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Leveraging Industrial Side-Streams and Carbonate 
Chemistry for Sustainable CO₂ Capture 

EMMANOUELA LEVENTAKI 

Department of Chemistry and Chemical Engineering 
CHALMERS UNIVERSITY OF TECHNOLOGY 

 
Abstract 

As environmental research seeks to accelerate the transition away from fossil-based 
industries, it is essential to adopt a diverse range of decarbonization strategies. One 
promising approach for CO₂ capture is the utilization of industrial side streams in 
inorganic carbonation. Inorganic carbonation is a versatile process involving the 
reaction of CO₂ with alkali or alkaline earth metal hydroxides, toward the formation of 
metal carbonates. Thus, alkaline wastes and side streams, found in abundance at 
industrial sites, could have potential as low-cost CO2 absorbents. In Sweden, the two 
major industrial sectors –pulp and paper and metallurgy– both generate substantial 
amounts of alkaline by-products.  

The present work focuses on the investigation of carbon capture via carbonation with 
6 different absorbents: black liquor and green liquor dregs (pulp and paper residues), 
three steel slags (tunnel kiln slag, ladle furnace slag, and electric arc furnace slag), and 
NaOH-ethanol solutions. Direct aqueous carbonation experiments were conducted 
with mixtures of 15 or 30% CO2 balanced with N2 in the case of the side-stream 
materials, while the NaOH-ethanol solutions were investigated in direct air capture. 
Experiments were conducted at ambient pressure and the uptake of CO2 by each 
absorbent system was monitored. Key operating parameters, such as reactor 
configuration, particle size, and temperature were investigated. 

Black liquor contains dissolved NaOH, which reacts with CO₂ to form soluble Na₂CO₃ 
and NaHCO₃. Black liquor samples prepared from soda-pulping presented absorption 
capacity similar to that of a 3 wt% pure NaOH solution. The other materials derive their 
alkalinity primarily from Ca-based compounds, such as hydroxides and silicates, which 
react with CO₂ towards the precipitation of CaCO₃. The accessibility of Ca-bearing 
phases and solubility of Ca2+ significantly affect the carbonation performance. Thus, 
reducing particle size by crushing or stirring and decreasing the solid-to-liquid ratio 
had a positive impact on the yield of carbonation. In the case of NaOH-ethanol 
solutions their performance in direct air capture is primarily mass-transport 
controlled. The use of a stirred reactor led to nearly complete removal of the CO2 in the 
air passing through the reactor.  

Overall, this thesis demonstrates the versatility and simplicity of inorganic carbonation 
as a carbon capture strategy, highlighting several promising pathways. Further 
research is required to develop a complete process tailored to each individual system 
and to enable their successful industrial scale-up. 

Keywords: Carbon capture, Inorganic carbonation, Alkaline side-streams
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Chapter 1:  
Introduction
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Background 
 

Global industrialization has led to significant environmental and climatological 

changes, the impacts of which are becoming increasingly evident. Anthropogenic 

emissions of greenhouse gases (GHGs), including CO₂, CH₄ and NOₓ, have driven a 

global mean temperature increase of approximately 1.22 °C over the past decade 

(2015–2024) relative to pre-industrial levels [1]. Among these GHGs, the dominant 

contributor from human activities is CO2 with total energy-related emissions of 37.8 

Gt in 2024, as reported in the 2025 Global Energy Review of the International Energy 

Agency (IEA) [2]. The 2024 atmospheric CO2 concentration of 422.5 ppm was the 

highest recorded to date. The escalating climate impact of anthropogenic GHGs 

emissions coupled with the population growth and industrial expansion induce an 

incentive to mitigate human-related GHGs. The Intergovernmental Panel on Climate 

Change (IPCC) has established a limit of 2 C of warming in the near term (2021-2040), 

based on which the Paris Agreement of 2016 was signed [3]. The IPCC has laid out 

different shared socioeconomic pathways (SSP) based on the rate of emissions in the 

upcoming years in assessment reports (AR). The latest report (AR 6) disclosed that an 

overshoot above 2 C is likely in most SSPs [4]. Thus, there is a pressing necessity for 

industrial decarbonization, which can only be achieved by co-deployment of different 

strategies, such as transition to renewable energy (solar, hydropower, wind, biomass, 

etc.) and electrification of energy-intensive sectors [5,6]. Among these strategies is 

carbon capture, utilization, and storage (CCUS). CCUS can facilitate CO2 removal 

during the energy transition, mitigate the emissions of other sectors, such as cement 

production, and address the excess CO2 concentration in the case of a temperature 

overshoot [6,7]. Figure 1.1 illustrates a generalized scheme of the different pathways of 

CCUS. There are multiple routes depending on the targeted source of CO2, capture 

technology and final application.  
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Figure 1.1. Overall scheme of CCUS adapted from [8–10]. 

 

Carbon capture by source of CO2 

 

The source of CO2 can be industrial flue gas from power plants, or heavy industries 

where CO2 is inherently generated in a process (e.g. cement kiln). The three major 

technologies for flue gas CC are post-combustion, pre-combustion and oxy-fuel 

combustion CC [9,10]. Post-combustion CC refers to the removal of CO2 from the flue 

gas generated from combustion of fuel, where its concentration is 12-15%. This is a 

straightforward approach primarily addressed with chemical absorbents. Pre-

combustion CC entails the conversion of hydrocarbon feedstock to synthesis gas by 

gasification and subsequent removal of CO2. The gasification converts fuel into a 

mixture of H2 and CO and the CO is then converted to CO2 through the water-gas shift 

with the additional generation of H2. The concentrated CO2 (80-90%) can then be 

removed more efficiently than in post-combustion CC. In oxy-fuel combustion, fuel is 

burned in pure oxygen. The produced exhaust consists of CO2 (90-95%) and water 

vapor, which facilitates the separation of CO2. The bottleneck of this process is the high 

energy associated with generating pure O2. The fuel in these technologies can be either 

fossil based, or biobased, which opens the possibility for negative emissions. Apart 

from power plants, there are other industrial processes which involve an inherent 

release of CO2, such as aluminum production (1-2% CO2), steel manufacture (20-27% 

CO2 in the blast furnace exhaust) and cement production (14-33% CO2) [11]. 
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Alternatively to point-sources, CO2 can also be captured from the air in a process called 

direct air capture (DAC) [12]. This option is the most thermodynamically unfavorable 

owing to the low concentration of CO2 in air (0.04%). However, it is widely investigated 

as a pathway towards achieving negative emissions and to tackle the possibility of a 

temperature overshoot in the future. 

 

Carbon capture by technology 
 

The capture of CO2 can be performed in various ways. The main CC systems are 

highlighted in Figure 1.1, while many more exist at various technology-readiness levels 

(TRL). Wu et al. conducted a comprehensive review of all carbon capture technologies 

[11]. This work concluded that the primary technologies for post-combustion CC are 

absorption, adsorption and membrane separation. Chemical absorption and especially 

amine-based solutions hold the lead in TRL for post-combustion CC. The main types 

of technologies will be briefly discussed here.  

Absorption is the process in which CO2 is selectively transferred into a solid or most 

commonly liquid phase, by chemical (chemisorption) or physical (physisorption) 

mechanisms. Notable chemical absorbents for CO2 are amines, such as 

monoethanolamine (MEA), metal hydroxides and carbonates, ionic liquids, and 

ammonia. There are three physisorption processes used in large-scale applications. 

The rectisol process utilizes methanol, selexol utilizes polyethyleneglycol 

dimethylether and purisol utilizes n-methyl-2-pyrrolidone [13]. All three processes 

operate at low temperatures and high pressure for absorption in the solvent. In 

adsorption, the CO2 attaches on a solid surface, rather than transferring into the bulk 

phase. Depending on the type of interactions this can again be a chemical or physical 

process. In chemical adsorption, solid porous materials can be functionalized with 

amine groups, or metal hydroxides. Examples of physical adsorbents are zeolites and 

carbon-based materials [13]. Cryogenic CC involves cooling a gas mixture at a 

temperature at which CO2 can be selectively separated by sublimation [14]. Membrane 

CC is a size-selective technology. The types of membranes are polymeric, ceramic and 

hybrid, and these can be configured to maximize the permeability of CO2 through the 

pores. Lastly, natural inclusion refers to processes that take place in the carbon cycle, 

such as photosynthesis and mineralization. Natural carbon sinks can be enhanced by 

technological means to accelerate the CO2 uptake and harvest valuable products. 

Biofixation of CO2 with microalgae and other microorganisms is explored for the 

production of value-added chemicals such as biofuel [15]. Mineralization is the natural 

weathering of ores such as serpentine and wollastonite. The alkaline earth metal oxides 

in these minerals can react with CO2 to form stable metal carbonates [16]. Natural 

weathering is a very slow process, but alkali and alkaline earth metal oxides and 

hydroxides are abundant in industrial side streams. Thus, ex-situ mineralization is a 

topic of increasing interest and will be discussed in detail in the next chapters. 
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Carbonation of industrial side streams 
 

Industrial alkaline side streams are residual streams from industrial processes with a 

high content of alkali and/or alkaline earth metal hydroxides (or silicates). These 

materials have received increasing interest over the past years for their potential to 

sequester CO2 [17]. They present a largely unexploited feedstock of CO2 sorbent 

chemicals, which are mostly landfilled, incinerated, and more rarely recycled or 

utilized in other applications [16]. Additionally, they are generally inexpensive and are 

commonly generated near industrial flue gas streams, which offers a logistic 

advantage. Such side streams are cement waste, construction and demolition debris, 

steel slags, coal ash, biomass ash, municipal solid waste incinerator (MSWI) ash, 

alkaline paper mill side streams and mine tailings [18]. The main alkali and alkaline 

earth metals commonly found in these are Na, K, Ca and Mg, while others like Cs, Li 

and Ba can only be found in trace concentrations [19,20]. Alkali metals react with CO2 

forming water soluble carbonate and bicarbonate species, while the divalent alkaline 

earth metals form stable carbonates which are insoluble or sparingly soluble in water 

[19]. 

 

Chemical reactions of inorganic carbonation 
 

CO2 is considered a Lewis acid and when dissolved in water it forms carbonic acid 

(H2CO3). Across the basic range of pH H2CO3 dissociates to bicarbonate and carbonate 

ions [21]. The absorption of CO2 from the gaseous to the aqueous phase, followed by 

its dissociation, are expressed in equations (1.1) and (1.2). 

𝐶𝑂2(𝑔) ↔  𝐶𝑂2(𝑎𝑞)  (1.1) 

𝐶𝑂2(𝑎𝑞) +  𝐻2𝑂 ↔ 𝐻2𝐶𝑂3(𝑎𝑞) ↔  𝐻𝐶𝑂3(𝑎𝑞)
−  +  𝐻(𝑎𝑞)

+  ↔  𝐶𝑂3(𝑎𝑞)
2−  +  2𝐻(𝑎𝑞)

+ (1.2) 

At pH>10.5 the equilibrium is shifted towards CO32-, at 6.5<pH<10.5, HCO3- is 

predominant, while the main species below 6.5 is H2CO3.  

When an alkali metal hydroxide is present it reacts with CO2 according to the equations 

(1.3 – 1.6) [22]. Firstly, the metal hydroxide dissociates to the metal cation and 

hydroxide ion. At high concentration of hydroxide, equation (1.2) shifts to the right and 

metal carbonate is the main species, while as the hydroxide ions are consumed and the 

pH is lowered the equilibrium shifts towards the metal bicarbonate. Alkali metal 

hydroxides and carbonate/bicarbonate species are readily soluble in water [23]. In the 

following equations M denotes Na or K. 

 𝑀𝑂𝐻(𝑠)  ↔  𝑀𝑂𝐻(𝑎𝑞)  ↔ 𝑀(𝑎𝑞)
+ +  𝑂𝐻(𝑎𝑞)

− (1.3) 
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  2𝑀(𝑎𝑞)
+ +  𝐶𝑂3(𝑎𝑞)

2−  ↔  𝑀2𝐶𝑂3(𝑎𝑞) (1.4) 

  𝑀(𝑎𝑞)
+ +  𝐻𝐶𝑂3(𝑎𝑞)

−  ↔   𝑀𝐻𝐶𝑂3(𝑎𝑞) (1.5) 

  𝑀2𝐶𝑂3(𝑎𝑞) +  𝐻2𝐶𝑂3(𝑎𝑞)  ↔   2𝑀𝐻𝐶𝑂3(𝑎𝑞) (1.6) 

When an alkaline earth metal hydroxide is present the carbonation follows the path 

shown in equations (1.7) and (1.8) [24]. Here M denotes Ca or Mg. 

 𝑀(𝑂𝐻)2(𝑠)  ↔  𝑀(𝑂𝐻)2(𝑎𝑞)  ↔ 𝑀(𝑎𝑞)
2+ +  2𝑂𝐻(𝑎𝑞)

− (1.7) 

  𝑀(𝑎𝑞)
2+ +  𝐶𝑂3(𝑎𝑞)

2−  ↔   𝑀𝐶𝑂3(𝑠) (1.8) 

Alkaline earth metal hydroxides have very limited water solubility, thus equation (1.7) 

reaches equilibrium when the saturation concentration is reached. The corresponding 

metal carbonates are even less soluble, and they precipitate out upon formation. Thus, 

if there is excess of the M(OH)2 the precipitation of MCO3 drives equation (1.7) to the 

right. As the pH decreases the solubility of the metal carbonate increases slightly. 

Additionally, any dissociated MCO3 can further react with carbonic acid to form the 

respective metal bicarbonate which is more soluble in water [equation (1.9)]. 

  𝑀2𝐶𝑂3(𝑎𝑞) +  𝐻2𝐶𝑂3(𝑎𝑞)  ↔ 𝑀(𝐻𝐶𝑂3)2(𝑎𝑞) (1.9) 

In many industrial side streams, as well as in natural geological formations, alkaline 

earth metals exist in silicate phases. Equation (1.10) represents the carbonation 

reaction of metal silicates [25]. The metal carbonates are energetically favored over the 

silicate phases, but carbonation is limited by the insignificant solubility of metal 

silicates in water. Thus, accelerating the carbonation process while maintaining 

minimum consumption of energy and raw materials is key to harvesting the CO2 

sequestration potential of industrial side streams [19].  

𝑀𝑥𝑆𝑖𝑦𝑂𝑥+2𝑦+𝑧𝐻2𝑧 +  𝑥𝐶𝑂2  →  𝑥𝑀𝐶𝑂3 +  𝑦𝑆𝑖𝑂2 +  𝑧𝐻2𝑂 (1.10) 

The solubility constants of Ca and Mg hydroxides and carbonates at 25 C and the 

molar solubility of their corresponding metal ions (Ca2+ and Mg2+) are reported in 

Table 1.1. In addition, three Ca phases that can be found in steel slags are included, 

though Ca and Mg can be found in various other crystalline or amorphous phases with 

different solubilities in alkaline side streams [25]. 
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Table 1.1. Solubility product constant (Ksp) and molar solubility at 25 C of Ca(OH)2, Mg(OH)2, their 
corresponding carbonates and three Ca phases that can be found in industrial alkaline waste such as steel 
slags and cement waste [26–28]. The last three dissolution reactions are balanced with H2O. 

Phase Dissolution reaction Ksp Solubility 
(M) 

Portlandite  𝐶𝑎(𝑂𝐻)2  → 𝐶𝑎2+ +  2𝑂𝐻−  5.0∙10-6 1.1∙10-2 

Brucite  𝑀𝑔(𝑂𝐻)2  → 𝑀𝑔2+ +  2𝑂𝐻−  5.6∙10-12 1.1∙10-4 

Calcite  𝐶𝑎𝐶𝑂3  → 𝐶𝑎2+ +  𝐶𝑂3
2−  3.4∙10-9 5.8∙10-5 

Magnesite  𝑀𝑔𝐶𝑂3  → 𝑀𝑔2+ +  𝐶𝑂3
2−  6.8∙10-6 2.6∙10-3 

C2S (dicalcium 
silicate) 

𝐶𝑎2𝑆𝑖𝑂4  → 2𝐶𝑎2+ + 𝐻4𝑆𝑖𝑂4 + 4𝑂𝐻−  4.3∙10-18 5.4∙10-4 

C3S (tricalcium 
silicate) 

𝐶𝑎3𝑆𝑖𝑂5  → 3𝐶𝑎2+ + 𝐻4𝑆𝑖𝑂4 + 6𝑂𝐻−  9.6∙10-23 3.6∙10-3 

C3A (tricalcium 
aluminate) 

3𝐶𝑎𝑂 ∙ 𝐴𝑙2𝑂3  →  3𝐶𝑎2+ +  2𝐴𝑙𝑂2
− +  4𝑂𝐻−   1.4∙10-21* 6.3∙10-3 

* Value reported at 20 C [28]. 

