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Abstract

Carbon dioxide sequestration via carbonation of steel slags is a promising way of combining

two waste products to produce value-added products such as precipitated calcium carbonate

(PCC). PCC production via mineral carbonation is a multi-step process, which broadly

includes calcium extraction into an aqueous solution and calcium carbonate precipitation.

The shortcomings with mineral carbonation are associated with the extraction step and

include slow extraction rate, poor extraction efficiency and selectivity of calcium from slag.

The major impediments for seeking systematic improvements in these processes include

poor understanding of leaching characteristics, the role of independent parameters that

influence the dissolution rates, and concomitantly a lack of a priori dissolution models

for heterogeneous residues such as steel slag.

In this thesis a systematic study has been carried out by generating a priori information

necessary to determine the mineral carbonation potential, investigate avenues for process

intensification of slag dissolution and PCC production, and develop kinetic model for slag

dissolution. The work mainly focusses on batch experiments and mathematical modelling

to understand the parametric effects on slag dissolution kinetics in various acidic media

and PCC production via CO2 pressure-swing carbonation.

The maximum potential for calcium extraction from BOF slag has been found to be

81.8%, which is in good agreement with the fraction of calcium present as orthosilicates.

While mineral phase rich in trivalent elements such as Fe3+ and Al3+ is scantly leachable,

the RO phase — which is a solid solution of FeO–MgO–MnO — has been found to be

the main source of impurity in the form of iron and magnesium along with the silica from

calcium silicate dissolution. The study proposes a new method to inhibit leaching of RO

phase impurities (both Fe and Mg) by sodium molybdate addition to the acidic leaching

agent. The proposed method is an alternative to the pH-swing, where only iron impurities

are removed after the dissolution step.
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The leaching characteristics of BOF slag observed in nitric acid, acetic acid and CO2

environments show that calcium silicates dissolve congruently without leaving residual

silica layer. Despite non-existence of any passivating layer, the increase in particle size

resulted in lower calcium extraction efficiency in both nitric acid and acetic acid environments

concurring with the observations reported in the literature, which indicates that effect of

particle size cannot be singularly used to determine the controlling mechanism. Based

on the initial elemental release rates, slag dissolution rate could be described by proton-

promoted dissolution mechanism similar to the single (pure) silicates and oxides. The

findings from parametric studies on slag dissolution suggest a strong influence of morphological

features on relative surface area evolution of calcium due to selective leaching, which in

turn was found to influence calcium extraction efficiency with variation in particle size. A

surface reaction based kinetic model has been developed by considering the surface area

evolution of RO phase globules by sporulation model (Adrover et al., 2004) and influence

of proton activity described by Langmuir–Hinshelwood type rate law (Kline and Fogler,

1981). The model predictions with best-fit parameters have been found to match with

experimental observations closely.

The pressure-swing carbonation experiments confirm high supersaturation with respect

to calcite during dissolution step because of unfavourable calcite precipitation kinetics.

The results show scope to substantially reduce the water volume and CO2 pressure

required for dissolution. Further, silica was observed to condense on the surface of

PCC resulting in silica-PCC composite, which is expected to exhibit better mechanical

properties (Lourenço et al., 2013).

Overall, the thesis adds to existing body of scientific knowledge pertaining to mineral

carbonation of steel slag in significant ways, including explaining the dissolution characteristics

consistent with the slag chemistry, proposing alternative to pH-swing for major impurity

removal, demonstrating scope for improving the pressure-swing carbonation efficiency by

reducing water requirement, and possibility to further value addition with silica-PCC

composite production. The kinetic model brings one step closer to a priori dissolution

model and aids in process intensification and reactor development studies.
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Chapter 1

Introduction

Iron & steelmaking slags are alkaline solid residues generated during the process of crude

steel production from iron ore and scrap metal (Figure 1.1). These residues are rich in Ca,

Fe, Mg, Al and Si depending on the metallurgical process which generates the material.

Significant amounts of these residues end up in landfills after limited use in cement

production and construction industry. Apart from solid waste residues, iron & steel

industries also contribute significantly (8–9%) to global anthropogenic CO2 emissions.

India is the third largest producer of crude steel and largest producer of direct reduced

iron. Owing to the significant gap between per capita consumption in India (61 kg) and

the world average of 208 kg, and sustained growth in crude steel demand, the crude

steel production is expected to increase three-fold to 300 MT by 2030–31 (Ministry of

Steel, 2017). Consequently, a proportional increase in various slag generation is expected.

Presently, utilisation of iron and steel slags and reduction of carbon dioxide emissions are

two main challenges for iron and steel industries.

1.1 Steel slag generation and utility

Globally, 70% of the crude steel is produced via basic oxygen furnace (BOF) route and the

remaining from electric arc furnace (Figure 1.1). About 200 kg of BOF slag is generated

per tonne of crude steel production from pig iron (Das et al., 2007). In major crude steel

producing countries such as China and India, the current utilisation of steel slags is below

30% and the rest ends up in landfills (Guo et al., 2018; Chand et al., 2016). Generally, steel

slags are used as aggregate in the construction industry and Portland cement production.

However, their use in these industries is limited due to volume instability and relatively low
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Total iron & steel slags: 400 million tonnes/yr

Coal = 1710 kgCO2/t crude steel
Limestone = 105 kgCO2/t crude steel
Total: ~ 2 billion tonne/yr CO2 emissions

Figure 1.1: Schematic of iron and steel making processes (Data source:Das et al. (2007)
and Carpenter (2012))

tricalcium silicate (C3S) content, respectively (Dippenaar, 2005). Alternatively, steel slags

can be used to chemically fix CO2 as carbonates by a process called mineral carbonation

(reaction 1.1), whereby the twin problems of slag utilisation and CO2 emissions can be

simultaneously addressed.

