometric conversion:

MCO2
C

CO absorbed(%) = AC x (6)
where AC is the difference in carbon content (wt%) be-
tween cured and uncured samples, Mco, = 44.01 g/mol
and Mc = 12.01g/mol. Each reported value is the aver-
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age of three independent measurements.

3.6 Calculation of Compressive Strength

Compressive strength tests are conducted on cylindrical
samples (30 mm diameter x 60 mm height) using a testing
machine with a loading capacity of 100kN. The load is
generally applied at a constant rate of 0.5 mm/min until
failure occurs. The compressive strength (o) is calculated

as: r
0o = (7)

where Fyhax denotes the maximum load at failure (N) and
A is the cross-sectional area of the specimen (mm?). For
each curing condition, at least five samples are tested, and
the mean strength + standard deviation is reported.

3.7 X-Ray Diffraction (XRD)

X-ray diffraction analysis is generally performed to identify
the crystalline phases formed after CO, curing. The pow-
dered samples (passed through a 75 ym sieve) are mounted
on a zero-background holder and it is scanned using a
Bruker D8 Advance diffractometer with Cu Ko radiation
(A = 1.5406 A) operating at 40kV and 40mA. The data
are collected over a 26 range of 5° to 70° with a step size
of 0.02° and a scan speed of 1°/min.

4 Results and Discussions

4.1 Quantitative Measurement of Reac-
tivity of FA

The reactivity of low-reactivity FA is quantitatively as-
sessed using “Fourier Transform Infrared (FTIR)” spec-
troscopy which is combined with Gaussian curve fitting.
The FTIR spectrum of the raw FA sample (as illustrated
in exhibits characteristic absorption bands corre-
sponding to various chemical bonds. The deconvolution
of the overlapping bands into individual Gaussian compo-
nents allows the determination of the relative abundance
of the reactive species.

The main active bonds identified in the FA sample are:

e Si-O-Si (asymmetric stretching) around 1080 cm ™1,

e Si-O-Al (asymmetric stretching) around 950 cm !,

e Al-O (vibration) around 850 cm™1!,
e O-Si-O (bending) around 460 cm™1.

The area under each Gaussian curve is usually proportional
to the concentration of that bond type. The reactivity
index (R;) for each bond is defined as the normalized area
fraction. It is mainly relative to the total integrated area

of all active bonds. The overall reactivity of the FA (Rga)
is then calculated as the weighted sum of the individual
bond reactivities. The weighting factor is based on the
contribution of bond to alkali activation and carbonation
potential.

The calculated bond parameters and reactivity values
are presented in The total reactivity index of the
FA sample is found 0.713, which indicates the moderate
reactivity despite of its low-lime classification. This quan-
titative approach provides a reliable basis to correlate FA
chemistry with the curing performance of COs,.

The reactivity index of 0.713 indicates that this low-
reactivity FA still possesses a considerable fraction of the
amorphous alumino-silicate phases which is capable to par-
ticipate in the alkali activation and the curing reactions of
CO,. The Si-O-Si and Si-O-Al bonds contribute the most
to the overall reactivity, which is consistent with their dom-
inance in the glassy phase of Class F FA. These quantita-
tive results are used in subsequent sections to correlate
with compressive strength and CO, uptake.

4.2 Mass Change of CO,-Cured Geopoly-
mer Paste and Absorption Capacity

The mass change of “alkali-activated low-reactivity FA”
pastes after the process of CO, curing is monitored as a
function of curing time. Immediately after demoulding,
these samples are weighed (my), which is subjected to CO4
curing for predetermined durations (6h, 12h, and 24h),
and then again reweighed (m;). The mass change (Am) is
then calculated using

The positive mass changes indicate uptake of CO, and
the formation of carbonation products (primarily calcite,
CaCOs;). illustrates a scatter plot with error bars,
which basically represents the mass change of “alkali-
activated low-reactivity FA” paste as a function of CO,
curing time. The data points represent mean values +
standard deviation (n = 3). A rapid increase in mass is
observed during the first 12h, followed by a slower but
continued gain up to 24 h. This behavior and characteristic
is attributed to the progressive diffusion of CO, into the
paste matrix and the precipitation of carbonates present
within pores and on particle surfaces.