 

Pathways of ex-situ mineral carbonation 
 

As previously mentioned, mineral carbonation can occur via the natural weathering of 

metal-oxide-bearing rocks, or by ex-situ reaction of CO2 with minerals and industrial 

wastes. Ex-situ carbonation is accelerated by controlling factors such as humidity, 

temperature and pressure to enhance the reaction rate. Accelerated carbonation can 

be divided into three routes: direct gas-solid, direct aqueous and indirect aqueous 

carbonation, as displayed in Figure 1.2. Direct gas-solid (or direct dry) carbonation is 

the most straightforward route. Due to the slow reaction kinetics, it requires elevated 

temperature, high partial pressure of CO2 and very fine particle size to yield an 

adequate carbonation efficiency. Thus, it is associated with high energy demands. This 

process has potential to be used for the carbonation of side-streams with high content 

of free Ca and Mg oxides and hydroxides, as they react with CO2 more readily under 

sufficient humidity and the energy generated during the exothermic carbonation 

reaction can be harvested. However, this method is unfeasible when it comes to Ca and 

Mg in silicate phases. Furthermore, it requires the gaseous feed to contain pure CO2, 

as the partial pressure greatly affects the efficiency of the process [19,29,30]. Direct 

aqueous (or direct wet) carbonation involves the reaction of CO2 with the alkaline 

material in an aqueous suspension (slurry). In this process, Ca and Mg ions from oxide, 

hydroxide and silicate phases can leach into the water and react with the dissolved CO2 

according to the reactions discussed in the previous section. Introducing an aqueous 

phase allows carbonation to take place between the dissociated ions of the reactants, 

thus increasing the yield, without the need for intensive operating conditions. This 

method is considered very promising because it can achieve high carbonation 

efficiencies under mild conditions [31]. Indirect aqueous carbonation is a two-step 

process involving the extraction of alkaline earth metals in the first step and their 
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aqueous carbonation in the second. The extraction step entails treating the solids with 

an additive such as an acid, salt or alkali. In acid extraction, a weak (acetic acid, valeric 

acid) or strong (HCl, HNO3 and H2SO4) acid is added to dissolve the metal ions. Strong 

acids are very effective in this, but as basicity favors carbonation, the acidic extraction 

is followed by an increase of pH to perform the carbonation step. Therefore, this 

process is known as pH swing. Ammonium salts, such as NH4Cl and CH3COONH4 can 

also effectively enhance the leaching of Ca2+ and Mg2+ from mineral phases. Caustic 

soda has also been proposed as an additive to extract metal hydroxide from 

aluminosilicate phases. This method has been explored very little [19]. The advantage 

of indirect carbonation is that the end products are pure CaCO3 and MgCO3, which find 

many commercial applications [32,33]. Its key drawback is the added technoeconomic 

cost associated with the introduction of raw materials and additional steps for metal 

extraction, solvent regeneration, etc. 

 

 

Figure 1.2. The three mineral carbonation pathways (direct gas-solid, direct aqueous and indirect aqueous 
carbonation), their main parameters and obtained products. Modified after [19,34,35]. 
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Alkaline industrial side-streams 
 

In Paper VII we conducted a literature review of industrial alkaline side streams and 

their potential for CO2 removal [36]. The materials that were investigated in this study, 

will be discussed in detail below. 

 

Steel slags 

 

The steel industry produces various types of slags from different segments of the 

process. The steelmaking process is illustrated in Figure 1.3. Lime is added to react 

with the impurities in the iron, forming molten slag which is separated at each step. 

The four slags produced are Blast Furnace slag (BF), Basic Oxygen Furnace slag (BOF), 

Electric Arc Furnace slag (EAF) and Ladle Furnace slag (LF). It is estimated that 0.13 

– 0.2 tons of steel slag is generated per ton of steel produced [37]. In 2023 the U.S. 

geological survey reported the global steel slag production to be between 190 to 290 

million tons and the iron slag between 330 and 390 million tons [38]. Iron and steel 

slags can find application in concrete as aggregates or supplementary cementitious 

materials, in road construction and in soil stabilization [37,39]. The high content in Ca 

and Mg oxides and silicates coupled with their high global production render them very 

promising materials for CO2 mineralization. Therefore, there is a lot of research 

focused on this topic. Steel slag carbonation has been reported to yield a CO2 uptake in 

the range of 10 – 50 g of CO2 / kg of slag with the direct gas-solid method, 200-300 g 

of CO2 / kg of slag with the direct aqueous method and 100 – 250 g of CO2 / kg of slag 

with indirect carbonation [40]. Key parameters affecting the carbonation efficiency are 

particle size, temperature, CO2 concentration, solid-to-liquid ratio (S/L, g / L), 

carbonation time and additives [41]. It is generally agreed that lower particle size 

enhances carbonation, as it increases the accessibility of the Ca and Mg [42]. The 

duration of carbonation varies depending on the type of slag and carbonation route. 

But throughout the literature of accelerated carbonation the process showcases a 

similar behavior of an initial fast carbonation rate when Ca and Mg are readily 

available, and a subsequent slow regime where the reaction is limited by the availability 

of Ca and Mg. The other parameters are subject of optimization. Temperature has a 

positive effect on the dissolution of silicate phases [43,44], but a negative effect on the 

dissolution of CO2 [41] and Ca(OH)2 [24] in water. Thus, the effect of temperature can 

vary for different types of slag and process conditions. The S/L ratio has a positive 

effect on the leaching of Ca2+ and Mg2+, but it hinders the mass transport of CO2 from 

the gaseous to the liquid phase [40]. Despite the extensive body of research on the 

carbonation of steelmaking slags, industrial implementation remains challenging. 

According to Zhao et al., these challenges arise from (i) variability in slag composition 

depending on its origin, (ii) limitations in reaction kinetics, and (iii) high energy 

demand and associated economic costs [45]. 
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Figure 1.3. Scheme of the conventional steelmaking process. Modified after [37,46]. 

  

Pulp and paper side-streams 

 

The pulp and paper industry generates alkaline side streams with high content of Ca 

and Na. An overview of the Kraft pulping process with focus on the generation of side 

streams is illustrated in Figure 1.4. Kraft cooking is the most wide-spread and 

established process for pulp production [47]. It entails a chemical treatment of wood 

chips with an aqueous solution of NaOH and Na2S, called white liquor. This treatment 

separates the cellulose fibers from lignin and other organic compounds. The spent 

liquor from this, called black liquor is an alkaline solution of dissolved and modified 

lignin and hemicelluloses [48]. The black liquor is condensed and burned in a recovery 

boiler to generate energy and recover the cooking chemicals. In the chemical recovery 

cycle, the smelt produced in the recovery boiler is washed and the liquid with dissolved 

chemicals (green liquor) is treated with Ca(OH)2 to precipitate CaCO3 and recover 

NaOH. The recovered white liquor is used again in pulping, while the CaCO3 is calcined 

to regenerate Ca(OH)2 with the emission of CO2. The alkaline side-streams of this 

process are black liquor, green liquor dregs (GLD), lime mud, slacker grids and fly ash.  
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Figure 1.4. Scheme of the Kraft process and recovery of raw chemicals. Modified after [49]. 

 

Black liquor 

 

Owing to its high pH (12-14), black liquor has the capacity to absorb CO2. However, the 

addition of CO2 in black liquor has only been explored in the frame of black liquor 

acidification to precipitate and recover lignin [50,51]. Cramstedt investigated the 

integration of carbon capture to a Kraft mill with the use of white liquor as a CO2 

absorbent coupled with an electric lime kiln to recover CaO and pure CO2 [52]. In this 

work it was noted that the increased load to the lime kiln and release of H2S are 

important bottlenecks to the implementation of this process. Another chemical 

treatment for pulping is soda pulping, where the white liquor is aqueous NaOH [47]. 

This softer process is favorable for the extraction of cellulose from non-woody biomass, 

which has lower pulping resistance than wood. Agricultural waste, such as wheat straw 

and oat husks are gaining interest as a source of cellulosic pulp and lignin by soda 

pulping and acidification of the black liquor [53,54]. Non-woody biomass has a higher 

silica content than wood, which poses difficulty to the chemical recovery and black 

liquor combustion. Additionally, silica in non-woody biomass is gaining interest for its 

potential valorization in alkali-activated concrete, where Portland cement is partially 

or fully replaced by waste streams such as fly ash, which are activated using waterglass 
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to form a hardened network [55]. Thus, silica sourced from non-woody biomass could 

become an increasingly valuable resource as the construction sector shifts toward 

cement alternatives. In black liquor, silica is dissolved in the form of Na2SiO3 [56]. 

Desilication can be achieved by lowering the pH to 8 which induces the precipitation 

of amorphous silica [57]. Thus, integration of post-combustion flue gas to capture CO2 

with soda pulping black liquor could be a method to separate silica. The remaining 

black liquor could be acidified further with recovery of CO2 and lignin. 

 

Recausticizing residues 

 

The primary inorganic residues from the recausticizing process are green liquor dregs 

(GLD), slaker grits and lime mud (see Figure 1.4). GLD is the insoluble portion that 

remains after the smelt dissolution. Slaker grits form in the bottom of the lime slaker, 

and lime mud is a residue from the lime kiln. All three materials are alkaline owing to 

CaO. Pérez-López et al. investigated the direct aqueous carbonation of lime mud under 

varying conditions of temperature and pressure (30 – 60 °C and 10 – 40 bar) and 

reported a maximum sequestration capacity of 218 kg of CO2 / ton of material [58]. 

Slaker grids have also been explored for indirect aqueous carbonation reaching a 

maximum sequestration capacity of 460 kg CO2/ton of grits [59]. Paper mill waste has 

also been proposed for CC via calcium looping, a process consisting of continuous 

carbonation-calcination cycles [60,61]. The carbonation takes place at high 

temperatures (650 – 700 C), followed by calcination under oxy-fuel combustion to 

generate pure CO2. Apart from this limited collection of studies, paper mill 

recausticizing residues have not been researched further in CC. Other promising 

applications of these waste products are the neutralization of acid mine drainage and 

the synthesis of geopolymer mortars [62–64]. 

 

Other side streams 

 

Construction and demolition waste is a significant potential source of Ca, mainly in the 

phases of calcium silicate hydrates (C-S-H) and portlandite-for CO2 sequestration. 

Construction and demolition wastes are highly heterogeneous and can contain various 

materials, like crushed concrete, asphalt, glass, mixed demolition debris and other 

[65]. They are generated in large quantities worldwide, but their high porosity hinders 

their recyclability. Research on accelerated carbonation indicates that controlled 

carbonation promotes the formation of small crystals which fill the pores of the 

materials, improving its durability and promoting reuse as fillers and aggregates [66–

68]. The direct aqueous route has gained interest, owing to the much higher 

carbonation yields that can be achieved in a fraction of the time required for dry 

carbonation [69,70]. However, its high demand in energy and water hinders it from 
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industrial implementation, while the direct dry route is more feasible at large scale, as 

is a simple and industrially mature approach. Another alkaline residue in the 

construction sector is cement kiln dust (CKD). CKD is a fine powder generated in a 

rotary kiln where limestone, silica, alumina and iron are mixed and heated together to 

produce cement clinker [71]. The calcination of limestone is an integral part of the 

cement manufacturing process. Thus, cement is a high emissions sector, with 900 kg 

of CO2 released for every ton of cement produced [72], of which some is regained by 

carbonation that occurs during the aging of concrete [73,74]. CKD has a very high 

content in CaO (37 – 77%) and thus has attracted interest in accelerated carbonation 

[75–78]. Municipal waste incineration ashes are another example of alkaline waste that 

are explored for potential pathways of valorization. Two main fractions of ashes are 

produced during the incineration process, bottom and fly ashes. Bottom ash consists 

of incombustible material such as ceramic, glass, and concrete and it accounts for 

about 80% of the total ash byproduct, while the remaining 20% is fly ash [79]. Both 

materials have a high content of Ca and Si compounds, as well as Al, Fe, Na and K in 

smaller concentrations [80,81]. Bottom ash often finds application as an aggregate for 

road filling and construction materials, but fly ash is classified as a hazardous waste 

due to its content in toxic compounds, such as heavy metals (As, Cd, Cu, Cr, Pb, etc.) 

and dioxins [81,82]. Accelerated carbonation of the ashes has been proposed as a 

method to immobilize heavy metals and enhance their mechanical properties for 

utilization in construction materials [82,83]. Um et al. performed carbonation in two 

different ways, aqueous, with an S/L ratio of 100 and wet, with 0.3 L of water / kg of 

slag (or 3,333.3 S/L ratio) [84]. The results suggested that aqueous carbonation 

sequestered more CO2, but wet carbonation led to the formation of a carbonated layer 

which effectively hindered the leaching of heavy metals. 

 

Carbonation in alcohol-alkali solutions 
 

Another class of absorbents that has been investigated for CO₂ capture comprises of 

alkali metal hydroxides dissolved in alcohols. The reaction between alkali hydroxides 

and alcohols, forming alkoxides that subsequently react with CO₂, was originally 

proposed as a route for synthesizing metal alkyl carbonates as precursors for organic 

synthesis [85,86]. Subsequently, the concept of employing alkali-alcohol solutions as 

CO₂ capture solvents was introduced in a series of studies published between 2015 and 

2022 by Jung-Ho Wee and his group [87–92]. In these studies, CO₂ absorption from a 

gas mixture of 33% CO₂ balanced with N₂ was investigated using solutions of NaOH or 

KOH in ethanol or methanol, with varying water contents. The authors concluded that 

an increased water content favors the formation of alkali metal bicarbonates, whereas 

anhydrous conditions promote the formation of alkali alkyl carbonates, according to 

the following equations [90–92]. 

Dissolution of MOH in aqueous-alcohol solutions (where M=Na or K and R=CH3, or 

C2H5): 
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𝑅𝑂𝐻(𝑙) + 𝑀𝑂𝐻(𝑠)  →  𝑅𝑂𝐻(𝑙) + 𝑀(𝑠𝑙𝑛)
+ + 𝑂𝐻(𝑠𝑙𝑛)

+   (1.11) 

Upon introduction of CO₂, the dissociated MOH reacts to form metal carbonates or 

bicarbonates, which may remain dissolved or precipitate depending on the water 

content of the system: 

2𝑀𝑂𝐻(𝑠𝑙𝑛) +  𝐶𝑂2(𝑔)  →  𝑀2𝐶𝑂3(𝑎𝑞,𝑠) +  𝐻2𝑂(𝑙) (1.12) 

2𝑀𝑂𝐻(𝑠𝑙𝑛) +  𝐶𝑂2(𝑔)  →  𝑀𝐻𝐶𝑂3(𝑎𝑞,𝑠) (1.13) 

Under anhydrous conditions, the MOH and ROH react towards the formation of metal 

alkoxide, which subsequently reacts with CO2 to form metal alkyl carbonates: 

𝑅𝑂𝐻(𝑙) + 𝑀𝑂𝐻(𝑠𝑙𝑛)  →  𝑅𝑂𝑀(𝑠𝑙𝑛)  +  𝐻2𝑂(𝑙)  (1.14) 

𝑅𝑂𝑀(𝑠𝑙𝑛) + 𝐶𝑂2(𝑔)  →  𝑅𝑂𝐶𝑂𝑂𝑀(𝑠) (1.15) 

The metal alkyl carbonates can also react with water if it is present in the solution and 

form metal bicarbonates: 

𝑅𝑂𝐶𝑂𝑂𝑀(𝑠) + 𝐻2𝑂(𝑙)  →  𝑀𝐻𝐶𝑂3(𝑠)  +  𝑅𝑂𝐻(𝑙) (1.16) 

The precipitation of solid products offers a significant advantage over conventional 

aqueous alkali systems by facilitating solid-liquid separation. In another study, the 

absorption of CO2 in ethanol solutions of (Na, K)OH was proposed for the formation 

of bicarbonate and alkyl carbonate species which were used as intermediates for the 

catalytic synthesis of methanol [93]. Absorbent solutions of 20 g/L NaOH in ethanol 

and ethylene glycol and 28.05 g/L of KOH in ethylene glycol were investigated. The 

absorption of CO2 from a gas mixture of 10% CO2 and 90% compressed air in various 

1 mol/L solutions of NaOH and KOH in solvent mixtures of water with alcohols has 

also been studied [94]. The addition of alcohols in water was reported to enhance the 

capture of CO2 by increasing the basicity and lowering the surface tension. 