2 CaO · SiO2 + 2 H2O + 2 CO2 −−→ 2 CaCO3 + H4SiO4 (1.1)

The carbonation of slag is also known to stabilise heavy metals from leaching and hence

improve its utility as an aggregate. Additionally, by selective extraction and carbonation,

steel slag can be valorised to value-added products such as precipitated calcium carbonate

(PCC).

1.1.1 Precipitated calcium carbonate – production and use

High-purity precipitated calcium carbonate with narrow particle size distribution (0.5–

3.5µm) is used as a filler in printing and writing papers to improve optical properties

such as paper brightness, and whiteness. In addition, use of fillers reduce the fibre content

required for paper making. Currently, PCC is made from high quality limestone with low
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Figure 1.2: Conventional PCC production

Mg and Si content. Typical PCC production process is shown in Figure 1.2. Production

of PCC from waste materials such as steel slag is an exciting opportunity with benefits

of solid waste minimisation, CO2 capture and lower reliance on high-quality limestone.

1.1.2 PCC production via mineral carbonation

Several mineral carbonation routes have been proposed with an aim to sequester carbon

dioxide as shown in Figure 1.3. Among these, indirect mineral carbonation routes,

involving selective calcium leaching and calcium carbonate production, allow PCC production.

In addition, the iron-rich residual slag after calcium extraction can be recycled within the

iron & steel industry and also has a prospective use in production of cathode precursor

material (Shen and Forssberg, 2003; Wu et al., 2011).

Selective extraction of calcium from silicates is known to be a slow process. In

order to accelerate the dissolution kinetics, processes using acidic leaching agents, severe

particle size reduction, use of complexing additives, mechanical activation of feedstock,

and so on are being actively investigated. Use of acidic leaching agents and non-selective

leaching typically encountered in steel slag dissolution necessitate use of an intermediate

step to swing the pH from acidic to basic conditions, wherein impurities were removed

by precipitation besides favouring CO2 absorption and calcium carbonate precipitation.

Although slag-to-PCC generation is demonstrable, the commercialisation of process is

limited by energy-intensive steps such as heavy particle size reduction, regeneration

and recycling of acidic leaching agent and base used for achieving pH-swing, and lack

of proven reactor technology. Major impediments for seeking systematic improvements

in the processes include poor understanding of leaching characteristics and mechanistic

explanations for the same. Problems with the understanding of steel slag dissolution
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Figure 1.3: Mineral carbonation routes and PCC production

kinetics are associated with the difficulty in identification of the rate controlling step and

a lack of kinetic models that consider the heterogeneous nature of steel slag.

1.2 Thesis objectives

The broad aim of the thesis is to undertake a systematic study to understand the dissolution

characteristics of BOF slag in various acid environments, and PCC production from

steel slag. The objectives involve: a) to characterise the steel slag, identify the leaching

chemistry to generate a priori knowledge for process intensification and kinetic modelling,

b) to investigate the dissolution characteristics of steel slag in various acidic media and

CO2 environment and determine the controlling mechanism and independent parameters

that influence the kinetics, c) to model the dissolution kinetics based on a priori information

generated, and d) investigate the PCC production potential via CO2 pressure-swing

carbonation.
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1.3 Thesis organisation

Thesis has eight chapters in total. Chapter 1 is an introduction to the problem statement,

describes the motivation, and objectives. In Chapter 2, literature related to various

studies on mineral carbonation routes has been discussed at length by identifying the

possibilities and problems. Further, current understanding of the mineral carbonation

mechanism, factors influencing the dissolution rates and relevant mathematical models

to describe the kinetics, progress made in development of mineral carbonation reactors

are discussed. Chapter 3 describes the materials and methods employed in the study. In

Chapter 4, characterisation studies performed to determine the elemental, mineralogical

and physical characteristics of the LD slag used in this study are discussed. Further,

relevant leaching characteristics of the slag have been studied to understand the dissolution

behaviour, chemistry associated with the slag dissolution, and potential for calcium

utilisation and CO2 sequestration by mineral carbonation. In chapter 5, an extensive

parametric study conducted to understand the influence of various operating parameters

on calcium dissolution characteristics is discussed. A surface-complexing additive was

proposed to reduce iron impurity in the leachate and compared it with the pH-swing

method widely reported in the literature. Further, preliminary analysis of slag dissolution

kinetics is reported. In chapter 6, production of PCC using pressure-swing carbonation

was investigated. An opportunity to produce surface-modified PCC, which is expected

to have greater value due to better mechanical properties is reported. In chapter 7,

parametric modelling of multi-element dissolution phenomena is presented. Estimation of

parameters and model validation are discussed. Chapter 8 summarises the thesis findings

and proposes future work.
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Chapter 2

Literature Review

The literature review covers extent of worldwide steel slag generation and their potential

for carbon dioxide sequestration, various mineral carbonation routes proposed so far and

their performance, and current state-of-art of reactor technology. Both the direct and

indirect mineral carbonation routes have been extensively reviewed. The present chapter

also presents a critical review on current understanding of dissolution mechanism, relevant

mathematical models used to describe the dissolution kinetics. The review broadly covers

models, which describe a) intrinsic dissolution kinetics, and b) structural aspects that

affect the dissolution characteristics of solid particles. Lastly, a summary of the literature

with identified gaps is presented.