The CO, absorption capacity (wt.%) is independently
quantified using CHNS elemental analysis. The absorbed
CO, values correlate well with the mass change measure-
ments, which confirms that the majority of the mass gain
results from chemically bound CO,. After 24 h of curing,
the samples achieved a CO, absorption capacity of approx-
imately 12.4% by mass of dry paste. This indicates that
even low-reactivity FA can be effectively carbonated when
cured with CO4 from a carbon capture plant.

reports the curing time, mass change, CO4 ab-
sorbed (wt.%), and CO, uptake (g/g FA). The mass mon-
itoring method is mainly validated by the close agreement
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between mass change and CHNS-derived CO4 absorption.
summarizes the mass change and corresponding
CO, absorption at each curing time. The linear correlation
(R? = 0.98) between these two parameters suggests that
mass monitoring can serve as a simple, non-destructive
proxy for CO, uptake in similar systems.

Mass change of carbon-cured geopolymer paste
14 T T T T T

[ Experimental

1217 Fit: Am =13.2(1 — e 1/9%)

Mass change (%)

0 | | | | \
10 15 20 25

CO3 curing time (h)

Fig. 6: Mass Change of Alkali-Activated Low-Reactivity
FA Paste

The results obtained demonstrate that extended CO,
curing up to 24 h, significantly enhances the carbonation,
with a total COq uptake of 12.4% by mass of FA. This
level of absorption is comparable to that reported for more
reactive Class C fly ashes, which suggests that the pres-
surized, high-purity CO, from a carbon capture plant can
effectively carbonate even low-reactivity precursors. The
mass change method provides a rapid, inexpensive means
to estimate CO4 absorption, which ultimately enables the
process optimization in real-time conditions.

4.3 EfHlorescence Measurement

Efflorescence is a common durability issue in alkali-
activated materials, which is mainly caused by the migra-
tion and surface precipitation of soluble alkali salts such
as sodium carbonate or bicarbonate when it is exposed to
moisture. In this research, efflorescence is assessed visu-
ally and quantitatively according to the modified ASTM
C67 method. After CO5 curing process, the samples are
stored in a humidity chamber at RH 804 5%, temperature
25 £+ 2 °C for 28 days. The extent of efflorescence is rated
on a scale from 0 (none) to 5 (severe) based on the area
fraction of white deposit on the sample surface.

All COs-cured samples exhibited negligible efflorescence
(rating < 1), whereas the reference samples (ambient
cured) showed moderate efflorescence (rating 2-3) after 14
days. The absence of efflorescence in carbon-cured sam-
ples is attributed to the consumption of free alkalis (Na""7
K+) during carbonation, which mainly forms the insolu-
ble carbonates within the matrix rather than leaching into
the surface. This result indicates that CO, curing im-
proves physical performance but also enhances the dura-
bility of low-reactivity FA geopolymers by mitigation of
alkali leaching.

4.4 CO, Uptake Rate

[Fig. 7| basically illustrates CO, uptake (g CO, per g of FA)
presented in blue, left axis and the average uptake rate (g
CO, per g FA per hour) presented in red, right axis as a
function of CO, curing time. The uptake is generally deter-
mined by CHNS elemental analysis, the left y-axis (blue)
indicates the cumulative CO, uptake points and a fitted
exponential rise curve. The right y-axis (red) indicates
the average uptake rate, calculated as total uptake divided
by time. The result plot clearly illustrates that the rate
is highest in the early stage and decreases as the sample
approaches saturation.

A rapid initial uptake occurs during the first 6 h (rate
~ 0.007 g/g/h), followed by a gradual decrease in rate as
the sample approaches to the carbonation saturation after
24 h. This behavior is typical for diffusion-controlled car-
bonation, where surface reaction is fast initially, but CO4
penetration into the dense matrix becomes rate-limiting at
later stages.

The maximum CO, uptake reached after 24 h is 0.124
g/g FA, corresponding to a carbonation efficiency of ~ 12.4
wt.% relative to the dry FA mass. The average uptake
rate declines from 0.0068 g/g/h (6 h) to 0.0052 g/g/h (24
h), which clearly indicates that the longer curing times
yield diminishing returns in terms of the additional CO4
fixation. For practical applications, a curing duration of
12-18 h may offer an optimal balance between CO, uptake
and the energy consumption.