Furthermore, the addition of ethanol lowers the boiling point of the solvent, thus 

facilitating its recovery by heating, as presented in the same work. 

In Paper VI, the use of NaOH-ethanol solutions at concentrations ranging from 2 to 

10 g L⁻¹ was investigated for CO₂ capture in a bubble column reactor. During this work 

it was observed that freshly prepared NaOH-ethanol solutions readily absorbed CO₂ 

from ambient air, transitioning from a clear to a cloudy appearance within a few 

minutes. This, along with previous literature, suggests that this system might be an 

attractive absorbent for DAC.  
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Summary 
 

Chapter 1 has introduced the concepts of CC, technologies and pathways for CO2 

removal, and inorganic carbonation. The focus of this work is on the utilization of alkali 

(Na, K) and alkaline earth (Ca, Mg) metals in CO2 absorption. These metals can be 

found in abundance in alkaline industrial by-products, such as steel slags, GLD, MSWI 

ashes, etc. This presents an opportunity to utilize materials which are readily available 

at industrial sites in CC, thus reducing logistic costs and eliminating the requirement 

for energy and raw feedstocks associated with synthesizing new chemicals for CC. To 

this end, the primary focal point of the thesis is on the utilization of two key by-

products generated in abundance in the Swedish industrial sector: steel slags and pulp 

and paper side-streams. Höganäs provided three steel slags, tunnel kiln (TK) slag, 

which is generated from the direct reduction of iron, EAF slag and LF slag, with 

commercial names Petrit T, Petrit E and Petrit L, respectively. GLD was provided by 

SCA, while black liquor was produced in the lab. The second focal point of the study is 

on the evaluation of DAC using NaOH solutions in ethanol. The interest in this 

absorbent system lies in the fast kinetics of carbonation between CO2 and NaOH 

coupled with the insolubility of the products in ethanol, which drives the reaction 

forward, instead of reaching an equilibrium.  

The following chapters are organized as follows: Chapter 2 presents the experimental 

setup of carbonation for each of the studies. A custom bubble column reactor was 

designed with the aim to induce gas-liquid phase mixing without energy requirements. 

The configuration, benefits and limitations of the reactor are discussed. The materials, 

methodology and analysis technics employed in each study are also reported in this 

chapter. Chapter 3 follows with the first experimental data, based on Papers I and II. 

The carbonation setup is first evaluated with aqueous NaOH solutions at a range of 

concentrations, and subsequently, black liquor, an aqueous NaOH-solution containing 

discarded biomass compounds from the pulp process, was evaluated in CO2 

absorption. Chapter 4 offers an evaluation of Ca and Mg containing side-streams in 

CO2 sequestration, grounded on the work of Papers III, IV and V. Direct aqueous 

carbonation is chosen as the preferred method of carbonation to avoid intense 

operating conditions and multiple steps, which act as setbacks to the industrial 

implementation of accelerated carbonation. Thus, slurries of GLD and steel slags are 

investigated in CO2 sequestration changing various parameters, such as the S/L ratio, 

particle size and temperature. The formation of carbonate species is examined. Chapter 

5 covers the final study of the thesis on the potential of NaOH-ethanol solutions in 

DAC, derived from Paper VI. The performance of two types of reactors is evaluated 

and the solid Na2CO3 formed is characterized in terms of morphology and impurities. 

The work is concluded with Chapter 6, which highlights the key conclusions of the 

work, addresses the possibilities and limitations of upscaling each process and 

underlines pathways of future exploration. 
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Chapter 2:  
Experimental setup
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Key elements of the setup 
 

Reactor design 
 

Reactor design is a key element for the scale-up of a process. In gas-liquid mixing 

systems, the reactor type controls the contact between the two phases, while directly 

affecting the energy demand of the process. In the gas-liquid carbonation systems 

studied here, the mass transfer of CO2 from the gaseous to the liquid phase is a 

significant limiting factor for the overall reaction rate, thus the generation of sufficient 

mixing between the phases is critical for the efficiency of the carbonation process. With 

that in mind, simplicity and low energy demand are also decisive aspects when it comes 

to upscaling. With focus on scalability, two widely known types of reactors were used 

in this work, bubble columns and stirred tanks. Both were operating as semi-batch 

reactors, with constant flow of gas through a stationary liquid phase. 

 

Bubble column reactor 

 

The simplest form of bubble column is a vertical cylinder containing the liquid in which 

the gas enters from the bottom [95]. The upwards movement of the gas bubbles induces 

turbulence, which facilitates the mixing of the gas and liquid without the requirement 

for stirring. Lowering the gas bubble size increases the surface area between the two 

phases, thus porous spargers are often used to generate small bubbles that disperse 

homogeneously inside the column. When a solid phase is also introduced, either as a 

precipitated product (e.g. in an oversaturated NaHCO3 solution), or as a reactant (e.g. 

solid particles of steel slag composed of undissolved mineral phases), the performance 

and maintenance of porous spargers become tedious. To solve this issue, a porous 

sparger was used when feasible, replaced by a glass tube for more complex systems 

where the sparger failed. Most of the experiments were conducted in a custom 3D 

printed bubble column reactor. This was designed using Fusion 360 and printed in a 

stereolithography (SLA) 3D printer (Formlabs, Form 3+). It can be divided into two 

parts, a narrow and long neck where the mixing is intense, and a wider opening that 

allows the insertion of probes, such as a pH probe, to track the evolution of the 

carbonation reactions in-line. Figure 2.1 shows the shape and dimensions of the 

reactor. 
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Figure 2.1. Design and dimensions of the 3D printed bubble column reactor. 

 

Figure 2.2 shows a general schematic representation (A) and a picture (B) of the 

experimental setup with this reactor. A gas mixture of CO2 and N2 was flown through 

the gas inlet at the bottom of the reactor that was filled with the absorbent, and the 

spent gas escaped through the outlet at the top of the reactor. The gas flow was 

controlled either with an analog flow controller or with Mass Flow Controllers (MFC). 

In-line monitoring of the pH and/or FTIR of the absorbent was conducted near the top 

of the reactor. As will be seen in later chapters this reactor performs quite well when it 

comes to aqueous NaOH solutions, or aqueous slurries of solids (steel slags, GLD, etc.). 

However, the introduction of more complex behaviors such as foaming or gelling can 

result in reduced performance or failure of the reactor. Such behaviors were observed 

in black liquor and solutions of NaOH in ethanol. These cases prompted the 

employment of stirred reactors to suppress the effects caused by changes in viscosity 

and surface tension. 
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Figure 2.2. (A) General schematic representation of the experimental setup, and (B) Picture of the reactor 
in the laboratory. 

 

The case of black liquor 

 

Black liquor contains lignin fragments, fatty acids and other compounds which are 

surface active at high pH and promote the formation of stable foams [96,97]. Sparging 

gas through the black liquor caused continuous foaming which overflowed the reactor. 

An antifoaming agent was added to change the surface tension of the liquid. This 

somewhat reduced the foaming, but it did not completely resolve the problem, so a 

mechanical stirrer (IKA®, EUROSTAR Power Control-Visc Stirrer) was also used to 

break the remaining foam. The behavior of the black liquor in the two types of reactors 

is shown in Figure 2.3. 
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Figure 2.3. Setup of black liquor carbonation in (A) the 3D printed reactor, and (B) in a stirred reactor. (1) 
Gas sparger, (2) pH meter, (3) FTIR probe, and (4) stirrer impeller. 

 

The case of NaOH-ethanol solutions 

 

Absorption of CO2 in NaOH-ethanol solutions results in the formation of a gel of solid 

carbonates suspended in the solvent. In Paper VIII Baena-Moreno et al. utilized the 

3D printed reactor for carbon capture experiments in solutions of 2-10 g/L of NaOH in 

ethanol [98]. In this study it was reported that the obtained absorption capacity was 

between 81-94% of the theoretical absorption capacity. It was suggested that the 

motion of the bubbles was not enough to maintain good mixing, and the gel clogged 

part of the reactor and/or suppressed the gas-induced motion in the liquid. Therefore, 

for experiments of NaOH-ethanol solutions with air, two different reactors were 

evaluated. A glass bubble column with more height and a fritted bottom was employed 

to increase the gas retention time and force the bubbles to pass through the entire 

reactor. This was compared with a stirred glass reactor. The two reactors can be seen 

in Figure 2.4. 
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Figure 2.4. The two reactors used in the NaOH-ethanol DAC experiments: (A) a bubble column and (B) a 
stirred reactor. 

 

Magnetic Resonance Imaging of the 3D printed reactor 

 

To test the hypothesis mentioned in Paper VIII the reactor was placed in a Magnetic 

Resonance Imaging (MRI) machine (Bruker Avance III 300MHz with a H1 

transmit/receive probe of 66 mm diameter). 50 mL/min of gas (30% CO2 and 70% N2) 

was sparged continuously into the reactor with 60 mL of NaOH-ethanol solutions. 

One-shot RARE (Rapid Acquisition with Refocusing Echoes) images enabled 

visualization of cross sections inside the reactor in a vertical plane, providing 

information on the effect of the gelation. RARE is an MRI sequence widely used for fast 

image acquisition. In the context of gas bubbles rising through a bubble column the 

time scale of the bubble movement is in the range of a few milliseconds [99]. MRI is 

inherently not a fast technique and image acquisition within timescales that can allow 

the visualization of gas bubbles in movement pauses a challenge [100]. There is a 

balance between the spatial resolution, signal to noise ratio and duration of an image. 

For this study, the settings were optimized to capture the motion inside the reactor 

with a duration of 900 ms per image. Images were acquired continuously throughout 
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the experiments. Figure 2.5 shows the pulse sequence of RARE and the optimized 

settings used for the experiments. 

 

 

Figure 2.5. RARE pulse sequence and settings used in the experiments. 

 

For each experiment a mean flow profile was generated by averaging the signal in each 

voxel throughout the duration of the experiment. Contours of the mean and standard 

deviation of the signal throughout the studied region are displayed in Figure 2.6 for 2 

and 10 g/L of NaOH in ethanol. The cross section taken was 2.3 by 4.6 cm near the 

bottom of the reactor. The sparger was placed higher than normal to create a dead zone 

at the bottom, to better showcase the motion of the liquid. The MRI signal comes from 

the resonance of the 1H in the system. High signal intensity (bright red) corresponds 

to the liquid, while low intensity (dark blue) corresponds to regions where the gas is 

creating turbulence. White colour corresponds to noise, which appears in the sparger 

and in zones of very intense mixing, leading to no measurable signal. The profiles of 

mean signal show that the gas bubbles cause significant motion around the sparger, 

but at the bottom of the reactor the liquid stagnates. The standard deviation reveals 

which zones maintained a stable signal throughout the experiment, and which zones 

presented a shift in signal over time. The zone on the left of the sparger had the highest 

motion throughout the experiments, while the zone on the right of the sparger 

presented high motion initially, which became lower over time, as suggested by the 

higher standard deviation. This is visible for both 2 and 10 g/L solutions, although it is 

more pronounced at the lower concentration. This showcases that the gas flow formed 

a preferential pathway of motion as the viscosity of the absorbent increased. The 

stagnation of the liquid at the bottom was more pronounced at the higher 
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concentration as the viscosity increased more, causing more significant resistance to 

motion. 

 

 

Figure 2.6. (A) schematic representation of the cross section selected for MR imaging, and the mean signal 
and standard deviation over time for the (B) 2g/L NaOH-ethanol solution and (C) 10 g/L NaOH-ethanol 
solution. 

 

Evolution of the carbonation process 
 

The evolution of the carbonation process and the absorption capacity of each absorbent 

system were monitored in several ways. As carbonation is an acid-base reaction, a pH 

meter (HQ430D, HACH) was employed in many cases to track the progression of pH 

with time inside the reactor. Calibration of the pH meter was performed with 

calibration standards at pH 4.01, 7 and 10. The initial pH was always alkaline, within 

the range of 10 to 14. The pH at the end of the experiment was 8 for experiments with 

aqueous NaOH, as at this pH H2CO3 starts to form. The final pH for carbonation with 

divalent metals (Ca, Mg) was around 7, as the metal carbonates precipitated out of 

solution. An Attenuated total reflectance Fourier transform infrared (ATR-FTIR) 

probe (ReactIR 702L, Mettler Toledo) was also used to follow the signal of CO32- and 

HCO3-, in-line. The background for the FTIR probe was collected in air, spectra were 

taken in absorbance mode, at the wavelength range of 3000 to 640.8 cm-1 and with a 

resolution of 4 cm-1. Both the pH meter and FTIR probe were collecting data every 10 

seconds. 
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CO2 absorption rate and capacity 
 

The uptake of CO2 was measured either throughout the carbonation experiment, or 

only at the end, and three different methods were used: gravimetric, CO2 sensor and 

acid-gravimetric.  

In the gravimetric method an analytical balance (QUINTIX2102-1S, Sartorius), with 

readability of 0.01 g, was used to monitor the weight of the reactor. The increase of the 

weight of the reactor during an experiment was a direct result of the absorption of CO2 

into the solution. The weight measurements can be heavily affected by weight losses 

during the experiment. The two causes of weight loss in the system are solvent 

evaporation and loss of liquid that is carried away with the gas bubbles. Thus, blank 

measurements were conducted with sparging only nitrogen and recording the weight 

decrease.  

An alternative method used was to connect a CO2 gas sensor at the outlet of the reactor. 

The CO2 sensors used (ExplorIR, or SprintIR, GSS) operate with the use of a low-power 

LED optical technology and a nondispersive infrared (NDIR) detector tuned at the 

wavelength of 4.26 μm, where CO2 has a particularly strong signal. The sensor was 

taking measurements of the CO2 concentration at the outlet in 5 s intervals and the 

experiment was be stopped once the outlet flow had the same composition of CO2 as 

the inlet, meaning that CO2 was no longer absorbed into the liquid phase. The range of 

the sensors used was 0 – 20% CO2 and the flow was typically 15% CO2 and 85% N2. The 

information of the outlet gas % of CO2 was used to obtain the rate of absorption and 

absorption capacity in the following way: 

Knowing that the inlet flow was Fin = 200 mL/min with 85% N2 and since N2 is an inert 

gas that is not held up in the reactor, the outlet flow of N2 was the same as the inlet 

 

𝐹𝑂𝑈𝑇,𝑁2
=  𝐹𝐼𝑁,𝑁2

= 200 (
𝑚𝐿

𝑚𝑖𝑛
) ∗ 85% = 170 (

𝑚𝐿𝑁2

𝑚𝑖𝑛
) (2.1) 

Thus, the total flow rate of the outlet was  

𝐹𝑂𝑈𝑇,𝑁2
+ 𝐹𝑂𝑈𝑇,𝐶𝑂2

= 170 (
𝑚𝐿𝑁2

𝑚𝑖𝑛
) + 𝐹𝑂𝑈𝑇,𝐶𝑂2

(
𝑚𝐿𝐶𝑂2

𝑚𝑖𝑛
) (2.2) 

Based on Equation (2.2), the outlet composition of CO2 (𝐶𝑂2%𝑂𝑈𝑇) was 

𝐶𝑂2%𝑂𝑈𝑇 =
𝐹𝑂𝑈𝑇,𝐶𝑂2

(
𝑚𝐿𝐶𝑂2

𝑚𝑖𝑛
)

170 (
𝑚𝐿𝑁2

𝑚𝑖𝑛
) + 𝐹𝑂𝑈𝑇,𝐶𝑂2

(
𝑚𝐿𝐶𝑂2

𝑚𝑖𝑛
)

(2.3) 

Thus, the outlet flow of CO2 (𝐹𝑂𝑈𝑇,𝐶𝑂2
) can be expressed according to Equation (14).  
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𝐹𝑂𝑈𝑇,𝐶𝑂2
(

𝑚𝐿𝐶𝑂2

𝑚𝑖𝑛
) =

𝐶𝑂2%𝑂𝑈𝑇 ∗ 170 (
𝑚𝐿𝑁2

𝑚𝑖𝑛
)

1 − 𝐶𝑂2%𝑂𝑈𝑇
(2.4)

 

Since 𝐶𝑂2%𝑂𝑈𝑇 was given every 5 s from the sensor, 𝐹𝑂𝑈𝑇,𝐶𝑂2
 can be deducted from 

Equation (2.4). The density of CO2 can be assumed to be 1.8*10-3 g / mL at 21 C 

according to [101]. So, the mass of absorbed CO2 can be calculated using Equation 

(2.5). 