2.1 Background

The mineral carbonation process was first proposed by Seifritz (1990), where CO2 disposal

by means of abundantly available silicates, which is similar to the natural weathering

process, was put forward. It was proposed that the resultant hard water and silica

could be safely drained deep into the ocean. Along similar lines, Kojima et al. (1997)

suggested that the discharge of soluble bicarbonates into the deep ocean, where the water

is undersaturated with respect to calcium carbonate (Stumm and Morgan, 2012), would

maximise carbon dioxide sequestration. As shown in the reactions below, discharging

onto the surface of the ocean may result in partial sequestration due to equilibration to

carbonates and release of CO2.

CaSiO3(s) + H2O + 2 CO2(g) −−→ Ca2+ + SiO2(s) + 2 HCO3
–

Ca2+ + 2 HCO3
– −−→←−− CaCO3(s) + CO2(g) + H2O

7
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Contrary to the notion of maximising CO2 sequestration, which has been mentioned

earlier,Lackner (2003) suggested that mineralisation of carbon dioxide (also referred to as

carbon dioxide mineralisation) to insoluble carbonates is suitable for safe and permanent

disposal of CO2. Further, insoluble carbonates can be easily stored and its environmental

impact can be confined to a specific site unlike water-soluble bicarbonates that are drained

into the ocean. In addition to these factors, when the possibility of product utilisation is

considered, it is preferable to convert CO2 to carbonates.

Lackner et al. (1995) made an extensive assessment of various mineral feedstocks that

are rich in calcium and magnesium oxides, because these elements form stable carbonates

and are environmentally neutral. Further, based on the exothermicity of MgO/CaO

carbonation, it was suggested that the overall energy requirement would be minimal,

and the process was expected to be constrained by slow kinetics (reactions that occur

on geological time scales). Kojima et al. (1997) evaluated the rates of CO2 consumption

for various silicates and suggested that increasing the surface area of naturally occurring

silicate minerals could accelerate the sequestration and balance the rate of CO2 generation.

Considering thermodynamic constraints, especially for Mg-rich minerals, Lackner et al.

(1997) suggested the use of aggressive operating parameters such as temperature, CO2

pressure, use of acids for dissolution and so on, in addition to the reduction of the

grain size to overcome the slow kinetics. Various estimates of power requirements for

pulverisation show that the parasitic energy losses because of grinding are as high as

25–50% of the total power consumption (Kakizawa et al., 2001; Penner et al., 2004;

Katsuyama et al., 2005), which suggests that heavy particle-size reduction may reduce net

CO2-capture benefits. The problem of accelerating the kinetics is being pursued through

selection of feedstocks such as alkaline industry-derived wastes (discussed below) which are

more reactive; exploring various mineral carbonation routes and enhancement strategies

(discussed in Section 2.2); and improving the current understanding of the dissolution

mechanism (discussed in Sections 2.4, 2.5, and 2.6).

Industrial wastes and mineral carbonation potential Calcium based alkaline

industry-derived wastes (CAIDW) such as various slags from iron and steel industries,

fly ash from power plants, and recycled concrete and waste cement from the construction

industry are being investigated for mineral carbonation for the following reasons:
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• Industry-derived wastes possess higher reactivity than their natural analogues (Huijgen

et al., 2005)

• These industries make a significant contribution to anthropogenic CO2 emissions,

which makes them suitable points of CO2 source; for instance, iron and steel industries

contribute about 6-7% towards total CO2 emissions (Doucet, 2010)

• There are environmental concerns that are related to heavy metal leaching in landfills

(Huijgen and Comans, 2006)

• CO2 emissions that are associated with the quarrying of natural minerals for mineral

carbonation can be avoided Huijgen et al. (2005)

Among various wastes, steel slags from steelmaking industries are being actively

investigated for CO2 mineralisation due to desirable features such as high calcium content

(as CaO > 35%), the presence of highly reactive free lime (as high as 12%) (Yildirim and

Prezzi, 2011), and consequent high alkalinity. Worldwide annual production of steel slags

is as high as 350 million tonnes and could save up to 170 millions tonnes of CO2 per

annum (Doucet, 2010).

2.2 Mineral carbonation routes

This section describes the proposed routes for mineral carbonation. It also describes the

reported sequestration capacities, suitable operating conditions, and reaction kinetics and

its enhancement.

2.2.1 Direct gas-solid route

Lackner et al. (1995) first described the gas-solid route in which silicates that are rich in

alkaline earth metals could be carbonated at a high temperature, because the process is

expected to be extremely slow at atmospheric conditions. Carbonation experiments on

steel slag (Tian et al., 2013) and air pollution control (APC) residues (Baciocchi et al.,

2006; Ghacham et al., 2016) showed that conversion is negligible at temperatures below

300 ◦C. Further increase in temperature to 400 ◦C accelerated the rate and resulted in

60 % conversion of the APC residue in 6 hours (Baciocchi et al., 2006). Similarly, in
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the case of steel slag, the rate of carbonation increased 70 times when the temperature

was increased from 400 to 600 ◦C (Tian et al., 2013). These experiments demonstrated

the strong influence of temperature on the gas-solid reaction kinetics. As the reaction is

exothermic, carbonation at elevated temperatures would not be detrimental to the energy

economics of the process (Lackner et al., 1995). Zevenhoven and Kavaliauskaite (2004)

performed exergy analysis of the process at 350 ◦C with magnesium-based minerals as

feedstock and showed a net heat release of 1.5 kJ per kg of stored CO2. However, there

exists a thermodynamic limit on the maximum carbonation temperature (dependent on

