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Climate change is one of the most pressing issues currently facing society. There is therefore
an urgent need to develop suitable and sustainable techniques that mitigate the impacts of climate
change. The emission of greenhouse gases (GHG) is a significant contributor to climate change,
specifically global warming. CO2 emissions account for approximately three-quarters of GHG
emissions; therefore, achieving a reduction in CO2 emissions is an important part of minimizing the
extent of global warming. Industries of particular concern for their environmental and climate
impact are those that produce alkaline wastes. These include the cement and concrete industry, iron
and steel manufacturing industry, and coal-fired power generation.

Carbon capture and utilization (CCU) is a promising process for reducing CO2 emissions.
The mineral carbonation of alkaline materials is of particular interest for CCU, as well as for
addressing the environmental impacts of alkaline waste production. Most CCU methods require
additional COz purification and pressurization processes, which are costly, require high-energy input,
as well as additional land use, decreasing their feasibility as an environmental strategy. Mineral
carbonation of alkaline materials is possibly promising solution for developing without CO2
purification and pressurization because the reaction is spontaneous. Additionally, the carbonated
products are stable, with potential for use in further applications. Alkaline waste is regarded as a

more suitable input material compared with alkaline rocks because alkaline wastes are generally
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cheaper, more active, and do not require the exploitation of natural resources.
The primary objective of this research was to develop a promising CCU method using
mineral carbonation of alkaline wastes, without the need for CO:z purification and pressurization.

Specifically, this study focused on the following processes:

(1) Development of direct aqueous carbonation of alkaline wastes.
(2) Development of circular indirect carbonation of alkaline wastes without chemicals

consumption.

First, we investigated the direct aqueous carbonation of concrete fines under low-energy
input. Concrete fines are a by-product of aggregate recycling from waste concrete, produced when the
hydrated cement fraction, which decreases the quality of the recycled aggregate, is removed.
Concrete fines need to be appropriately treated to improve the feasibility of aggregate recycling. In
this study, we evaluated synthetic concrete fines and two types of concrete fines generated from the
aggregate recycling processes from demolished concrete and solidified, returned fresh concrete. By
varying the reaction parameters, we achieved a CO2z uptake efficiency of 0.19 g-COz/g-synthetic
concrete fines, and 0.13 g-CO2/g-concrete fines, under low-energy input (14% COq, atmospheric
pressure). The effects of solidification and particle collision were determined by carbonated product
characterization. Compared with previous studies using high pressures and pure COg, this work
achieved higher CO:z uptake efficiency according to the high contents of active chemical forms of
calcium such as Ca(OH)z. Concrete fines are therefore a promising input for low-energy carbonation
without the need for COz purification and pressurization. Additionally, the carbonated products have
the potential for use in diverse applications.

Second, we investigated the direct aqueous carbonation of coal fly ash under low-energy
input. Mineral carbonation of coal fly ash under high-energy input has been investigated extensively;
however, to our knowledge, there are limited studies investigating the process under low-energy
input. We investigated mineral carbonation under low-energy input by using coal fly ash, which
usually has a low Ca content, without COz purification and pressurization. The carbonation reaction

and reaction mechanisms, such as CaCOs redissolution, were monitored and the potential for CO2



sequestration and utilization was evaluated. The carbonated product showed minimal risk of
leaching and could therefore be considered for use in further applications. Our results demonstrated
that coal fly ash was an appropriate input in direct aqueous carbonation under low-energy input.
The maximum CO: uptake efficiency was 0.016 g-COgz/g-coal fly ash. This is lower compared with
the literature values for other materials; however, the high availability of low-Ca-content fly ash
means that its total COz reduction potential remains competitive.

We next investigated indirect carbonation with chemicals regeneration via electrodialysis,
using coal fly ash. Indirect carbonation requiring the continuous addition of chemicals results in the
formation of waste by-products. Therefore, a circular indirect carbonation method, which
incorporates an electrochemical process for chemicals regeneration, has been proposed as a more
sustainable approach to indirect carbonation. However, the concept has only so-far been discussed
in the context of using waste concrete in the cement and concrete industry. There is a need to explore
the applicability of this method in more industries. This is the first study to investigate the indirect
carbonation method using coal fly ash and electrodialysis. The process is composed of four main steps:
leaching, CO:z capture, CaCOs precipitation and solution regeneration by bipolar membrane
electrodialysis (BPED). The effects of the HNOs concentration, L/S ratio and N/C ratio (molar ratio
of nitric acid to calcium in fly ash) on fly ash leaching were investigated and the N/C ratio was
determined to be the key factor influencing the leaching efficiency of the Ca and impurities. By
varying the N/C ratio through adjusting the HNOs concentration and the L/S ratio, the mass fraction
of Ca in solution changed because of the changing concentration of dissolved impurities such as Si
and Al. The leaching behavior of impurities was mainly related with the colloidal precipitation
reaction. After the leaching step, 97.3% of the Ca in solution had successfully reacted with the
Na2COs solution (produced through reaction of NaOH solution with absorbed CO2) to form
precipitated CaCOs. The remaining salt solution was then treated by BPED. The effects of the
electric potential and current density on the BPED regeneration process of the acid (HNOs) and
alkaline (NaOH) solutions, was investigated. The overall power consumption was used to evaluate
the method’s performance in terms of the cost and total COz2 balance. Because this is a preliminary

study, further research is needed to improve the process through additional optimization of the



experimental parameters discussed. With that said, indirect carbonation of coal fly ash with BPED
shows potential as a promising CCU method with considering various scenarios of using different

energy supplies including renewable energy.

In conclusion, this study investigated methods of CCU via mineral carbonation of alkaline
wastes, without the need for CO:z purification and pressurization. Our results show that direct
aqueous carbonation under low-energy input using alkali-activated wastes such as concrete fines, is
a potentially promising method. Concrete fines generated from aggregate recycling proved to be a
suitable material for developing CCU techniques without CO:z purification and pressurization.
Indirect carbonation of relatively inert alkaline wastes, i.e., coal fly ash, with electrodialysis
chemicals regeneration, was also investigated as a potential CCU technique with discussing several
parameters and various scenarios which proves the potential of COz reductions is great. Overall, our

study adds to the evidence that mineral carbonation is a promising CCU method.
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