𝑀𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝐶𝑂2
= (𝐹𝐼𝑁,𝐶𝑂2

(
𝑚𝐿𝐶𝑂2

𝑚𝑖𝑛
) − 𝐹𝑂𝑈𝑇,𝐶𝑂2

(
𝑚𝐿𝐶𝑂2

𝑚𝑖𝑛
)) ∗ 5𝑠 ∗

1

60
(

𝑚𝑖𝑛

𝑠
) ∗ 0.0018 (

𝑔

𝑚𝐿
) (2.5) 

The third method used to determine the CO2 uptake was by acidifying the carbonates 

to release gaseous CO2 and measure the weight loss. This was only conducted on 

precipitated and separated carbonates for NaOH-ethanol solutions when it was 

unfeasible to use the CO2 sensor due to the ethanol vapor damaging the sensor. For 

this method, 10 mL of 1 M HCl was placed on a balance along with the solid carbonates 

and the total weight was marked. Then the acid was poured on the precipitates, and 

the weight loss was recorded once gas bubbles were no longer forming. This method 

was calibrated with Na2CO3. The Na2CO3 was placed in a 105 C oven for 4 hours prior 

to use to dehydrate it and decompose any NaHCO3 that could have formed over time. 

More information on the calibration and correction of data can be found in the 

supplementary information of Paper VI. The statistical error generated by this 

treatment as well as the variance of the measurement method are also discussed in the 

supplementary information.   

 

Materials 
 

Table 2.1 shows the chemicals used in each study, along with suppliers and preparation 

methods of the absorbents. In case of the NaOH experiments in water or ethanol, 

reagent grade chemicals were used. The black liquor was produced in the laboratory, 

while the by-product and waste materials were provided by Swedish companies. One 

important consideration in the utilization of waste and by-products as reagents is that 

their composition is not strictly controlled and it can vary based on the raw materials 

and operating conditions. Thus, for the sake of comparison, in each study, all 

experiments were conducted using materials from a single batch. 
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Table 2.1. Chemicals, suppliers and absorbent preparation methods for each study.  

Study Absorbent system Chemical suppliers Absorbent preparation 
Gas 

composition* 

Paper I Aqueous NaOH 

• NaOH: VWR, 99% purity 

• 3D printed reactor resin:  
   Rigid 10K, Formlabs 

NaOH was dissolved in deionized water at 
concentrations of 1, 2, 3,4 ,5 6, 7 and 8 wt % 

30% CO
2
 

70% N
2
 

Paper II Black liquor Black liquor: Produced in-house 

Antifoamer: BIM Kemi 

The black liquor was prepared by soda pulping of oat husks 
and used with the addition of 0.043 g / L of a commercial 
antifoamer 

30% CO
2
 

70% N
2
 

Paper III 
Petrit T (TK slag), Petrit E 
(EAF slag) and Petrit L (LF 
slag) 

Höganäs  

The solids were mixed with deionized water at S/L ratios 
of 50, 100, 150 and 200, and stirred for 24 h at 400 rpm. 
MOH extract solutions were prepared by stirring solids in 
water at 50 g/L for 24 h and centrifuging.  

15% CO
2
 

85% N
2
 

Paper IV GLD and wastewater SCA 

The solids were mixed with deionized water at S/L ratios 
of 50, 100, 150 and 200, and with wastewater at 50 and 
200, and stirred for 24 h at 400 rpm. 

15% CO
2
 

85% N
2
 

Paper V 
Petrit T, L and E slags, and 
GLD 

Höganäs and SCA 

The solids were mixed with deionized water at S/L ratio of 
50. MOH extract solutions were prepared by stirring 
solids in water at 50 g/L for 24 h and centrifuging.  

15% CO
2
 

85% N
2
 

Paper VI 
NaOH dissolved in 
ethanol 

• NaOH: SigmaAldrich, ≥98%, 
anhydrous pellets 

• Ethanol: Fisher Chemical, 
absolute ethanol, ≥99.8%)  

• HCl 1M: Fisher Chemical 
• Na2CO3: VWR, ≥98% 

Solutions of NaOH in ethanol at concentrations 10, 20, 30, 
40 and 50 g/L were prepared by stirring at 400 rpm, until the 
NaOH was dissolved.  

Compressed 
air 

* All gas bottles were provided by Linde, apart from the compressed air, which is directly connected to the laboratory fumehoods. 
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The weak black liquor used in carbonation experiments was prepared as follows. Oat 

husks were subjected to prehydrolysis to loosen the lignocellulosic structure and leach 

some of the hemicellulose out of the material. During this process, the raw material 

was immersed in a weak acid inside a 1.5 L steel autoclave which rotated at a speed of 

15 rpm, at 160  °C [102]. Following that, the pretreated husks were washed thoroughly 

with deionized water until the pH of the washing water was neutral. Finally, the soda 

pulping process was used to extract the pulp from the rest of the material. The 

pretreated material was added again to the same autoclave together with an aqueous 

solution of 4% w/w of NaOH and was rotated at the same speed at 170  °C for 2 h [103]. 

After cooking, the product was filtered to separate the pulp from the weak black liquor. 

The dry solid weight of the liquor was determined by drying it in an oven at 50  °C. The 

composition of the black liquor is presented in Table 2.2.  

 

Table 2.2. Composition of the oat husk black liquor used in the experiments. 

Composition Amount (wt %) 

Total solids (TS)    8 

Compounds in TS 

Klason lignin 19.4 

Acid soluble lignin 6.4 

Glucose 0.3 

Xylose 0.1 

Elements Amount (ppm) 

Na 20,951.4 

Si 1440.2 

 

Three commercial steel slags were provided by Höganäs (see Table 2.1). Their 

composition expressed in metal oxides can be seen in Table 2.3. The main crystalline 

phases in each slag were Ca2SiO4 (larnite), Ca2Al2SiO7 (gehlenite) and CaO (lime) in 

Petrit T, Ca2SiO4 (larnite), Ca2(Al,Fe)2O5 (brownmillerite) and Feo (wuestite) in Petrit 

E, and MgO (periclase), Ca2SiO4 (calcio-olivine), Ca(OH)2 (portlandite) and Ca3Al2O6 

(tricalcium aluminate) in Petrit L. This data was obtained by XRD analysis conducted 

at Luleå University and provided by Höganäs. It must be noted that this analysis was 

not conducted on the same batch that was used in this work. Steel slag slurries were 

prepared by mixing the solids with deionized water at 50, 100, 150 and 200 S/L ratios 

and stirring at 400 rpm for 24 h. To investigate the effect of the metal ions dissolution 

in water, control experiments were conducted where mixtures of S/L = 50 were stirred 

for 24 h and then centrifuged to separate the supernatants (liquid phase) from the 
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pellets (solid phase). Subsequently, carbonation experiments were performed only on 

the supernatants. 

 

Table 2.3. Composition of the Höganäs steel slags and their annual production. The average composition 
data are available at the company site, while specific data for the batches used were provided by the 
company. 

Chemical 
(wt %) Petrit T Petrit E Petrit L 

 Average Batch used Average Batch used Average Batch used 

CaO 37 32.30 40 41.6 48 42.70 

MgO – 1.74 10 8.57 13 16.90 

SiO
2
 18 20.40 15 17.90 11 15.30 

Al
2
O

3
 9 11.50 6.5 8.72 9 12.10 

FeO – – 25 22.2 13 13.80 

Fe2O3 7 9.68 – – – – 

MnO – 0.26 – 4.19 – 1.97 

C – 17.30 – 0.25 – 0.64 

S 20 1.15 – 0.16 – 0.13 

Annual 
production 
(kton) 

17 – 20  15 – 18  4 – 5  

 

The GLD was obtained from SCA. Its composition is given in Table 2.4. The same 

company also supplied wastewater, which comes from a combination of water streams 

generated through the pulping process, and it mainly contains NaOH, Na2S, Na2S2O3, 

Na2SO4, Na2CO3, and KSO3. Slurries were prepared by mixing the solids with deionized 

water at S/L ratios of 50, 100, 150 and 200 and with wastewater at 50 and 200 and 

stirring at 400 rpm for 24 h. 
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Table 2.4. Main composition of GLD. 

Chemical (wt %) 
Amount  

(wt %) 

CaO 25 

MgO 12.5 

SiO
2
 1.86 

Al
2
O

3
 0.92 

Fe2O3 0.44 

MnO 2.44 

Na2O 3.76 

Annual production in 
Sweden (kton) 240 

 

The gas mixtures used were 15 or 30% CO2 balanced with N2, to simulate the 

concentration of CO2 in industrial flue gases. For the DAC experiments compressed air 

was used. Values of the air humidity and CO2 concentration were collected over 5 

minutes with 5 s intervals. The humidity was about 7.6 % and the CO2 concentration 

was 476 ppm ±11ppm. 

 

Methodology 
 

Table 2.5 presents a summary of the carbonation methodology and physicochemical 

characterization techniques used in each study. These will be discussed in detail below.  
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Table 2.5. Summary of the experimental methodology and analytical techniques used in each study discussed in the thesis.  

Study Description Reactor Conditions 
Carbonation  
monitoring 

Characteriz. of 
products 

Paper I 
Carbon capture  
with aqueous  
NaOH 

3D printed reactor 
(60 mL) 

• Gas flow:  
         200 mL/min 
• Ambient T and P 

• In-line pH meter and FTIR 
• Gravimetric measurement of 

CO2 uptake during the 
experiments 

SEM and XRD 

Paper II 
Carbon capture with 
weak black liquor 

Glass reactor  
(100 mL) stirred at  
700 rpm 

• Gas flow:  
         200 mL/min 
• Ambient T and P 

• In-line pH meter and FTIR 
• Gravimetric measurement of 

CO2 uptake at the end of the 
experiments 

NMR, SEM, XRD 
and optical 
microscopy 

Paper III 
 
 
 
Paper IV 

Steel slag carbonation 
 
 
GLD carbonation 

3D printed reactor  
(60 mL) 

• Gas flow:  
         200 mL/min 
• Ambient T and P 

• In-line pH meter  
• CO2 sensor 

ATR-FTIR, SEM-
EDS, XRD-
Rietveld 
 
SEM-EDS, XRD 

Paper V 

Effect of particle size, 
temperature, and 
wetting time in steel 
slag and GLD 
carbonation  

Glass reactor (60 mL) 
stirred at 400 rpm inside 
a water bath 

• Gas flow:  
         200 mL/min 
• Varied T, ambient 

P 

• In-line pH meter  
• CO2 sensor 

SEM-EDS,  
XRD-Rietveld 

Paper VI NaOH-ethanol DAC 

Glass bubble column 
with fritted bottom  
(40 mL), or  
Glass reactor (40 mL) 
stirred at 300 rpm 

• Gas flow:  
         800 mL/min 
• Ambient T and P 

HCl gravimetric measurement  
of CO2 uptake at the end of the 
experiments 

NMR, FTIR, XRD, 
SEM 
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NaOH and Black liquor carbonation experiments 
 

A gas mixture of 30% CO2 balanced with N2 was sparged through the reactor at a rate 

of 200 mL/min. The 3D printed reactor was used for the aqueous NaOH experiments, 

while a stirred reactor was used for the black liquor as discussed above. Each 

carbonation experiment was carried out in two different setups. In the first setup, the 

pH meter and FTIR probe were connected to follow the carbonation process. Once the 

pH of the solution reached 8 the experiment was stopped. In the second setup, the 

experiment was repeated for the same duration of time without any probe inserts, and 

the CO2 uptake was determined gravimetrically. For the aqueous NaOH solutions the 

3D printed reactor was mounted on the balance, and the weight was recorded with 

time. For the black liquor, the vibrations caused by stirring inhibited the use of the 

balance in real time, thus instead the weight of the reactor was compared at the 

beginning and end of each experiment. 

 

The NaOH solutions with ≥5 wt% concentration and above exhibited solid 

precipitation during the carbonation reactions. The 6 wt% carbonated solution was 

filtered and the separated solids were dried at ambient temperature. The carbonated 

black liquor was treated as follows: A part of the liquid was dried in an oven at 70 °C 

without further processing. Another part was filtered using filter paper number 3 

(Munktell), to separate the precipitated solids from the rest of the liquid. Then both 

the residue and the filtrate were placed in an oven at 70 °C for two days. A sample of 

non-carbonated black liquor was also dried. The solid samples were ground to a fine 

powder and then studied with Powder XRD (D8 Discover, Bruker). The patterns were 

recorded for a diffraction angle range of 2θ from 10 to 70o with a scan step of 0.02o per 

second. The diffractograms were recorded using the software DIFFRAC.EVA V5.2 and 

the Crystallography Open Database was used to analyze and recognize the patterns. 

The samples were also subjected to SEM (Phenom ProX, ThermoFisher Scientific) and 

the carbonated black liquor solids were also put under an optical microscope (ZEISS 

SteREO Discovery.V12). Black liquor before and after carbonation was also analyzed 

with liquid state 13C NMR. The spectra were recorded on a Bruker Avance III HD 

(700 MHz 1H) equipped with a QCI cryoprobe. The samples were transferred to an 

NMR tube, and a small amount of D2O (Sigma, 99.8% D) was added to lock and shim 

the sample. A z-restored spin-echo pulse sequence was used with 8192 scans and a 

repetition time of 0.1 s [104]. An exponential window function of 20 Hz was applied 

before the baseline correction 

 

Steel slag and GLD carbonation experiments 
 

A gas mixture of 15 % CO2 balanced with N2 was sparged through the 3D printed reactor 

at the rate of 200 mL/min, set with MFCs (Brooks Instrument). The reactor’s outlet 
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was connected to a CO2 sensor (ExplorIR, GSS) measuring the CO2 concentration every 

5 s. A pH meter was also connected to follow the pH of the mixture with 10 s interval 

measurements. Each experiment was stopped when the CO2 reading of the sensor had 

reached a set value. Typically, the CO2 reading would plateau at the inlet concentration 

marking the end of the experiment. In cases where the carbonation process lasted very 

long and the CO2 reading took a long time to reach the inlet concentration, the 

experiment was instead stopped when the CO2 outlet concentration was 14 %. 

The effect of temperature, particle size and stirring time were also investigated for 

these materials. For this study, the S/L ratio was fixed at 50 and the carbonation 

experiments were conducted in a stirred reactor at 400 rpm. For the temperature 

experiments, the reactor was placed in a water bath and the temperature was set to 25 

C and 60 C. This setup can be seen in Figure 2.7. The steel slag and GLD slurries were 

stirred for 24 h and 2 h, respectively, prior to carbonation. 

 

Figure 2.7. Schematic representation of the setup for different temperatures. 

 

For the effect of particle size the same reactor and stirring times were used and the 

carbonation took place at 25 C. Petrit E and Petrit L consist of both powder and rocks 

in their composition. The powder was obtained by sifting the samples through a 1 mm 

sieve, and experiments were conducted for both powder and rock particles. For GLD, 

experiments were conducted using both the material as received and a crushed GLD 

sample. Petrit T was excluded from this study because it is a powder. The effect of the 

stirring time prior to carbonation was evaluated by stirring the slurries for 2, 4 and 24 

h. To isolate the effect of stirring time in the extraction of metal ions, samples were 
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stirred for 2, 4 and 24 h, followed by centrifugation to separate the precipitates from 

the supernatants. Experiments were conducted using the supernatants under the same 

conditions.  

Some of the experiments were replicated to evaluate the variability of the experiments 

and TGA analysis was performed on selected samples to further corroborate the CO2 

uptake values measured with the CO2 sensor. More information on the TGA analysis 

and statistical error calculations is provided in the supplementary information of 

Paper V. This treatment was only applied to the experiments conducted in the stirred 

reactor and therefore error bars were only applied to the data generated with this 

reactor.  