CO2 pressure), because free CO2 is more stable than carbonates at very high temperatures

(Lackner et al., 1995; Zevenhoven et al., 2002). In the case of steel slag that contains

C2F (Ca2Fe2O5), C2S (β-Ca2SiO4) and free lime (CaO) at 1 bar CO2 partial pressure,

Santos et al. (2012b) observed an optimal temperature (830–850 ◦C) that was just below

the carbonate decomposition temperature (850 ◦C). Under these conditions, only free

lime was the major reacting component, while the reactivity of other phases such as

C2F was found to be negligible. When the maximum carbonation temperatures of CaO,

C2S, C2F and MgO under 1 atm CO2 partial pressure, which are 861, 400, 664 and 400

◦C, respectively(Santos et al., 2012b), are taken into account, it appears that complete

carbonation of all phases is not feasible at any selected temperature. Thus, the gas-solid

route at low CO2 partial pressure appears to be unsuitable for feedstocks such as steel

slag, which contains multiple phases (especially C2S and C2F); however, those feedstocks

that contain large amounts of free lime or portlandite can be successfully carbonated

(Tian et al., 2013). Besides carbonate stability, an increase in temperature was observed

to reduce the surface area in steel slag (Yu and Wang, 2011) and APC residue (Prigiobbe

et al., 2009) by pore structure modification and sintering (Tian et al., 2014). However such

effects were largely noticed during sample pre-heating (Prigiobbe et al., 2009). Whether

the rate of surface area modification is fast enough to significantly reduce the rate of

carbonation has not been investigated in earlier studies.

The influence of CO2 partial pressure to enhance carbonation of steel slags and APC

residues by the gas-solid route were studied in the range of 0.05–1 atm (Yu and Wang,

2011; Prigiobbe et al., 2009; Tian et al., 2013) and 4–20 bar (Santos et al., 2012b).

Under CO2 partial pressures lower than 1 atm, Tian et al. (2013) reported a modest

increase in the extent of carbonation (45.9 to 52.5%) of steel slag with an increase in
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CO2 partial pressure at 600 ◦C, while experiments by Yu and Wang (2011) did not

show a definite trend to conclude any improvement. In the case of the APC residue,

Prigiobbe et al. (2009) reported a significant increase in the initial rate of carbonation

(till 50% conversion) at 350 ◦C; however, the overall extent of carbonation was reported

to be marginally lower at higher pressure. In contrast to these experimental findings at

sub-atmospheric pressures, Santos et al. (2012b) observed a strong effect of CO2 partial

pressure on steel slag carbonation at a low temperature (350 ◦C), where CO2 uptake

increased 176% when the CO2 pressure was increased from 4 to 20 bar. However, no

appreciable effect of CO2 partial pressure was observed on the extent of carbonation at

a higher temperature of 650 ◦C. The influence of CO2 partial pressure on the extent of

carbonation is expected to be dependent on the relative importance of surface reaction

and diffusional contributions (Bhatia and Perlmutter, 1983). Experiments on pure CaO

by Bhatia and Perlmutter (1983) showed that carbonation proceeded through a surface

reaction-controlled step followed by a diffusion-controlled step. In the former regime, CO2

partial pressure showed a linear dependence on the rate of carbonation, while the latter

regime, which is expected to be solid-state diffusion, did not show any influence of CO2

pressure.

Furthermore, several studies showed that gas-solid carbonation can be enhanced by

the presence of water vapour (Nikulshina et al., 2007; Reddy et al., 2010; Ukwattage

et al., 2013; Ko et al., 2015; Kalinkin et al., 2005; Santos et al., 2012b; Montes-Hernandez

et al., 2012) and SO2 (Tian et al., 2013). In the case of CaO carbonation, Nikulshina

et al. (2007) noted that the addition of water vapour resulted in a carbonation rate

that was 22 times faster than dry CaO at 400 ◦C. Reddy et al. (2010) observed that

16% moisture provided the best results for fly ash carbonation at a low temperature of

60 ◦C. Although moisture was observed to promote carbonation, the mechanism behind

the process is not clearly understood. For instance, Kalinkin et al. (2005) and Montes-

Hernandez et al. (2012) suggested a catalytic activity of H2O, while Ukwattage et al.

(2013) and Ko et al. (2015) suggested that Ca leaching to the surface is enhanced in the

presence of moisture. Santos et al. (2012b) suggested that enhancement in solid-state

diffusivity through intermediate hydroxylation could be a major reason, without ruling

out the possibility of catalytic activation. Reddy et al. (2010), based on experiments at low

temperature (60 ◦C), attributed the effect to the formation of carbonic acid in the presence
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of moisture. Tian et al. (2013) studied the effect of SO2 on steel slag carbonation and

found that the rate of carbonation could be enhanced by SO2 in the diffusion-controlled

regime. The effect was attributed to surface activation in which the rate of carbonation

improved by 3.8 times as the concentration of SO2 increased from 1 to 151 ppm, which

led to an overall improvement in the efficiency of carbonation by 7.8%.

Currently, research on gas-solid carbonation is not being actively pursued due to

low conversion and uncertainty about economic viability. However, several questions of

scientific importance, especially those related to establishing the controlling mechanism

and quantifying the influence of various operating parameters, are yet to be answered

convincingly.