4.5 Compressive Strength Results

The compressive strength of alkali-activated low-reactivity
FA pastes is evaluated after 3, 7, 14, and 28 days of curing.
Two sets of specimens are tested:

e CO,-cured samples (cured in the carbon capture plant
CO, atmosphere at 40°C and 0.5 bar for the first 24
h, then it is stored under ambient conditions), and

e The control samples (cured under ambient air at
25(2) °C and 50 + 5 RH for the entire duration).

10
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Table 2: Mass Change and CO, Absorption Capacity at Different Curing Times

Curing time (h) Mass change (%)

CO, absorbed (wt.%)

CO; uptake (g/g FA)

0 0.0 £0.0
6 42 =£0.3
12 8.7+0.5
24 12.4 £ 0.6

0.0 £ 0.0 0.000
41 +£0.2 0.041
8.5 £04 0.085
124 £ 0.5 0.124

Values are mean =+ standard deviation (n = 3). CO, absorbed determined by CHNS analysis.

CO; uptake and average uptake rate
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Fig. 7. CO4 Uptake per Mass of FA vs Average Uptake Rate

Compressive strength is measured according to ASTM C39
standard using a universal testing machine at a loading rate
of 0.5 mm/min.

presents the compressive strength development
over 3, 7, 14, and 28 days as a function of curing age
for COy-cured and control (ambient) specimens. The data
points represented in this table represents the mean + stan-
dard deviation (n = 5). The COs-cured samples consis-
tently achieved higher strengths at all days compared to
the control. After 3 days, the CO5-cured samples reached
18.4 MPa, which is approximately 45% higher than the con-
trol (12.7MPa). The strength gap widened with time:
at 28 days, the COg-cured samples attained 42.6 MPa,
whereas the control only reached 28.3 MPa. This enhance-
ment is attributed to the rapid formation of calcium car-
bonate (calcite) within the matrix, which fills pores and
makes it more denser the microstructure, as well as the
accelerated geopolymerization under mild heat and CO4
pressure.
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The control samples represented a steady but slower
strength gain, typical of low-reactivity FA geopolymers.
The results confirmed that CO, curing from a carbon cap-
ture plant is an effective method to boost early-age and
ultimate compressive strength, which makes low-reactive
FA a viable precursor for the structural applications.

The significant improvement in compressive strength af-
ter CO, curing is consistent with the higher CO, uptake
and the formation of a more compact microstructure ob-
served in XRD and SEM analyses (not shown). These re-
sults demonstrate that utilization of the captured CO, for
curing not only sequesters carbon but also substantially
enhances the physical performance of low-reactivity FA-
based construction materials.

4.6 XRD Test Results

The X-ray diffraction (XRD) analysis is mainly performed
on the alkali-activated low-reactivity FA paste after 28 days
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Table 3: Compressive Strength (MPa) at Different Curing Days

Sample 3 days 7 days 14 days 28 days
CO,-Cured 184+12 26.7+15 352418 426+ 2.1
Control (ambient) 12.7 £1.0 169 £1.3 224 +16 283=+19

Values are mean =+ standard deviation (n =

5)

Table 4: Identified Crystalline Phases and Characteristic 260 Peaks

Phase Formula 20 (degrees) Relative intensity (I/Iy)
Quartz (Q)  SiO, 20.8, 26.6, 50.1, 60.0 100 (at 26.6)
Mullite (M) 3Al;0g3 - 2Si0O4 16.4, 26.2, 33.2, 40.8 40 (at 26.2)
Calcite (C)  CaCOj 29.4, 35.9, 39.4, 43.1, 47.5 85 (at 29.4)

Iy refers to the strongest peak of quartz at 26.6°(set to 100)

Compressive Strength Development

50 T T T
. [ CO,-Cured
£ 40 | |4 Control (Ambient) s
=)
e u
) B =
§ 30 1
2
[«
% 20 a .
g
=
S 10| .
©)

0 3 7 14 28

Curing Age (Days)

Fig. 8 Compressive Strength of Alkali-Activated Low-
Reactivity FA Pastes

of CO, curing. The diffractograms are collected over a 26
range of 5° to 70° using Cu Ka radiation (A = 1.5406 A).
illustrates the XRD pattern of the CO,-cured spec-

imen.