 

The raw materials (steel slags and GLD) were analyzed with a High Throughput Surface 

Area and Porosity Analyzer (TriStar3000, Micromeritics) to determine their Brunauer-

Emmett-Teller (BET) surface area. The adsorbent gas was N2 (77 K) and the samples 

were dried in the SmartPrep instrument (Micromeritics) at 150 °C for 20 h, under 

nitrogen flow, to remove moisture before the measurement. To evaluate the stability of 

the materials during high-temperature degassing, as well as to corroborate the results 

of carbon dioxide uptake with another technique, samples were subjected to TGA 

(TGA/DSC 3+ STAR System, Mettler Toledo). The temperature range was 40 – 900 C 

with a ramp of 10 C/min and N2 flow of 60 mL/min. The morphology of the materials 

before and after carbonation was studied with SEM (FEI Quanta 200 FEG ESEM) at 

20 kV. To obtain information on the particle size of the materials RBG camera and 

SEM images were analyzed with the software FIJI (ImageJ), by measuring the 

dimensions of 40-60 particles for each material. Energy-Dispersive X-ray 

Spectroscopy (EDS) was also performed to identify the elemental composition of the 

different structures. The crystal phases of the materials before and after carbonation 

were studied with XRD (D8 Discover, Brucker), over a diffraction angle range from 10 

to 70° with a scan step of 0.04°/s. The QualX2.0 program (Altomare et al., n.d.) was 

used to identify the crystalline phases [105]. Quantitative Phase Analysis (QPA) by 

Rietveld method (Paufler, 1995) [106] was also performed using the TOPAS Academic 

suite program (“TOPAS-R, Version 4.2” 2009) [107]. The steel slags before and after 

carbonation were also analyzed with Solid state ATR-FTIR (Bruker Vertex70v). Each 

analysis was accumulated by 64 scans in a range from 4000 to 400 cm−1 with a 

resolution of 4 cm−1 using an RT-DLaTGS detector. 

 

NaOH-ethanol DAC experiments 
 

Two types of reactors were employed for this study, a bubble column and a stirred 

reactor (Figure 2.4). The methodology followed in these experiments is presented in 

Figure 2.8. Both reactors help 40 mL of absorbent and air with flow rate of 800 

mL/min was sparged through for 8 h. The high airflow caused rapid ethanol 
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evaporation. Thus, a condensation column was fitted above the bubble column and was 

kept at 7 C with an isopropanol cooling bath (F25-ME Refrigerated/Heating 

Circulator, Julabo). Even so, ethanol was replenished to reach 40 mL halfway through 

the experiments. In the stirred reactor, the stirring further enhanced ethanol 

evaporation. Ethanol was again replenished halfway through and even so very little 

remained by the end of each experiment. DAC experiments in the stirred reactor were 

also performed at temperatures of -20 and 45 °C with the 10 g NaOH/L solution. The 

-20 °C experiment was conducted by immersing the stirred reactor in a jacketed bottle 

filled with isopropanol, which was maintained at -20 °C. No ethanol was added for the 

duration of the experiment, because its evaporation was almost insignificant. The 45 

°C experiment was conducted by immersing the stirred reactor in a water bath and 

turning on the heating plate of the magnetic stirrer. At this temperature, the 

evaporation of ethanol was significantly faster, and the solvent was replenished by 

adding approximately 20 mL every hour. In both cases, the temperature of the bath 

was recorded with a thermometer and was found to be stable throughout the 

experiments. 

 

 

Figure 2.8. Schematic representation of the methodology followed in the DAC experiments. 

 

Various characterization techniques were used to investigate the types and structures 

of carbonates formed in the DAC experiments. Solution 1H and 13C NMR experiments 

were conducted on a Bruker Avance III HD (700 MHz 1H) equipped with a QCI 

cryoprobe. The analyzed samples were solid precipitates of NaOH-ethanol 10 and 50 

g/L, the dried supernatants of the same solutions, and the liquid supernatant of the 

NaOH-ethanol 30 g/L solution collected right after centrifugation. The samples were 

dissolved in a small amount of D2O (Sigma, 99.8% D) which was used to lock and shim. 

Samples were also analyzed with ATR-FTIR (Perkin Elmer Frontier) to corroborate the 

NMR findings. The spectra were obtained in the range of 4000 to 400 cm-1, based on 
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32 scans with a resolution of 4 cm-1. XRD (D8 Discover Bruker) was employed to 

evaluate the crystalline forms of carbonates for the 10, 30 and 50 g/L precipitates. The 

diffraction angle range (2θ) of the diffractograms was 10 – 70° with a scan step of 0.02° 

per second. The diffractograms were recorded in the software DIFFRAC.EVA V5.2 and 

the patterns were analyzed with the Crystallography Open Database. Lastly, SEM (FEI 

Quanta 200 FEG ESEM) was used to observe the morphology and size of the crystal 

structures of the precipitated carbonates. The samples were coated with a 4nm layer of 

gold to enhance the signal/noise ratio. Images were recorded at 20 kV using a 

secondary electron detector (LED). 
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aqueous NaOH-based 
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Overview 
 

The focus of this chapter is the use of aqueous NaOH systems for CO2 absorption. A 

model system was first built with standard NaOH solutions at the concentration range 

of 1 – 8 wt% to establish a method for monitoring the carbonation process in real-time 

and evaluate the performance of the 3D printed reactor. This was followed by the 

investigation of black liquor as the absorbent. The carbonation process was followed 

in-line with an FTIR probe and a pH meter, while the CO2 uptake was measured 

gravimetrically. The black liquor absorbed around 30 g of CO2 / L. The carbonation 

products were characterized with SEM and XRD. 

 

In-line monitoring of the carbonation reactions 
 

The presence of CO32- and HCO3- in solution can be detected using FTIR. CO32- has a 

characteristic band of asymmetric stretching of the C–O bonds around 1395 cm-1. 

HCO3- has bands of C–O symmetric stretching at 1365 cm-1, C–OH bending at 1300 

cm-1, C–OH and C–O asymmetric stretching at 1005 and 1650 cm-1 respectively [108]. 

Water is also detectable, with a strong band at 1640 cm-1. In the experiments described 

here the asymmetric stretching band of CO32- was slightly shifted to 1388 cm-1. The 

bands at 1388, 1365 and 1300 cm-1 were partially overlapping and the HCO3- band at 

1650 cm-1 was hidden by the very prominent water band. Figure 3.1 depicts the 

evolution of the FTIR spectra for the carbonation experiment with 4% NaOH in a 

surface (A) and contour (B) plot. In the figure, the spectra are focused on the range of 

1480 to 960 cm-1 to isolate the progression of the CO32- and HCO3- bands. Initially there 

were no bands of CO32- or HCO3-. As the gas bubbling started, the CO32- band became 

visible and increased in intensity over time. Gradually the 1388 cm-1 band shifted to 

the right, while bands at 1300 and 1008 cm-1 emerged, signifying that the chemical 

equilibrium was shifted towards the formation of HCO3-. At the end of the experiment 

the HCO3- bands were at their peak intensity. 
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Figure 3.1. (A) Surface plot and (B) contour plot of the FTIR spectra during the carbonation of the 4 wt% 
NaOH solution. 

 

The same peak evolution was observed at all NaOH concentrations within the 1 – 8 

wt% range, but at different intensities. At 1 and 2 wt% the CO32- and HCO3- bands were 

insignificant compared to the water peak, but in the solutions above 3 wt% the spectral 

changes were much more significant. The FTIR spectra over time for different NaOH 

concentrations are shown in Figure 3.2. 
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Figure 3.2. FTIR spectra of CO2 absorption in the NaOH solutions over time. In the spectra of 5 wt% NaOH 
the arrow with solid fill marks the peak of CO3

2- at 1380 cm-1 and the dashed arrows mark the peaks of HCO3
- 

at 1360, 1300, and 1008 cm-1. 

The evolution of CO2 uptake, pH, CO32- and HCO3- for the 4 wt% NaOH solution are 

displayed combined in Figure 3.3. To follow the CO32- and HCO3- more clearly the 

absorbance intensity at the range of 1372 − 1388 cm-1 and 1000 − 1016 cm-1 was isolated 

and followed with time. It should be noted that this is not a quantitative representation 

of the concentrations of the CO32- and HCO3- as the bands of the two species are 

convoluted and the spectral baseline was not constant overtime. In Figure 3.3(A) three 

distinct CO2 uptake regions can be observed. In the first 6 minutes the CO2 uptake rate 

was the highest, while the pH was slowly decreasing (Figure 3.3B) and the CO2 was 

converted to CO32- following equation (1.4) (Figure 3.3C). High pH favors the 

instantaneous reaction between CO2 and OH- towards the formation of CO32-, so at this 

stage the mass transport of the gaseous CO2 into the liquid phase is the limiting factor. 

The next section, between 6 and 24.5 minutes, displayed slower CO2 absorption. In this 

section there was a rapid pH drop at the time where the CO32- concentration was at its 

maximum and upon this the HCO3- band appeared. Thus, the inflection point at pH 
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11.2 marked the complete shift of equation (1.4) to the right and the start of equation 

(1.5). The CO2 uptake until the inflection point was 19.9 g/L of solution. The last section 

had the slowest CO2 uptake, lasting 35 minutes from pH 9.6 until 8. At this pH range 

both the new CO2 that flows into the reactor and the CO32- in solution turn into HCO3-

. The total CO2 uptake after 1 hour was 41.7 g/L. These results fall in line with previous 

literature and the in-line FTIR spectra provided additional insight into the evolution 

of the CO32- and HCO3- species [22]. 

 

Figure 3.3. (A) CO2 absorption, (B) pH, (C) Sum of the absorbance intensities of the wavenumber range 
1372– 1388 cm-1 corresponding to the 𝐶𝑂3

2− region and (D) Sum of the absorbance intensity of the 
wavenumber range 1000 – 1016 cm-1 corresponding to the 𝐻𝐶𝑂3

− region with time for 4 wt% NaOH. 

 

The black liquor had been produced by soda pulping with a 4 wt% NaOH solution and 

was thus expected to behave similarly to the standard 4 wt% NaOH solution. FTIR 

showed that the solution contained CO32- before the experiment. Figure 3.4A shows the 

small band at 1390 cm-1 present in the spectrum of black liquor before carbonation. 

Figure 3.4B depicts the progression of the FTIR spectra at the range 1270 – 1480 cm-1 

overlayed with the pH curve. The black liquor carbonation displayed similar behavior 

to the standard NaOH solutions, especially within the concentration range of 3 – 4 

wt%. The contour in Figure 3.4B exhibited a smooth transition between the band of 

CO32- and those of HCO3-. This is likely due to the use of a stirred reactor which allowed 

for better distribution of the gas phase and homogenization of the solution. In contrast, 
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the local gradients caused by the gas bubbles in the 3D printed reactor could be a source 

of artifacts reflected as irregularities in Figure 3.1B. 

 

 

Figure 3.4. (A) Isolated FTIR spectra of black liquor before and after carbonation and (B) Contour plot of the 
FTIR spectra overtime at 1270 – 1480 cm-1 overlayed with the pH curve. 

 

CO2 uptake 
 

The concentration of alkali in solution has a direct effect both on the CO2 uptake 

capacity and the rate of absorption. The cumulative mass of absorbed CO₂ over time, 

expressed in g of CO2/ L of solution, is presented in Figure 3.5 for NaOH concentrations 

of 1, 4, and 8 wt%. At the lowest NaOH concentration the absorption rate displayed a 

near-linear trend throughout the experiment, reaching a final CO₂ uptake of 9.5 g/L 

after 4.3 minutes. In the 4 wt% NaOH solution, three distinct absorption regimes with 

progressively decreasing rates were observed, as discussed previously, resulting in a 

total CO₂ uptake of 41.7 g/L after 61 min. For the highest NaOH concentration, an 

initial regime lasting approximately 27 min was identified, during which nearly 48 g/L 

of CO₂ was absorbed. Beyond this period, only an additional 31 g/L was captured over 

the remaining 120 min of the experiment. Notably, the maximum absorption achieved 

in the 4 wt% solution after 61 min was attained in approximately one-third of that time 

in the 8 wt% solution. 
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Figure 3.5. CO2 absorption with time for 1, 4 and 8 wt% aqueous NaOH solutions. 

 

The absorption capacity of the NaOH solutions was compared with the stoichiometric 

amount of CO₂ corresponding to complete conversion into either CO32- or HCO3-, as 

shown in Figure 3.6A. For all NaOH concentrations, the measured absorption 

capacities were close to the theoretical values assuming full conversion to HCO3-. This 

indicates that HCO3- was the dominant reaction product in all experiments. As 

illustrated in Figure 3.6B, the absorption capacity increased linearly with increasing 

NaOH concentration. These findings are consistent with previously reported literature 

values [22], thereby supporting the reliability of the experimental setup. The CO2 

absorption capacity of black liquor was 30.8 ±1.8 g/L. This is projected in Figure 3.6B. 

The NaOH solution used in soda pulping to produce the black liquor was 4 wt%, but as 

a small portion of this was consumed in the cooking process the remaining liquor had 

a carbon capture potential closer to that of the standard 3 wt% aqueous NaOH solution. 

Of course, the projected strength of the black liquor as a CO2 absorbent can be tuned 

by removing or adding water to alter the NaOH concentration.  
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Figure 3.6. (A) Obtained and theoretical absorption capacities for NaOH solutions of 1 to 8 wt% NaOH. (B) 
Absorption capacity of the NaOH solutions (blue points) and of the black liquor (black point). 

 

Physicochemical characterization of products 
 

Solids products of the carbonation reactions were prepared and analyzed with XRD 

and SEM. To obtain reference morphological and structural information of the Na2CO3 

and NaHCO3 prepared under the experimental conditions of this study precipitated 

carbonates were collected from the 6 wt% NaOH carbonation experiment and dried 

prior to analysis. The carbonated black liquor required further treatment. As 

mentioned in Chapter 1, the acidification of black liquor leads to precipitation of lignin 

and silica. At the pH 8 which was reached in the carbonation experiments all the silica 

present in the black liquor, and some lignin had precipitated. The carbonated black 

liquor was filtered, and the filtrate and residue were collected and dried separately. 

Figure 3.7 shows the XRD diffractograms of these three samples. The solids from the 

6 wt% NaOH experiment showcased a pattern that strongly matched that of natrite 

(Na2CO3) as identified by the Crystallography Open Database and literature on 

NaHCO3/Na2CO3 crystal phases [109,110]. As can be seen in Figure 3.7A and B, the 

filtrate solids of black liquor showcased a very similar XRD pattern, while the residue 

solids (Figure 3.7C) presented a pattern that matches more that of Na2CO3∙H2O, as well 

as a broad band between 18 and 29  which can be attributed to amorphous lignin and 

silica [57]. There was no significant indication of the presence of NaHCO3 in any of the 

XRD diffractograms, although this was the primary species at the end of each 

carbonation experiment. This can be attributed to the drying process, during which the 

NaHCO3 decomposed to Na2CO3.  
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Figure 3.7. XRD diffractograms of (A) the precipitated salt collected from the carbonation of 6 wt% NaOH, 
(B) the dried solids of the black liquor filtrate separated by filtration after carbonation and (C) the dried solids 
of the black liquor residue separated by filtration after carbonation. 

 

The morphology of the same samples is displayed in Figure 3.8. Figure 3.8A and B 

show SEM images of the solids from 6 wt% NaOH carbonation, recognized as natrite 

with XRD. The filtrate solids of black liquor were observed both with SEM (Figure 3.8C 

and E) and optical microscopy (Figure 3.8D), and particles of the same morphology 

were identified with both techniques. 
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Figure 3.8. (A) and (B) SEM images of the precipitated salt collected from the carbonation of 6 wt% NaOH, 
(C) SEM image of the dried solids of the black liquor filtrate separated by filtration after carbonation, (D) 
optical microscopy image of the dried solids of the black liquor filtrate separated by filtration after 
carbonation, and (E) zoomed in SEM image of a particle from image (C). 

 

The NMR spectra of black liquor before and after carbonation shown in Figure 3.9 

reveal a chemically complex mixture. Peaks associated with the aromatic structures of 

lignin are expected in the region between 100 and 120 ppm, while methoxy groups 

typically appear around 50 ppm. Signal observed between 50 and 100 ppm is most 

likely attributable to hemicellulosic components. Nevertheless, the NMR spectra of the 

non-carbonated and carbonated black liquor (Figure 3.9A and B) exhibited negligible 

lignin-related signals, which may be attributed to the low lignin content in the sample. 

The resonance at 168 ppm is assigned to CO32-, confirming the presence of a small 

amount of CO32- prior to carbonation, in agreement with the FTIR results. Following 

carbonation to pH 8, no substantial changes in the composition of organic species were 

observed (Figure 3.9B) In contrast, the CO32- signal disappeared and was replaced by 

a more intense resonance at 161 ppm, corresponding to HCO3-. This spectral shift 

confirms that HCO3- was the predominant species at the end of the experiments. 
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Figure 3.9. Liquid state 13C NMR spectra of black liquor (A) before and (B) after carbonation. 

 

Summary 
 

CO2 absorption with aqueous NaOH was studied with two different absorbent systems 

and under different experimental setups. Aqueous solutions of NaOH in the range of 1 

– 8 wt% were used as a reference system to evaluate the performance of the 3D printed 

bubble column reactor designed here, and the carbonation process was followed with 

in-line measurements of pH, FTIR and gravimetric measurements of the CO2 uptake. 