2.2.2 Direct aqueous route

Direct aqueous carbonation, which is also referred to as slurry carbonation, is a single

stage process that involves the absorption of CO2 into alkaline slag slurry for CaCO3

precipitation. Because of the single stage operation, the process is suitable for permanent

sequestration of carbon dioxide without the separation of product (CaCO3) for utilisation

(Yuen et al., 2016). Unlike gas-solid carbonation, which is very slow in the carbonation of

silicates (Kojima et al., 1997), the aqueous route can potentially reach 100% conversion

with dicalcium silicate as feedstock, as has been reported by Shtepenko et al. (2006) and

Santos et al. (2009).

The process involves three reaction steps (Yan et al., 2013; Huijgen et al., 2006;

Fernández Bertos et al., 2004a) : 1) the dissolution of CO2 in water; 2) the release of

Ca or Mg from solid matrix into the solution, which involves hydration and ionisation

(Santos et al., 2013a); and 3) the reaction of Ca or Mg with carbonate or bicarbonate

ions to form a carbonate precipitate.

CO2 absorption:

CO2(g) + H2O −−→←−− H+ + HCO3
–

HCO3
– −−→←−− H+ + CO3

2–

Overall carbonation reaction (for calcium silicate):

Dissolution: CaSiO3 + 2 CO2 + H2O −−→←−− Ca2+ + 2 HCO3
– + SiO2

Precipitation: Ca2+ + CO3
2– −−→ CaCO3(s)

12
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The dissolution reaction, which involves the release of Ca2+ or Mg2+ from silicates

into the solution, is generally favoured under acidic conditions; while the precipitation of

carbonate is favourable under basic conditions. Since both these steps occur in a single

step, the roles of the solution chemistry and the operating conditions are significant.

Optimal conditions for the process, however, appear to differ based on the mineral

composition. For instance, experiments that were performed at a sub-atmospheric pressure

by using a silicate feedstock showed a carbonation yield that was below 20%, while those

feedstocks that contained lime could be carbonated up to 85% (Uibu et al., 2011). The

possible reasons for the poor carbonation efficiency of silicates include 1) sub-optimal

operating conditions, 2) inert Ca/Mg phases or dispersion of reactive Ca/Mg in less

reactive phases, and 3) inhibition of calcium extraction into aqueous solution by a passive

layer formation (Bodor et al., 2013; Santos et al., 2012a; Pan et al., 2016).

Parametric studies for optimal conditions

The slurry carbonation process has been extensively investigated in a variety of reactors

over a wide range of temperatures (20–225 ◦C), CO2 partial pressures (up to 150 bar),

and liquid-to-solid ratios (1.5 to 1000 ml/g) to understand carbonation behaviour and

determine the favourable conditions. Table 2.1 shows the list of reported studies along

with operating parameters.

Effect of temperature Huijgen et al. (2005) investigated the effect of temperature on

steel slag carbonation and reported a strong positive effect on the efficiency of carbonation

up to 200 ◦C, which was found to be optimal. Further increase in temperature, however,

led to lower extent of carbonation. The presence of an optimal temperature was attributed

to the opposing effects of the mineral dissolution rate which increases with temperature

and CO2 solubility and reduces with an increase in temperature (Huijgen et al., 2005; Yan

et al., 2015). At higher temperatures, besides the lower solubility of CO2, thermodynamics

of overall carbonation reaction is negatively impacted (Huijgen et al., 2005; Gerdemann

et al., 2003). Similar trends of carbonation efficiency with different optimal temperatures

were reported for wollastonite (Yan et al., 2013; Huijgen et al., 2006), Mg-silicates(Gerdemann

et al., 2003; Yan et al., 2015), and other industrial residues (Chang et al., 2011a; Ukwattage

et al., 2016).
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Table 2.1: Reported studies on direct aqueous mineral carbonation

Study Feedstock Reactor Temp. [◦C] Press.[bar] L/S [ml/g] Addtives
Huijgen et al. (2005) steel slag Batch 25–225 1–30 2–20 -
Huijgen et al. (2006) wollastonite Batch 25–225 1–40 2–10 -
Béarat et al. (2006) olivine Batch 185 135 NS 0.64 M NaHCO3 + 1 M NaCl
Gerdemann et al. (2007) olivine, wollastonite, serpentine Batch RT–250 up to 250 6.7 0.64 M NaHCO3 + 1 M NaCl
Bonenfant et al. (2008) EAF slag, LF slag Batch 20 atm 10 -
Lekakh et al. (2008a) EAF slag, LMF Slag Batch RT atm 8.33 -
Jarvis et al. (2009) olivine Batch 185 135 NS 0.64 M NaHCO3 + 1 M NaCl, 5.5 M KHCO3

Krevor and Lackner (2009) serpentine Batch 120 20 333 NaCl, NH4Cl, sodium citrate, sodium
oxalate, sodium EDTA and sodium acetate.

Chang et al. (2011a) steel making slags Batch 40–160 48.2 and 89.6 0–100 -
Chang et al. (2011b) steel making slags Bubble column 25 1 10 -
Uibu et al. (2011) oil shale ash, EAF and LF slags Batch RT atm (15% CO2) 10 -
Bonfils et al. (2012) lizardite Batch 120 20 4 and 333 Sodium oxalate
Bodor et al. (2013) Ca2MgSi2O7, Ca7Mg(SiO4)4, Ca4Si2O7F2,