The pattern definitely reveals the presence of several
crystalline phases. Quartz (SiO,) and mullite 3Al503 -
25i03) are the main residual phases inherited from the
original low-reactivity FA, their peaks remain largely un-
changed after the curing process, which indicates that they

do not participate significantly in the alkali activation or
the carbonation reactions.

Most importantly, new peaks corresponding to the cal-
cite (CaCOg) appear at 20 = 29.4°, 35.9°, 39.4°, 43.1°,
and 47.5°. The strong peak at 29.4°confirms the forma-
tion of calcium carbonate, which is the primary product
of CO, uptake. A broad hump centered around 25°-35°is
attributed to amorphous geopolymer gel (N-A-S-H and/or
C-(A)-S-H phases). No peaks for the sodium carbonate or
the bicarbonate are detected, and it is consistent with the
negligible efflorescence observed.

summarizes the major peaks, their assigned
phases, and the relative intensity changes after CO4 cur-
ing. The appearance of calcite and the preservation of
quartz/mullite demonstrate that CO, curing successfully
carbonates the available calcium phases without altering
the inert FA components.

After observing the XRD results, it is confirmed that the
CO, curing induces the calcite formation without altering
the phases of inert crystalline. The presence of a broad
amorphous halo is typical of the geopolymer binders and
indicates successful alkali activation. No sodium carbon-
ate peaks are observed, which supports the efflorescence
resistance of the carbon-cured material.

5 Conclusion and Future Work

This research presented that CO, captured from a car-
bon capture plant at RKDF University, Bhopal, can be ef-
fectively utilized for curing purpose of the alkali-activated
low-reactivity FA pastes. The CO, curing can significantly
enhance the mass gain and CO, uptake of the FA pastes.

12
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XRD Pattern of CO,-Cured Alkali-Activated FA (28 Days)
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Fig. 9: XRD Pattern of CO,-Cured Alkali-Activated Low-Reactivity FA Paste After 28 Days, Major Peaks are Labelled:
Q@ = Quartz, M = Mullite, C' = Calcite, The Broad Hump (Shaded) Indicates Amorphous Geopolymer Gel

After 24h of curing, the samples achieved a CO, absorp-
tion capacity of 12.4 % by mass of FA, with the majority of
uptake occur within the first 12 h. Efflorescence is virtually
eliminated in COs-cured samples, as free alkalis are con-
sumed to form insoluble carbonates rather than leaching to
the surface. The compressive strength is substantially im-
proved by the CO4 curing. At 28 days, the CO4-cured sam-
ples reached 42.6 MPa, which is approximately 50% higher
than that of the ambient-cured control (28.3 MPa). The
XRD analysis confirmed the formation of calcite (CaCOj)
as the main carbonation product, while quartz and mul-
lite remained inert. A broad amorphous hump indicated
the presence of geopolymer gel. The proposed method pro-
vides benefits of the permanent CO, sequestration and the
valorization of low-reactive FA into a high-strength con-
struction material.

While the results are promising, there are several aspects
warrant further investigation as follows:

1. Long-Term Durability: To assess the performance
ofCOy-cured FA products under aggressive environ-
ments such as sulfate attack, chloride ingress over 1
year extended periods.

Microstructural Evolution: To use advanced tech-
niques such as SEM-EDS, NMR, TG-DTA to quanti-
tatively track the evolution of the carbonation prod-
ucts and the geopolymer gel network over time.

Process Optimization: To investigate the effects
of pressure, temperature, CO, flow rate, and curing
regime (intermittent vs. continuous) to maximize the
CO4 uptake while minimizing the energy consump-
tion.
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4. Scalability: To evaluate techno-economic feasibil-
ity using pilot-scale trials using flue gas (lower CO,
concentration) directly from the carbon capture plant
without any purification and other pre-process.

Life Cycle Assessment: To quantify the net car-
bon footprint and energy balance of the entire process,
from FA sourcing to CO, curing and end-use.

Blended Precursors: To explore the synergy of low-
reactive FA with other supplementary cementitious
materials such as slag, rice husk ash, and other agricul-
tural waste ash under CO, curing to further enhance
the reactivity and the physical properties.

These aspects will further help in transition to this
laboratory-scale concept into a practical, low-carbon tech-
nology for the construction industry.
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