Time resolved FTIR spectra was useful in following the equilibrium between the 

Na2CO3/NaHCO3 species and associating that with the pH and the absorption rate 

throughout each experiment. Subsequently, black liquor prepared from soda pulping 

of oat husks was also investigated as a CO2 absorbent. Owing to the intense foaming of 

black liquor, a stirred tank reactor was used instead of the 3D printed one. The liquor 

used in soda pulping was a 4 wt% aqueous NaOH solution. However, after the pulping 

process the produced black liquor presented a small FTIR peak of Na2CO3, and the CO2 

uptake capacity was 30.8 ±1.8 g/L, which was closer to that of the 3 wt% aqueous 

NaOH solution. During the carbonation of black liquor, the decrease in pH causes the 

precipitation of silica and some lignin. The precipitates and the liquid were separated 

by filtration, dried and analyzed with XRD and SEM. Solids from the carbonation of 

NaOH were also analyzed and served as reference to study the structure of carbonates 

formed under these experimental conditions. Natrite was the main product found in 

both the standard NaOH experiments and the black liquor, as identified by XRD. A 

broad band at low 2θ was attributed to the amorphous precipitated silica and lignin. 

Liquid state NMR of the black liquor before and after carbonation confirmed the FTIR 

spectra showing that the end product at pH 8 is NaHCO3, suggesting that natrite was 

formed by decomposition of the NaHCO3 when drying the samples for analysis. 
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Overview 
 

In this chapter two alkaline industrial side streams will be investigated for CO2 capture, 

steel slags and GLD. Three steel slags, TK, EAF and LF slag, with the commercial names 

Petrit T, Petrit E and Petrit L were provided from Höganäs. GLD and an alkaline 

wastewater were provided by SCA. Aqueous slurries were prepared and direct aqueous 

carbonation was performed. The effect of S/L ratio, temperature, particle size and 

stirring time prior to carbonation were explored. GLD was mixed with both deionized 

and wastewater to examine the potential of valorizing an industrial wastewater instead 

of consuming fresh water. The study of S/L ratio was conducted in the 3D printed 

reactor, with the pH meter following the pH of the slurries. The other studies were 

conducted in a stirred reactor in a water bath.  

 

Particle characteristics of the samples used 
 

Table 4.1 and Table 4.2 summarize the particle size distributions of the materials used, 

determined by ImageJ analysis of SEM micrographs. Petrit T was provided as a powder 

and was thus used as is in all experiments. In contrast, Petrit L and Petrit E exhibited 

larger particle sizes. For the S/L ratio investigation particles with diameter below 

approximately 1 mm were selected (Table 4.1). For all other studies the samples were 

crushed and classified into coarse and fine fractions (Table 4.2). The fine fractions of 

Petrit E and Petrit L were used in all subsequent experiments, while the coarse 

fractions were employed to assess the effect of particle size. GLD is a relatively soft 

material and was used as received in all experiments. It was also crushed to study the 

effect of particle size. 

 

Table 4.1. Particle size of the steel slags and GLD used in the S/L ratio study 

Size (μm) Petrit T Petrit E Petrit L GLD 

Mean 7.1 250.1 131.6 110.0 

Max 63.1 1384.7 927.0 450.0 

Min 0.7 5.6 16.8 24.0 
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Table 4.2. Particle sizes of the steel slags and GLD used in the particle size study. In all other studies GLD 
were used as is (big particles). For the Petrit E and L, the effect of temperature and stirring time were studied 
using the small particles.  

Size (μm) Petrit T Petrit E Petrit L GLD 

  
fine coarse fine coarse fine coarse 

Mean 7.1 28.0 600.0 16.0 800.0 3.6 110.0 

Max 63.1 100.0 1130.0 99.0 1540.0 130 450.0 

Min 0.7 0.3 160.0 0.5 110.0 0.1 24.0 

 

The N2 physisorption isotherms and BET surface areas of the three steel slags are 

presented in Figure 4.1. All materials exhibited type II isotherms with H3-type 

hysteresis loops, according to the 2025 IUPAC classification [111]. Type II isotherms 

are characteristic of nonporous or macroporous materials. The presence of H3 

hysteresis may indicate either plate-like particle morphologies or the existence of 

macropores that are not completely filled with pore condensate. Petrit E exhibited the 

lowest BET surface area (2.8 m²/g), whereas GLD showed the highest values, both in 

the fine and coarse states (35.9 and 34.6 m²/g, respectively). Of the three steel slags 

Petrit T had the highest surface area, followed by Petrit L. 
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Figure 4.1. Physisorption isotherms and BET surface areas of (A) GLD coarse, (B) GLD fine, (C) Petrit T, (D) 
Petrit E and (E) Petrit L. 
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Following the carbonation process 
 

The carbonation process was followed with a pH meter and a CO2 sensor connected to 

the outlet of the reactor. Figure 4.2 shows the outlet CO2 concentration, CO2 absorption 

(in g/L) and pH throughout time for each of the investigated materials at S/L ratio of 

50. Petrit T exhibited the best performance in terms of absorption capacity and 

duration of the carbonation. The experiment lasted 60 minutes and resulted in around 

10.7 g/L of absorbed CO2. Petrit L has the highest CO2 absorption of about 13.2 g/L but 

took more than 7 hours to reach this value. Within the first 1 hour 7.1 g/L of CO2 had 

been absorbed and the pH was 7.29. After this the pH kept slightly increasing and the 

outlet CO2 was very slowly rising to meet the inlet CO2 concentration. Petrit E displayed 

a similar behavior. The CO2 absorption reached 5.8 g/L within the first 50 minutes and 

then significantly slowed down until the outlet CO2 concentration matched the inlet 

after another 60 minutes. During this second half the CO2 uptake increased by only 1 

g/L to reach a total of about 6.8 g/L. GLD had a trend closer to Petrit T, but its CO2 

uptake was a bit more than half that of Petrit T in the same amount of time. Since both 

Petrit L and Petrit E appeared to have a turning point at 14% of CO2 outlet 

concentration, it was decided for the steel slags to carry out experiments up to 14% of 

CO2 outlet concentration for the rest of the experiments for the effect of S/L ratio, as 

at higher S/L ratios the duration of carbonation was higher. For all experiments with 

S/L ratio of 50 the experiment ended when the outlet CO2 concentration reached the 

inlet one. 
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Figure 4.2. Graphs of CO2 outlet, absorption and pH with time for (A) GLD, (B) Petrit T, (C) Petrit E and (D) 
Petrit L at S/L ratio of 50. 
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The pH graphs in Figure 4.2 also contain information on the progression of the 

carbonation process. GLD showed an exponential decrease in pH as the Ca2+ was 

consumed, suggesting that the primary reactive phase was Ca(OH)2 and other Ca 

phases in the material were insignificant. The steel slags displayed a more complex 

profile with irregular pH trends. Additionally, the distortions in pH were reflected in 

the CO2 outlet concentration, which displayed a drop whenever the pH presented a 

small spike. These irregularities can be attributed to the dissolution of different Ca and 

Mg-containing phases throughout the experiments.  

 

Factors affecting the carbonation process 
 

Effect of S/L ratio 
 

Figure 4.3 shows the absorption capacity (g of CO2 / L of slurry), and the yield of 

carbonation expressed as g of CO2/ kg of material. The S/L ratio exhibited a positive 

correlation with the CO2 uptake of the slurry. In other words, slurries with higher 

amount of solid achieved higher CO2 uptake, which is expected, due to the increased 

amount of reagent present. In contrast, the carbonation yield followed the opposite 

trend. Lower S/L ratio enhanced the carbonation degree. This phenomenon can be 

conceptually interpreted by discussing the reaction mechanism throughout the 

carbonation process. The following discussion is derived from two theoretical kinetic 

models, the two film theory model and the shrinking-core model. Both have been 

employed in the literature to describe the mechanism of direct aqueous carbonation 

[112–115]. 

 



56 
 

 

Figure 4.3. Absorption capacities (left y axis) and carbonation yield (right y axis) of (A) GLD, (B) Petrit T, (C) 
Petrit E and(D) Petrit L for a range of S/L ratios. 

 

Direct aqueous carbonation is a heterogeneous system containing a gaseous, liquid and 

solid phase. Two film barriers are present, the gas-liquid film, through which mass 

transport of CO2 takes place and the solid-liquid film, where Ca2+ and Mg2+ cross to the 

bulk liquid. At the initial phase of carbonation there is a high amount of M2+ and OH- 

ions in the bulk liquid phase. Thus, the CO2 reacts towards the formation of MCO3 in 

the liquid phase and the products precipitate out of the solution. The consumption of 

the reactants promotes the dissolution of more reactive ions from the solid phase. 

Thus, at this stage, the mass transport of CO2 is a significant factor. As the reaction 

progresses the availability of reactive ions from the solid decreases. The amount of 

readily soluble compounds (such as Ca(OH)2) is reduced, leaving Ca-containing 

compounds to provide the reactive ions, which dissolve at a slower rate. Thus, instead 

of the CO32- and Ca2+ coming in contact near the gas-liquid interphase, the reaction 

location shifts closer to the liquid-solid interphase. There, as the shrinking core model 

describes, the carbonate products can be deposited on the Ca-containing particles, thus 

creating a passive layer of product (known as the ash layer). This inhibits aqueous CO32- 

from reaching the unreacted core of the particles, as well as unreacted Ca from 

dissolving in the liquid phase. This is the second stage of the process, in which the 

absorption mechanism is determined by the diffusion of ions through the liquid-solid 

layer. When CaCO3 nucleates at the surface of solid particles covering the active sites 
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the carbonation process comes to a halt, leaving unreacted reagent at the core of the 

particles. At higher solid content (higher S/L ratio), even though there is a higher 

quantity of Ca-containing compounds, their availability is still limited by the rate of 

dissolution. Thus, the lower degree of carbonation can be attributed to the formation 

of a passive product layer before all the available Ca is able to leach to the liquid phase. 

 

Effect of temperature 
 

Figure 4.4 compares the CO₂ uptake of GLD and Petrit T, E and L at two different 

temperatures. In all cases, increasing temperature resulted in a lower extent of 

carbonation. For GLD, the carbonation yield decreased from 84.3 g/kg at 25 °C to 22.7 

g/kg at 60 °C, corresponding to a reduction by a factor of approximately 3.5. A similar 

trend was observed for the steel slags: at 60 °C, CO₂ uptake was 106.5 g/kg for Petrit 

T, 101 g/kg for Petrit E, and 119.5 g/kg for Petrit L, whereas at 25 °C the respective 

values were higher, at 171.9 g/kg, 186.8 g/kg, and 162.9 g/kg. This temperature-

dependent decline in carbonation efficiency is consistent with the reduced solubility of 

both CO₂ and Ca(OH)₂ at elevated temperatures, as described by the relationship given 

in equation [19,20]: 

Ca(OH)2 solubility (g/kg of solution) = -0.0108 T (oC) + 1.7465 (4.1) 

Most studies on direct aqueous carbonation of steel slags reported a positive 

relationship between temperature and carbonation yield in the range of 20 – 60 C, in 

contrast to our findings [114,116,117]. However, Bonfante et a. conducted a design of 

experiment study on the accelerated carbonation of EAF slag at a liquid-to-solid ratio 

of 3 L / kg (S/L = 333), with 100% CO2 flow and similarly observed a decline in 

carbonation efficiency with increasing temperature. This work identified 33 C as the 

optimal temperature, according to their generated regression model [118]. These 

findings suggest that carbonation performance is governed by coupled effects of the 

S/L ratio, CO2 inlet concentration and temperature, rather by the individual 

parameters. Under the conditions employed in the present work, the relatively low CO2 

concentration of 15% amplifies the effect of gas dissolution in the liquid phase. Aqueous 

solubility of calcium silicates increases with temperature [43,44]. Thus, at higher CO2 

concentrations increased temperature can have a positive effect on carbonation by 

enhancing the availability of Ca2+ from silicate phases. In contrast, at low CO2 inlet 

concentration and low S/L ratio, the solubility of CO2 is the determining factor for the 

carbonation performance. 
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Figure 4.4. Carbonation yield of the materials investigated at temperatures 25 and 60 C. 

 

Effect of particle size 
 

Figure 4.5 displays the carbonation yield for GLD, Petrit E and Petrit L at two different 

particle sizes. All three materials exhibited a consistent trend of reduced performance 

at higher particle size. This is an expected behavior, as decreasing the particle size 

increases the total surface area, thus exposing more reactive Ca-bearing phases. For 

GLD this difference was not as prominent, as the carbonation extent increased from 

84.3 g/kg to 89.6 g/kg after crushing the material. As presented in Figure 4.1, GLD 

have the highest porosity of all materials and the surface area was marginally affected 

by crushing, explaining the small effect in performance. Petrit E, which had the lowest 

surface area, also showed the most prominent effect of particle size in the carbonation 

degree, with the fine sample yielding 162.9 g/kg in contrast to 58.2 g/kg for the coarse 

particles. In the case of Petrit L, the performance dropped from 186.8 g/kg for the fine 

particles to 124.2 g/kg for the coarse ones. These observations fall in line with the 

results of the BET surface area. However, it should also be noted that the stirring 

pretreatment of the slurries also affects the particle size in different extends, owing to 

the differences in hardness between the materials. 
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Figure 4.5. Degree of carbonation for two different particle sizes of the investigated materials. 

 

Effect of stirring time 
 

Prior to all experiments, the slurries were stirred for 24 h. To investigate the effect of 

this stirring pretreatment on carbonation, additional experiments were conducted in 

which the slurries were stirred for 2, 4, and 24 h before carbonation. Furthermore, 

separate experiments were performed in which the slurries were stirred for a defined 

period, followed by filtration and carbonation of the resulting filtrate. These 

experiments were designed to examine the leaching behavior of Ca²⁺ and Mg²⁺ during 

the stirring period and to decouple this effect from the influence of stirring on the 

slurry itself. The results of all experiments are illustrated in Figure 4.6. The filtrate 

solutions displayed a constant CO2 absorption capacity for 2, 4 and 24 hours of stirring 

as seen by the bars with diagonal line fill. This suggests that within 2 hours the water 

is saturated with the dissolved metal ions and further stirring beyond that does not 

result in more leaching. In contrast to the filtrate solutions, the carbonation of the 

slurries showed an upward trend with the increase in stirring time. The effect of the 

stirring time was least prominent for the GLD. The CO2 absorption in the reactor went 

from 0.24 g in 2 h to 0.27 in 4 h and 0.29 after 24 h. The highest impact was in Petrit 

E, which absorbed 0.22, 0.26 and 0.49 g of CO2 after stirring for 2, 4 and 24 h 

respectively. Petrit L had a similar trend, with absorptions of 0.24 and 0.36 in the first 

2 and 4 h, reaching up to 0.56 g after 24 h of stirring. Petrit T had an initial higher 

absorption increase, from 0.44 g after 2 h stirring to 0.59 g after 4 h and a smaller 

increase to 0.65 g after 24 h. 
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Figure 4.6. CO2 absorption in the reactor for each material at three different stirring times (2, 4 and 24 h). 
The bars with diagonal lines indicate the absorption of the filtrates prepared after stirring and filtering out 
the solids. The bars without fill indicate the absorption of the slurries. 

 

Deionized versus wastewater 
 

Wastewater (WW) provided by SCA was investigated in the replacement of deionized 

water (DW) for GLD carbonation. The utilization of a wastewater stream would be 

beneficial in minimizing freshwater consumption. WW had an initial pH of 10.44, 

owing to dissolved Na and K compounds. The absorption of CO2 in WW was measured 

to be 2.04 g/L, while, for reference, the absorption of CO2 due to dissolution in DW 

was 0.89 g/L. Figure 4.7 shows the absorption capacities of DW, WW, and GLD in DW 

and WW at two different S/L ratios. The absorption capacity of the mixtures improved 

with the utilization of WW instead of DW. Interestingly, the mixtures with WW 

exhibited higher absorption capacity than that of GLD in DW and WW combined. This 

could be an effect of the pH, as the initial pH of the mixtures in WW was higher and 

the presence of Na and K CO32- and HCO3- species could create a buffering effect that 

keeps the pH elevated for a longer time, thus enhancing the carbonation. 
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Figure 4.7. Absorption capacities of deionized water, wastewater and mixtures of GLD in each at 50 and 200 
S/L ratio. 