β-C2S, γ-C2S, Ca3Mg(SiO4)2, Ca2Fe2O5, BOF,
AOD, CC slags, CaO, MgO

Batch 90 20 80 -

Pan et al. (2013) BOF slag Rotating packed bed RT 1 (30% CO2) 20 Cold rolling water
Yan et al. (2013) wollastonite Batch 80–200 20–60 10 -
Santos et al. (2013b) AOD slag , CC slag Batch 20–250 0–60 4–40 -
Santos et al. (2014a) CaO, AOD slag, CC slag, wollastonite, APC

residue, BOF slag
Batch 50 1 100 Magnesium chloride hexahydrate

Pan et al. (2014) steel slag Batch 40–90 1 2 0–10% NaOH
Bodénan et al. (2014) peridotites, lherzolite, Ni-pyrometallurgical slag Batch 180 10–20 11.1 0.7 M NaCl, 0.43 M NaCl + 0.27 M NaHCO3

Yan et al. (2015) wollastonite, serpentine, olivine Batch 80–200 20–60 10 0.6 M NaHCO3

Tamilselvi Dananjayan et al. (2015) coal flyash Batch RT 2–10 2–20 -
Pan et al. (2016) BOF slag Bubble column 30–70 1 5–20 -
Ukwattage et al. (2016) BOF slag Batch 20–80 30 0.25–3 -
Polettini et al. (2016) BOF slag Batch 60 5 (40% CO2) 5 -

NS: Not specified; Temp. = Temperature; Press. = Pressure; L/S = Liquid to solid ratio; RT = Room temperature; atm = atmospheric pressure
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Effect of CO2 partial pressure In general, the CO2 partial pressure was reported to

have a positive influence on the overall carbonation efficiency (Huijgen et al., 2005). As

mentioned earlier, at sub-atmospheric conditions, the carbonation yield was a meagre 20%

with silicates as feedstock. At elevated CO2 partial pressures, about 75% of the feedstock

could be carbonated within a reaction time of less than an hour (Huijgen et al., 2005).

Most studies reported an optimum pressure for carbonation, which varied based on the

feedstock and the composition of the carbonating gas. For instance, 9 bar was found be

optimum for BOF and CC slags (Huijgen et al., 2005; Santos et al., 2013b), 4 bar for

CFA(Tamilselvi Dananjayan et al., 2015) and 15 bar for AOD slag(Santos et al., 2013b).

Yan et al. (2013) noted that an increase in the synthetic flue gas pressure from 20 to 60 bar

reduced the carbonation efficiency of wollastonite, while pure CO2 showed the opposite

trend. The decrease in the overall extent with increase in pressure, including the case

of the synthetic flue gas containing H2S, was attributed to poor carbonate precipitation

efficiency due to the reduction in the slurry pH. On the other hand, the enhancement that

was observed at pressures below optimum was attributed to the increased solubility of

CO2 (Huijgen et al., 2005; Santos et al., 2013b), while Huijgen et al. (2005) considered it

an improved mass transport effect, and Eikeland et al. (2015) attributed it to a reduction

in the pH, which enhances dissolution. However, these effects were not de-convoluted.

Effect of L/S ratio : Several experimental studies showed that decreasing the L/S

ratio improved the carbonation efficiency. In the case of steel slag, Huijgen et al. (2005)

observed a reduction in carbonation efficiency when L/S was varied from 2 to 20 kg/kg.

The authors hypothesised that the improvement in the carbonation efficiency at low L/S

was a consequence of higher ionic strength. Similar trends in the carbonation yield were

reported for CFA (Ukwattage et al., 2013, 2014) and C2S (Shtepenko et al., 2006). Béarat

et al. (2006) attributed the improvement in carbonation efficiency when solid loading was

increased to resultant particle abrasion.

Presence of inert phases

Bodor et al. (2013) experimentally studied the carbonation extent of various synthetic

mineral phases that are present in industrial residues such as steel slag. It was observed

that, under intense carbonation conditions, the most common mineral phase calcium
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silicate C2S reached a maximum of 87% of conversion. In the case of other (Ca, Mg)

silicates, Bredigite showed a near complete conversion while in Åkermanite nearly 40%

remained uncarbonated. The Fe-rich calcium silicate phase, Srebrodolskite, was found

to be least susceptible and carbonated to only 22% efficiency. Poor reactivity of iron-

containing phases, despite milling, was also reported for Portland cement (Shtepenko

et al., 2006; Mahoutian et al., 2014), and steel slags (Huijgen et al., 2005; Mahoutian

et al., 2014). Mahoutian et al. (2014) reported poor reactivity of aluminium-rich calcium

silicate (gehlenite). In addition to these differences in the carbonation susceptibilities

of various silicates, the reactivity of the mineral phases was also found to vary across

residues, highlighting the complexity that is associated with the materials that contain

multiple phases. For instance, merwinite was carbonated reasonably well in CC slag

(Santos et al., 2013b), while it remained unreacted in AOD slag (Mahoutian et al., 2014;

Santos et al., 2013b). Furthermore, Bodor et al. (2013) noted that a comparison of

synthetic minerals and mineral phases present in waste residues showed mixed trends.

For instance, Srebrodolskite and C2S exhibited higher reactivity in industrial residues in

comparison to synthetic minerals, while Bredigite, which was the most reactive among

the synthesised phases, did not carbonate completely in the AOD slag. The dispersion

of reactive phases in an inert material, grain size, secondary mineral precipitation and

formation of silica-rich layers were posited to be the reasons for the varying reactivity

(Bodor et al., 2013).