 

Figure 4.8 shows the FTIR spectra with time for carbonation experiments of WW (A) 

GLD with WW (B) and GLD with DW (C). The initial pH of the WW was 10.44 and 

10.43 for the mixture in WW, while it was slightly lower, at 10.06 in DW. FTIR revealed 

that CO32- was present in WW before the carbonation. The spectra then showed a 

decrease in the CO32- band along with the rise of HCO3- bands in all three systems. A 

band at around 1080 cm-1 was also observed. It was present in all mixtures, although 

it had higher intensity in WW and its mixture with GLD, and it appeared to remain 

constant throughout the carbonation. This band could be attributed to Na2SO4 [119], 

which is present in the WW and could also exist in GLD as it contains a small 

concentration of S.  
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Figure 4.8. FTIR spectra of (A) WW, (B) GLD in WW and (C) GLD in DW, monitored at varying pH levels during 
a carbonation experiment. 

 

Physicochemical characterization 
 

After the carbonation process the slurries were oven dried and the solids were 

subjected to various analytical techniques to examine the microstructural changes 

caused by the process and the formation of products. Carbonated samples from both 

25 and 60 C experiments were used to investigate the effect of temperature in the 

restructuring of mineral phases. CaCO3 – the primary product of the process – can 

occur in four different phases: calcite, aragonite, vaterite and amorphous CaCO3 (ACC) 

[120–122]. Calcite is the most stable polymorph and has a characteristic cubic 

structure. Aragonite is metastable polymorph and it assembles in needle-like 

structures. Vaterite and ACC are the least stable phases, and the most soluble in water. 

They usually form as precursors upon which aragonite and calcite nucleate [123]. 

Vaterite is spherical and ACC forms irregular aggregations.  
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The three crystalline polymorphs of CaCO3 have characteristic XRD patterns. Figure 

4.9 shows the diffractograms of all materials after carbonation at 25 and 60 C. 

Patterns characteristic of calcite were the most prominent in all diffractograms. 

Aragonite patterns were also present in lesser extent in GLD, Petrit E and Petrit L, but 

not in Petrit T. Literature suggests that Mg2+ ions inhibit the nucleation of calcite and 

promote the formation of aragonite [124,125]. Since Petrit T is the only material with 

little to no MgO, the presence of aragonite in the other materials can be interpreted as 

an effect of the Mg2+ ions to the crystal growth of the formed CaCO3. In GLD, calcite 

and aragonite were the only identified phases in the diffractograms (Figure 4.9A and 

B). In the steel slags CaCO3 was also the dominant phase observed, but other phases 

could also be recognized. Petrit T presented patterns of wustite (Figure 4.9C) and small 

peaks that could be attributed to tricalcium silicate in the diffractogram of the 60 C 

carbonated slag (Figure 4.9D). Petrit E had a noticeable peak that can belong to 

periclase in the 25 C carbonated sample, as seen in Figure 4.9E while at 60 C peaks of 

wustite were present (Figure 4.9F). Patterns of wustite were also observed in Petrit L 

and the carbonated sample at 25 C also displayed peaks possibly from the presence of 

nesquehonite (Figure 4.9G and H). The diffractograms reveal that the aqueous 

chemical environment might have an effect to the crystal growth of CaCO3, but 

temperature did not seem to have an influence in the developed polymorphs. 
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Figure 4.9. XRD diffractograms of: GLD at (A) 25 °C and (B) 60 °C after carbonation, Petrit T at (C) 25 °C and 
(D) 60 °C after carbonation, Petrit E at (E) 25 °C and (F) 60 °C after carbonation and Petrit L at (G) 25 °C and 
(H) 60 °C after carbonation. 
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The morphology of the samples before and after carbonation was also observed with 

SEM imaging coupled with EDS to obtain information on the elemental composition 

of the observed structures. Figure 4.10 shows the SEM images of GLD before (A) and 

after carbonation (B). The sample before carbonation contained the characteristic 

cubic structures of calcite. Floral-shaped structures with Mg content were also 

encountered. This morphology is characteristic for a type of hydrated MgCO3 known 

as hydromagnesite (4MgCO3∙Mg(OH)2∙4H2O) [126,127]. After carbonation 

hydromagnesite was not detected, but in multiple occasions a crystal growth was 

observed on the surface of the solids after carbonation (Figure 4.10C). SEM analysis 

revealed Mg-containing crystals in an assembly typically found in structures of 

nesquehonite (Figure 4.10D) [126,128]. Cubic calcite structures were also recognized 

after carbonation. 

 

 

Figure 4.10. (A) SEM image of GLD before carbonation, (B) SEM image of GLD after carbonation, (C) crystal 
growth on a GLD sample after carbonation and (D) SEM image of the crystal growth. 
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The morphology of the steel slags before carbonation is displayed in Figure 4.11. Petrit 

T appeared to contain a variety of distinct morphologies (Figure 4.11A). Bright white 

particles were identified with EDS as Fe-dominated, while dark particles were C-

dominated. Spherical particles primarily contained Al and Si. This shape is distinctive 

for amorphous aluminosilicate structures [129–131]. Other, less distinctive phases 

were also present with varying elemental compositions. Petrit E and L contained bigger 

particles in the shape of irregular clusters and with varying elemental composition 

(Figure 4.11B and C). 

 

 

Figure 4.11. SEM images of (A) Petrit T, (B) Petrit E and (C) Petrit L before carbonation. 

 

After carbonation CaCO3 structures were present in all three slags (Figure 4.12). Figure 

4.12A shows discernible cubic clusters characteristic of calcite nucleated on a Ca-

bearing substrate. Multiple such clusters were found in carbonated Petrit T. Petrit E 

did not display as prominent cubic structures, but near-cubic growths could be 

observed. Some of these structures are pointed out in Figure 4.12B. Other elements 

that were detected with EDS in significant percentage (wt%) are also displayed in 

parenthesis. Possibly, the presence of other elements disturbed the calcite lattices 

resulting in less regular nucleations. Figure 4.12C depicts the surface of a particle of 

carbonated Petrit L. The image shows both cubic and irregular structures dominated 

by Ca, C and O, with other elements such as Si, Al and Fe also detected. These 

structures appear to have grown on a substrate consisting of a Fe and Mg-dominated 

phase. In addition to CaCO3, Mg-bearing phases with the characteristic nesquehonite 

morphology were also recognized (Figure 4.12D).  
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Figure 4.12. SEM images of (A) Petrit T, (B) Petrit E and (C,D) Petrit L after carbonation. 
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Summary 
 

Four Ca and Mg-bearing industrial side streams were evaluated for their potential to 

sequester CO2. GLD, a waste from the pulp and paper industry, provided by SCA, 

displayed absorption capacity between 74 and 114 kg / ton of feedstock. Three steel 

slags were provided from Höganäs and they displayed the potential to sequester 177 – 

211 kg / ton of Petrit T, 81 – 116 kg / ton of Petrit E and 116 – 143 kg / ton of Petrit L. 

Higher sequestration capacities were observed for mixtures prepared with lower S/L 

ratios. It was speculated that this is a result of the extraction of more metal ions in the 

aqueous phase which allows for the carbonation reactions to occur longer at the gas-

liquid interphase before the carbonate ions react directly on the solid surface covering 

the solid particles with CaCO3. Lower particle size had a positive effect on the 

carbonation potential, as expected. On the other hand, increasing temperature from 

ambient (25 C) to 60 C significantly hindered carbonation, owing to the reduced 

aqueous solubility of both CO2 and Ca(OH)2. The stirring time of the mixtures prior to 

carbonation was also found to have a significant effect. While an equilibrium of meat 

ion leaching was established within the first two hours for all the materials, stirring for 

up to 24 hours had a positive influence on the carbonation. This can be interpreted as 

a result of reduced particle size caused by the stirring motion. 

Calcite was the primary product of the process for all samples and regardless of 

temperature, as suggested by the prominent XRD patterns, which are characteristic of 

calcite. Aragonite was also recognized as a much less prominent phase. SEM-EDS also 

revealed cubic, Ca-dominated structures nucleated on various substrates, supporting 

the XRD results, as well as less organized Ca-bearing growths with the presence of 

other elements, such as Si and Al in the lattice. MgCO3 in the phase of nasquehonite 

was identified in the Mg-containing materials after carbonation. 

These results provide insight into the possibility of these four industrial waste and by-

products to sequester CO2. Aqueous direct carbonation was an efficient method for 

low-energy carbonation. By evaluating different parameters, it was highlighted that the 

process benefits from conditions which extend the initial stage, where the reactants 

interact at the gas-liquid phase, and delay the deposition of solid carbonates directly 

on the particles’ surface. The resulting products bear CaCO3 and MgCO3 in a variety of 

morphologies, either in standalone clusters or on the surface of substrates. These 

characteristics suggest that the carbonated products could potentially be used in 

construction applications, resulting in a secure and long-term storage of the absorbed 

CO2. 
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Chapter 5:            
Direct air capture via 
carbonation in NaOH-
ethanol solutions 

 

Based on Paper VI 
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Overview 
 

This study investigates the use of NaOH-ethanol solutions for direct air capture. 

Solutions with concentrations of 10, 20, 30, 40, and 50 g/L were prepared, and 

compressed air was bubbled through each for a fixed duration of 8 hours. Two 

contactor configurations −a bubble column and a stirred reactor− were evaluated. 

Following each experiment, the mixtures were centrifuged to separate the precipitated 

solids from the remaining solution. The recovered solids were analyzed by acid 

gravimetry to quantify CO₂ uptake, and further characterized using NMR, FTIR, XRD, 

and SEM to identify the formed products. 

 

Abbreviation of sample names 
 

Table 5.1 shows the abbreviated names assigned to each experiment and sample that 

will be discussed in this chapter. The type of reactor is denoted as BC for bubble column 

and SR for stirred reactor. This is followed by the concentration of NaOH in ethanol in 

g/L. Samples of the precipitated solids and supernatant obtained by centrifugation are 

denoted with the letter P and S respectively, added after the first four characters. 

Finally, samples of the supernatant that has been oven-dried end with Sdried. 
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Table 5.1. Short name of each precipitate sample accompanied by a description of the experiment that 
produced it. 

Description Experiment Precipitate Liquid 
Supernatant 

Dried 
Supernatant 

10 g/L NaOH-EtOH 
solution in the bubble 

column 
BC10 BC10P BC10S BC10Sdried 

20 g/L NaOH-EtOH 
solution in the bubble 

column 
BC20 BC20P BC20S BC20Sdried 

30 g/L NaOH-EtOH 
solution in the bubble 

column 
BC30 BC30P BC30S BC30Sdried 

40 g/L NaOH-EtOH 
solution in the bubble 

column 
BC40 BC40P BC40S BC40Sdried 

50 g/L NaOH-EtOH 
solution in the bubble 

column 
BC50 BC50P BC50S BC50Sdried 

10 g/L NaOH-EtOH 
solution in the stirred 

reactor 
SR10 SR10P SR10S SR10Sdried 

20 g/L NaOH-EtOH 
solution in the stirred 

reactor 
SR20 SR20P SR20S SR20Sdried 

30 g/L NaOH-EtOH 
solution in the stirred 

reactor 
SR30 SR30P SR30S SR30Sdried 

40 g/L NaOH-EtOH 
solution in the stirred 

reactor 
SR40 SR40P SR40S SR40Sdried 

50 g/L NaOH-EtOH 
solution in the stirred 

reactor 
SR50 SR50P SR50S SR50Sdried 
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Direct air capture experiments 
 

Comparison of CO2 absorption in the two types of reactors 
 

The absorption of CO2 in the bubble column experiments across all NaOH 

concentrations is displayed in Figure 5.1 along with the absorption of the 50 g/L 

solution in the stirred reactor. In the figure, the dashed line indicates the total mass of 

CO2 that passed through the system over the 8 hours of experiment. As compressed air 

was used for all the experiments, the environment-dependent CO2 concentration is a 

significant variable which can fluctuate throughout the duration of the experiments. 

The zone with grey colour expresses the entire range of recorded inlet CO2 

concentrations (458 − 496 ppm). The inset table reports the absorbed CO₂ (g/L of 

solution), with corresponding percentages relative to the total CO₂ supplied, based on 

the average concentration of 476 ppm. The results demonstrate two key advantages of 

the stirred reactor over the bubble column: higher CO₂ uptake and greater operational 

robustness. Although the borosilicate sparger in the bubble column provides a uniform 

gas distribution (Figure 2.4), it requires frequent maintenance, including cleaning with 

dilute acid, and exhibited recurrent clogging in experiments BC30 and BC40. In 

contrast, no clogging was observed at the other concentrations, which yielded 

comparable absorption values ranging from 2.64 to 2.98 g CO₂/L (approximately 32 – 

36% of the introduced CO₂). In the stirred reactor, the 50 g/L solution achieved a CO₂ 

uptake of 7.53 g/L, nearly three times higher than that of the bubble column, 

corresponding to 91.6% of the supplied CO₂. This substantial improvement 

underscores the critical role of mixing for this system. Consistent with these findings, 

Tajik et al. reported enhanced carbonation efficiency with improved impeller design in 

NaOH-ethanol systems in Paper IX [132]. That study similarly demonstrated that 

stirring markedly enhances performance for 2 and 10 g/L solutions. Overall, the results 

indicate that increased viscosity and particle formation in NaOH-ethanol solutions 

limit CO₂ mass transfer, while effective mixing significantly mitigates these 

constraints. 
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Figure 5.1. CO2 absorption in g/L of solution for all concentrations in the bubble column and 50 g/L NaOH-
EtOH in the stirred reactor. *The sparger clogged resulting to very low airflow. 

 

Effect of NaOH concentration 
 

The effect of the NaOH concentration on the performance of the system was 

investigated with the stirred reactor. The CO2 uptake across all concentrations in the 

stirred reactor is displayed in Figure 5.2. With adequate mixing all the solutions 

showcased nearly complete removal of the CO2 from the gas phase. The highest 

observed absorption was 8.27 g of CO2/L in the 30 g/L solution. The results did not 

show a direct linear correlation between the NaOH concentration and the absorption 

of CO2. The figure shows an upward trend of CO2 absorption from 10 to 30 g/L followed 

by a slight decline at the two highest NaOH concentrations. Apart from the 10 g/L 

solution, which contained 0.4 g of NaOH in the 40 mL of solution, for all the other 

solutions the amount of NaOH is significantly higher than the stoichiometric amount 

required to absorb all the fed CO2. Thus, the trend exhibited in Figure 5.2 is not a direct 

effect of the alkalinity of the solution, but an indirect effect related to the evaporation 

of ethanol. It was observed that increasing NaOH concentration led to greater retention 

of ethanol in the reactor. For the 10 and 20 g/L solutions, complete evaporation 

occurred within 8 hours, despite replenishment after 3 hours, as applied in all 

experiments. This likely explains the lower CO₂ uptake observed for SB10 and SB20. 

In contrast, the higher concentration systems retained liquid after 8 hours, with the 50 

g/L solution exhibiting the greatest remaining volume. These findings suggest that 
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higher alkalinity reduces evaporation losses, thereby prolonging the effective activity 

of the absorbent. To verify that the reduced absorption in SB10 was not due to its lower 

alkalinity, an additional experiment was conducted in which sufficient ethanol was 

added to maintain a liquid phase throughout the duration of the test. Under these 

conditions, a CO₂ uptake of 8.22 g/L was achieved, comparable to that of SB30. 

This observation raises the question of why solutions at the upper end of the 

concentration range exhibit a decline in performance. It was noted that SB40 and SB50 

contained a high level of impurities after oven drying, occasionally leading to foaming 

and the formation of brown precipitates upon addition of 1 M HCl. To eliminate the 

influence of these artifacts on CO₂ quantification, SB40 and SB50 samples were treated 

with HCl immediately after centrifugation, omitting the drying step. For SB50, the 

measured CO₂ uptake remained essentially unchanged, yielding 7.46 and 7.58 g CO₂/L 

with and without drying, respectively. These values fall within the experimental 

standard deviation (±0.55 g CO₂/L). The average of these measurements is reported in 

Figure 5.2. In the case of SB40, an absorption of 7.96 g CO₂/L was obtained, with no 

evidence of foaming or formation of brown solids affecting the undried carbonates. The 

results suggest a trade-off between reduced evaporation losses at higher alkalinity and 

the accumulation of impurities, which warrants further investigation in future 

optimization studies. 
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Figure 5.2. CO2 absorption in the stirred reactor for the different concentrations of NaOH. aSB10 was 
repeated, adding more ethanol to compensate for its faster evaporation. b SB40 was treated with HCl 
immediately after centrifugation to avoid the collection of impurities while drying. c SB50 was duplicated: 
one sample was titrated with HCl immediately after the experiment and one after oven drying. Their CO2 
absorption was almost the same. 

 

Effect of temperature 
 

Considering that the objective of DAC is to remove atmospheric CO₂ with minimal 

energy input, it is important to evaluate absorbent performance across a broad 

temperature range. Figure 5.3 illustrates the CO₂ absorption of the SB10 system at − 0 

°C, 45 °C, and room temperature. At the temperature extremes, CO₂ uptake decreased 

by 17% (−20 °C) and 23% (45 °C) relative to room temperature. Despite this reduction, 

performance remained comparatively high under both conditions. At −20 °C, CO₂ 

absorption exceeded that at 45 °C, while ethanol evaporation was negligible. This 

highlights a key advantage of alcohol-based absorbents over aqueous systems: effective 

operation in cold climates without the need for external temperature control. In 

contrast, the lowest absorption was observed at 45 °C (6.3 g CO₂/L of solution), 

although this value still surpasses the performance of the bubble column reactor. 

However, elevated temperature significantly increased ethanol evaporation, 

necessitating frequent solvent replenishment; at larger scales, this would imply a 

higher demand for ethanol recovery via condensation. Furthermore, the solution 
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developed a yellow coloration during the 8-hour experiment at 45 °C, indicating that 

higher temperatures may promote the formation of impurities. 

 

 

Figure 5.3. (a) CO2 absorbance in SB10 at three different temperatures within the range of Earth’s surface 
temperature, (b) colour of the slurry of SB10 after the experiment at 45 °C. 

 

Impurities 
 

The formation of impurities in the NaOH-ethanol solutions was prominent in the 

supernatant solutions after separating the solid precipitates. The supernatant 

solutions, containing spent ethanol, unreacted NaOH and dissolved carbonates were 

oven dried at 50 °C. In the oven, the remaining alkali in ethanol kept reacting with 

atmospheric CO2. Table 5.2 shows the amount of CO2 captured in BC10S and BC50S 

after oven drying. Apart from this the dried supernatants exhibited a change in colour, 

from white (at the lowest alkali concentration) to dark brown (at the highest alkali 

concentration). The progressive change of color of the supernatant across the NaOH 

concentration range is displayed in Figure 5.4.  
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Table 5.2. Amount of CO2 captured in BC10 and BC50 during the DAC experiment and in the respective 
supernatants while drying on the oven. 

Sample CO2 absorbed by solution 
during the DAC experiment 

CO2 absorbed by 
supernatant in the oven 

BC10 0.111 0.125 

BC50 0.119 0.857 

 

A transition from a clear or white appearance to orange color has previously been 

reported in alkaline ethanol solutions and sodium ethoxide systems [133,134]. Tu et al. 

investigated this phenomenon and attributed it to the formation of carbon dots (CDs) 

in alkali-alcohol media. Their work indicates that, under highly alkaline conditions, 

ethanol can oxidize to aldehydes, which in the presence of a base (e.g., NaOH or sodium 

ethoxide) and a protic solvent undergo aldol condensation  [135]. Both Tu et al. and Li 

et al. further demonstrated that these aldehydes participate in a series of base-

catalyzed substitution and condensation reactions, yielding a wide range of 

carbonaceous intermediates that ultimately crosslink to form carbon dots [134,136]. 

These clusters of various chain lengths and functional groups crosslink to finally form 

carbon dots. Earlier, Yuan et al. had proposed a mechanism for NaOH-catalyzed 

aerobic oxidation of alcohols [137]. Under the experimental conditions of their study, 

acetaldehyde was not directly detected. It was discussed that, at high alkalinity, 

acetaldehyde is unstable and rapidly converts via a geminal diol intermediate to 

acetate. The formation of acetate has also been reported in a study on the 

decomposition of sodium methoxide and ethoxide[138]. In particular, sodium acetate 

(CH₃COONa) and sodium formate (HCOONa) were identified as major components in 

commercial sodium ethoxide, attributed to degradation during storage. To further 

elucidate the formation of carbonate products and associated impurities in this work, 

the samples were characterized using FTIR and 1H, 13C NMR. 
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Figure 5.4. Colour of dried supernatants for all the concentrations. 

 

Physicochemical characterization of products and 

impurities 
 

Figure 5.5 displays the FTIR spectra of four samples: BC40Sdried – which exhibited a 

dark orange color –, BC30S collected directly after centrifugation and stored in a falcon 

tube for a few days, BC50P and BC10P. All the samples exhibited bands at 1440 – 1420 

and 880 cm-1 which are characteristic for the stretching and bending of the carbonate 

ion respectively [139]. The BC30S sample contained carbonates after reacting with 

atmospheric CO2 during storage. These bands were most prominent for BC50P, which 

did not display other significant peaks. Bands at 3500 cm-1 (O–H stretching), 3000 – 

2680 cm-1 (C–H stretching), 1374 cm-1, 1090 cm-1 and 1050 cm-1 (C–O stretching) could 

be attributed to ethanol [140]. These were most prominent in BC30S as expected. The 

O–H stretching band can also originate from the NaOH. The BC40Sdried and BC10P 

also showed the 1374 cm-1, 1090 cm-1 and 1050 cm-1 C–O stretching bands, suggesting 

that some ethanol could be retained in the samples after drying. BC40Sdried also 

displayed the ethanol C–H stretching band in the range of 3000–2680 cm-1. A band at 

1616 cm-1 was also present in all spectra, but most noticeable in BC10P and 

BC40Sdried. This could be attributed to the C=O stretching of HCOONa, but it could 

belong to another carboxylate [141,142]. The peaks that clearly distinguish the orange 

solids of BC40 from all other samples are at 790 and 534 cm-1. Both are in the 

fingerprint area of IR, which is difficult to interpret, but according to literature they 

could be assigned to C=C bending and vibrations of aromatic compounds, respectively 

[141,143,144]. The presence of peaks in the fingerprint area, is alone proof that ethanol 

undergoes side reactions catalyzed by NaOH. 

 



79 
 

 

Figure 5.5. Top: FTIR spectra of four samples, BC40Sdried, BC30S (after a few days kept in a falcon tube), 
BC50P and BC10P. Bottom: peak assignment based on literature [139–144]. 

 

1H NMR spectroscopy was performed to further investigate the formed products. 

Figure 5.6 presents the spectra of four representative samples. All spectra exhibited the 

characteristic signals of ethanol, although the intensity was lowest for BC50P, 

consistent with the corresponding FTIR results. The solid samples – BC10P, BC50P, 

and BC50Sdried – also showed signals near 0 ppm, which are attributed to silicone-

based vacuum grease used to seal the glass components of the bubble column (Figure 

2.4) [145]. Additional signals were identified at approximately 8.5 ppm and 1.9 ppm, 

corresponding to HCOO- and CH₃COO-, respectively. Comparable observations have 

been reported by Wethman et al. in their analysis of impurities in commercial sodium 

ethoxide [34]. Furthermore, two small peaks near 7.4 ppm in the BC50P sample 

indicate the presence of aromatic species. However, these signals were absent in the 

NMR spectrum of BC50Sdried, which has a distinct brown color. This could suggest 

that the concentration of impurities in the samples was too low, thus not producing 

detectable signal. 
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Figure 5.6. 1H NMR of BC10P, BC50P, BC50Sdried and BC30S. 

 

13C NMR revealed a carbonate peak near 168 ppm, which corresponds to Na2CO3. 

Figure 5.7 (left) shows the spectra of the four samples. No carbonate signal was 

observed in the liquid supernatant, indicating that no detectable carbonates remained 

in the liquid phase after centrifugation. In contrast, the FTIR analysis suggested the 

presence of carbonate peaks in BC30S. This could be attributed to the fact that the 

measurement was performed several weeks after the sample collection and despite 

storage in a sealed vial, partial carbonation likely occurred during this period. Signals 

corresponding to HCOO- and CH₃COO- peaks were not clearly resolved in the 13C. 

Nevertheless, both species were identified using HSQC analysis (Figure 5.7, right). The 
1H resonance assigned to CH₃COO- showed a corresponding 13C signal from its CH₃ 

group, while the 1H signal of HCOO- also correlated with its respective carbon signal. 
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Figure 5.7. Left: 13C NMR of BC10P, BC50P, BC50Sdried and BC30S. Right: HSQC spectrum of BC50Sdried. 

 

Figure 5.8 displays the XRD diffractogram (A) and a SEM image (B) of a BC30P 

sample. The diffractogram indicates a dominant presence of monoclinic natrite, with 

no detectable reflections corresponding to nahcolite, in agreement with the NMR 

results. Mun et. al. have shown that the water content of the system influences the 

nature of the carbonate phases formed [90], suggesting that adjustment of water 

content could enable selective formation of NaHCO₃. In addition to the expected 

reflections, the diffractogram contains peaks that cannot be assigned to either Na₂CO₃ 

or NaHCO₃. These have previously been attributed to SEC by Mun et. al. [90]. 

However, there is no clear evidence for SEC formation under the present experimental 

conditions. FTIR and NMR analyses instead indicate the presence of ethanol within 

the solid carbonates, although not chemically bound, as also reported by Raktim Sen 

et. al. and Robert Wethman et. al. [93,133]. Accordingly, these additional reflections 

are more plausibly attributed to the crystallization of Na₂CO₃ in the presence of 

ethanol, resulting in solvent incorporation within the crystal lattice [146]. These 

features are labeled in Figure 5.8 as Na2CO3 solvate. The SEM image revealed 

unstructured particles, assembled in clusters. Plaque-like structures were observed, 

characterized by one smooth and one rough side. These features likely originate from 

the outer layer of the centrifuged and dried solids. It is plausible that the applied 

centrifugal force contributed to the formation of a smooth surface layer, highlighting 

the structural adaptability of the formed carbonate material. 
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Figure 5.8. (A) XRD diffractogram and (B) SEM image of a BC30 sample. 
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Summary 
 

The potential of NaOH-ethanol solutions and effective absorbents for DAC was 

evaluated across a wide range of conditions. Experiments with two types of reactors (a 

bubble column and a stirred reactor) showcased that the reactor design is critical. The 

bubble column suffered from clogging, whereas the stirred reactor provided more 

robust operation and achieved significantly higher absorption, removing more than 

90% of CO₂ from the gas stream. CO₂ absorption was primarily limited by mass 

transfer rather than NaOH concentration, indicating that higher alkalinity does not 

necessarily improve performance within practical timescales. While increased NaOH 

reduced ethanol evaporation, it also promoted impurity formation.  

The system also remained effective at both −20 °C and 45 °C, although ethanol 

evaporation was significantly accelerated at the higher temperature, which suggests 

that the energy demand of condensation might become critical if this technology is 

applied in warm climates. The formation of impurities was also found to be enhanced 

by the higher temperature. 

Product characterization confirmed Na₂CO₃ as the main phase, predominantly in the 

form of natrite, with evidence of possible solvates due to crystallization in ethanol. SEM 

analysis showed irregular, agglomerated particle morphologies. The exact molecular 

composition of the impurities was not identified, and their concentration appeared to 

be too low to produce notable signal in NMR.  

Overall, NaOH-ethanol systems offer promising features for DAC, including broad 

temperature operability and inherent solid separation. However, challenges related to 

impurity formation, reactor design, and especially carbonate regeneration remain. 
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Chapter 6:    
Conclusions and 
Future work
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The present thesis has explored the potential of carbon capture via inorganic 

carbonation in various absorbent systems including both model systems and industrial 

side-streams. The focus has been on investigating the reactivity, absorption capacities, 

reaction mechanism and formation of products in each system, as well as identifying 

the benefits and constraints of each system. The work has been divided into chapters 

based on the three distinct types of absorbent systems. This section summarizes the 

key findings and outlines potentials for future research required to advance these 

processes toward industrial implementation. 

The first system examined was aqueous NaOH. Solutions of NaOH in a range of 

concentrations were studied as reference to establish the experimental setup and 

subsequently black liquor was also investigated as an absorbent. Black liquor, a by-

product of soda pulping, contains significant amounts of NaOH used in biomass 

delignification. Due to its high alkalinity, it readily absorbs CO₂, with mass transfer 

between the gas and liquid phases identified as the main rate-limiting step. The 

presence of surface-active compounds led to foaming, which could be mitigated 

through antifoam addition and agitation. As CO₂ absorption lowered the pH to around 

8, lignin fractions and silica precipitated. This aligns with established approaches for 

lignin recovery via CO₂ acidification. 

These findings suggest that black liquor carbonation could serve as part of an 

integrated valorization process, where controlled pH reduction enables sequential 

recovery of silica and lignin, followed by CO₂ release under further acidification under 

vacuum. Such a process could simultaneously capture CO₂ and generate multiple 

valuable streams. However, thorough technoeconomic analysis is required to bring this 

process to larger scale. It can be speculated that the amount of silica present in biomass 

is not significant and the market value of CO2 and lignin are not yet sufficiently high to 

incentivize the implementation of this process outside of research scale. Nevertheless, 

the global economy seems to be on a pathway where CO2 and biomolecules will be 

increasingly more valuable, thus processes such as these might become attractive in 

replacing the fossil-centered processes which are currently in place. Additionally, silica 

from agricultural by-products is progressively gaining more attention for its potential 

use in alkali activated concrete. 

Following the evaluation of an alkaline side stream in carbon capture, four Ca and Mg-

bearing industrial side streams were investigated in carbon capture. Three of those 
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were steel slags from Höganäs with commercial names Petrit T, E and L and the last 

was a pulp and paper waste from SCA called GLD. The effect of S/L ratio, temperature, 

particle size and stirring time prior to carbonation were investigated. GLD is a soft solid 

which primarily contains Ca in the form of CaCO3, but Ca(OH)2 is also present. It 

displayed the lowest absorption capacity of 74 − 114 kg / ton of feedstock. The steel 

slags presented sequestration capacities of up to 211 kg / ton of feedstock. 

Sequestration increased at lower S/L ratios, likely due to enhanced metal ion extraction 

and prolonged gas-liquid carbonation before surface passivation by CaCO₃. Smaller 

particle sizes improved performance significantly for Petrit E and L, but the effect was 

less prominent for GLD, likely because it is a soft material which easily breaks into 

smaller particles with mechanical agitation. Increasing the temperature from 25 to 60 

°C reduced carbonation due to lower CO₂ and Ca(OH)₂ solubility. Although metal 

leaching equilibrated within 4 hours of stirring the mixtures, extended stirring up to 

24 h further enhanced carbonation, likely through particle size reduction. Calcite was 

the dominant product across all conditions, with minor aragonite formation. Mg-

containing samples also formed MgCO₃ (nasquehonite).  

Aqueous carbonation proved effective under conditions that prolong gas-liquid 

interactions and delay surface passivation. The resulting carbonate products show 

promise for construction applications, enabling stable, long-term CO₂ storage. While 

direct aqueous carbonation of slags is well studied, large-scale implementation 

remains limited. In Paper X, Shavalieva et al. investigated the life cycle assessment of 

CO2 sequestration in GLD based on results from our work [147]. This work identified 

post-carbonation drying as a major energy demand and emphasized that the viability 

of the process depends on the utilization of the carbonated products. Their 

incorporation into concrete, particularly as partial cement replacements, offers the 

greatest environmental benefit. Advancing this pathway requires further research into 

material performance to ensure compatibility with conventional construction 

standards. 

The final system explored NaOH dissolved in ethanol for DAC. In contrast to the 

previous systems, where mixtures of CO2 and N2 were used to simulate flue gas 

compositions, this approach targeted atmospheric CO₂. The combination of high 

alkalinity and in situ carbonate precipitation could be advantageous for DAC. The 

reactor design was found to be critical. A bubble column reactor suffered from clogging 
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due to the formation of solid particles, whereas a stirred reactor achieved stable 

operation and over 90% CO₂ removal. Absorption was primarily limited by the low 

concentration of CO2 in the gas, rather than NaOH concentration (10 – 50 g/L). While 

higher NaOH concentrations reduced ethanol evaporation, they also promoted 

impurity formation. Na₂CO₃, mainly as natrite, was identified as the primary product. 

The main challenge for this system lies in regeneration. Na₂CO₃ has low economic 

value, and its thermal decomposition to release CO₂ requires temperatures above 1000 

°C, making the process energy intensive. Therefore, the development of energy-

efficient regeneration pathways for NaOH is critical for competitiveness with existing 

DAC technologies. Although preliminary studies have explored such approaches, 

further research is needed to establish viable regeneration strategies [148,149]. 
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