Formation of a passivating layer

Several studies have speculated that surface passivation is the major reason that limits

100% carbonation.This hypothesises the formation of a passivating layer such as silica

(Béarat et al., 2006; Daval et al., 2011; Andreani et al., 2009; Santos et al., 2014a, 2013a;

McKelvy et al., 2006; Julcour et al., 2015; Eikeland et al., 2015), calcite (Tamilselvi

Dananjayan et al., 2015; Chang et al., 2012, 2011b; Mo and Panesar, 2013; Pan et al.,

2013), or both (Huijgen et al., 2005, 2006; Daval et al., 2009b; Jarvis, 2008). It has been

hypothesised that the silica layer forms either by incongruent dissolution, which leads to

a residual layer, or by re-precipitation after attaining saturation. Though the silica layer

is generally thought to be passive, some studies (Daval et al., 2009a; Béarat et al., 2006)

reported the occasional presence of calcite and magnesite within the nano-sized pores
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of the silica layer, which indicates that it is permeable to reactive species. Also, when

silica is formed by incongruent dissolution, condensation of neighbouring Si-OH groups

to Si-O-Si linkages may lead to cracking and coarsening of porosity (Borges et al., 2010;

Daval et al., 2009a; Béarat et al., 2006). Nevertheless, the properties of the silica layer

may not be ubiquitous, because their nature (formation as silica gel or phyllosilicate) is

understood to depend on the parent mineral phase and the operating conditions (Bodor

et al., 2013; Bodénan et al., 2014; Daval et al., 2011). Based on the currently available

experimental observations, it is suspected that the silica layer plays an important role in

passivating the surface (Daval et al., 2011).

Studies that have hypothesised passivation by carbonates referred to surface precipitation

of the calcite layer (Shtepenko et al., 2006; Daval et al., 2009b; Chang et al., 2011a) or to

pore filling of micro- to nano-sized pores (McKelvy et al., 2006; Huntzinger et al., 2009;

Daval et al., 2009b). It was observed that calcite nucleated on the silicate surface as

islands and continued to grow and merge into a thick surface layer. However, it was noted

that the leaching continues to occur through the fractures (caused due to the accumulation

of stress) despite the loss of porosity (Ruiz-Agudo et al., 2013). Stockmann et al. (2014)

studied the dissolution of various calcium and magnesium-rich minerals in a calcium-rich

leachate and found that the precipitation of a thick layer does not impede the dissolution

rates. Further, it is interesting to note that the Mg-silicates exhibit similar carbonation

characteristics as Ca-silicates although the magnesite precipitation does not happen on

the surface (Huijgen et al., 2006), with the exception of its occasional appearance in the

micro-pores of the silica-rich layer, as mentioned previously.

Enhancement of direct aqueous carbonation

In order to enhance the reaction rate and the extent of carbonation, several strategies

including the use of additives and the employing of physical and chemical methods to

destroy the passivating layer were investigated.

Use of inorganic and organic additives: In the case of Mg-silicate, the addition of

inorganic additives such as NaCl + NaHCO3 to the solution enhanced the reaction rate

and the overall conversion (O’Connor et al., 2001). Observed enhancement in carbonation

was thought to be due to their pH-buffering ability. Liu and Maroto-Valer (2010), in their
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study on brine carbonation, observed that 1 M NaCl + 0.6 M NaHCO3 acted as a buffer by

resisting pH change at 7.7 for several days (under the tested conditions). Further, the use

of only NaCl did not prove to be effective, which confirms any direct influence of alkali

cations (McKelvy et al., 2006; Eikeland et al., 2015). Along similar lines, Prigiobbe (2010)

suggested that the addition of inorganic salts (NaCl, NaNO3) improved carbonation of

APC residues only to the extent of the pH changes that were observed, without any direct

influence on the dissolution rates. Other studies, however, suggested that the enhancement

may not be entirely due to the pH effect, which was based on the observation that higher

partial pressure of CO2 lowers the pH almost equally in both distilled water and NaHCO3

solution (Chen et al., 2006b). Jarvis et al. (2009) suggested that high bicarbonate activity

promoted exfoliation of the passivating layer and enhanced Mg dissolution. In addition,

higher carbonate ion concentration (by a factor of 105) led to the precipitation of the

carbonate at a very low concentration of Mg ions (Chen et al., 2006b; Jarvis et al.,

2009). The rate of carbonation reached a plateau at bicarbonate ion concentration above

its saturation index (McKelvy et al., 2006; Jarvis et al., 2009). Additionally, a higher

concentration of carbonate may negatively affect the CO2 absorption due to the salting-

out effect and may decrease the dissolution rate due to the reduced hydration (Jarvis et al.,

2009). Despite the success with Mg-silicates, the extent of the use of bicarbonate additives

with Ca-silicates was limited (Gerdemann et al., 2003). In one study by Gerdemann et al.

(2003), in which wollastonite was used as feedstock at 150 bar and 185 ◦C, the use of a

bicarbonate buffer solution resulted in lower carbonation rate compared to the rate when

distilled water was used. Experiments on wollastonite by Yan et al. (2015) at 40 bar and

150 ◦C in a bicarbonate solution showed only a marginal improvement in conversion as

compared to distilled water.

Based on works related to natural waters and weathering phenomena, it has been

long established that organic ligands promote dissolution of silicates by ligand-promoted

dissolution in addition to the proton-promoted mechanism. Krevor and Lackner (2009)

studied the influence of different organic salts (mentioned in Table 2.1) on silicate dissolution

under 120 bar CO2 pressure and 120 ◦C; they showed that citrate, EDTA and oxalate

enhanced the rate and led to 100% dissolution of the minerals. However, it is not very clear

if the enhanced dissolution resulted in overall carbonation efficiency. For instance, Bonfils

et al. (2011) reported that earlier observations on the enhancement of carbonation by
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using oxalate was observed only in a low solid concentration in which Mg precipitated as

oxalate salt instead of carbonate. Further investigations by Bonfils et al. (2012), in which

solid by-product of Mg did not form when EDTA and citrate were used, did not yield any

significant improvement in carbonation extent; this suggested strong complexation of the

Mg ion in an aqueous solution.

Removal of surface passivation: Several studies experimented on physical and chemical

ways to remove any passivating layer and to improve the carbonation efficiency. Pan

et al. (2014) used 0–10% NaOH as an additive in steel slag carbonation to relegate

calcite precipitation and induce aragonite precipitation, which does not cover the surface

of the residual slag unlike calcite. However, an improvement in the carbonation was

noticed up to 4% NaOH, in which the precipitate contained both calcite and aragonite.

Béarat et al. (2006) reported that, in the case of olivine, increasing the solid loading

results in mechanical abrasion that is assisted by particle-particle collisions, and promotes

carbonation by breaking the passive layer. Based on this lead, Bodénan et al. (2014)

and Julcour et al. (2015) demonstrated high carbonation efficiency for olivine mineral

carbonation in a stirred bead mill that contained alumina beads as the grinding material.

It was shown that the synergistic effect increased the carbonation extent to as high as

78% as against the 7% without the grinding media. Experiments with other Mg-silicates

showed improvements of a similar magnitude. Santos et al. (2013a) investigated the

effect of ultrasound on direct aqueous carbonation reactions of AOD and CC slags, and

observed that the use of ultrasound resulted in carbonation enhancement to the tune of

63% (30 % to 49%) in the case of the AOD slag and 20% (61% to 73%) in the case of

the CC slag. The enhancement was thought to be due to the removal of the passive

layer. Araizi et al. (2016) studied the effectiveness of ultrasound in the enhancing of

the carbonation of APC residues, ladle slag, and cement bypass dust. They found that

ultrasound induced a significant reduction in the particle size and improved carbonation

only at a high L/S ratio (50–100 kg/kg), while the effect was insignificant at a low L/S

ratio (0.2–0.6 kg/kg). It was hypothesised that sonication enhanced CO2 absorption rate

at high L/S ratio due to cavitation phenomenon. Additionally, sonication was shown

to result in complete conversion of reactive phases such as lime and portlandite, while

non-sonicated samples showed incomplete conversion. The average mean diameter of
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the sonicated slurry was lower than non-sonicated slurry leading to higher conversion.

In addition, sonication influenced the morphology of the precipitated calcium carbonate

(round morphology observed). The study, however, did not attribute the enhancement to

the exfoliation of the passive layer.

2.2.3 Thin-film carbonation

Thin-film carbonation emerged as a process route that was based on the optimum L/S

that was observed in the direct aqueous route under stationary conditions. Based on

gas-solid and direct aqueous carbonation routes, it emerged that water is essential for

solvation and hydration reactions (Reddy et al., 2009; Baciocchi et al., 2011; Han et al.,

2014); however, excess water was found to be detrimental to CO2 mass transport and

carbonate precipitation (Fernández Bertos et al., 2004a; Shtepenko et al., 2006). Further,

optimal humidification is dependent on the heat of the reaction which leads to sample

dry-out. In order to maintain the humidification, the ground alkaline reactant is wet to

paste and carbonated under humidified CO2 gas. Typically, the liquid-to-solid ratio is

maintained at less than 1.5.

Thin-film carbonation, also referred to as wet carbonation, was mainly investigated for

accelerated carbonation of building materials to induce high strength (Fernández Bertos

et al., 2004a; Shtepenko et al., 2006) and toxic waste material stabilisation (Fernández

Bertos et al., 2004a,b; Gunning et al., 2010). Fernández Bertos et al. (2004a) determined

an optimum L/S of 0.06-0.2 kg/kg to achieve high strength in carbonated products. For

CO2 sequestration, thin-film carbonation on steel slags (Zingaretti et al., 2014; Baciocchi

et al., 2011, 2015; Polettini et al., 2016), stainless steel slags (Salman et al., 2014; Santos

et al., 2013b; Zingaretti et al., 2014; Baciocchi et al., 2009) and other alkaline waste

materials (Gunning et al., 2010; Baciocchi et al., 2010) has been extensively investigated.

2.2.4 Indirect mineral carbonation routes

Indirect mineral carbonation is a multi-step dissolution and precipitation process with

scope for production of value-added products such as precipitated calcium carbonate

(PCC). Lackner et al. (1995) first described the indirect route using hydrochloric acid as

a leaching agent. The process involved the leaching of Mg from olivine using HCl to form
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magnesium chloride in solution. Further, consumed HCl is regenerated by decomposition

of magnesium chloride to magnesium hydroxide precipitate that can be carbonated (as

shown in the reaction scheme below).

Mg3Si2O5(OH)4 + 6 HCl −−→ 3 MgCl2 + 2 SiO2 + 5 H2O After evaporation,

MgCl2 · 6 H2O(solid) −−→ Mg(OH)Cl(solid) + HCl(gas) + 5 H2O(gas)

2 Mg(OH)Cl(solid)
H2O−−→ Mg(OH)2(solid) + MgCl2 (aq)

The process is more complex than direct aqueous carbonation but attractive as the

rates of individual steps are expected to be fast. However, recovery and regeneration of

acid is a concern (Lackner et al., 1995). In the current section, studies in which various

leaching agents such as mineral acids, organic acids, complexing salts and the like were

used to assess the overall carbonation potential and generation of PCC are reviewed.

Use of organic acids

Considering the acid dissociation constant (pKa) of organic acids, Kakizawa et al. (2001)

proposed the use of acetic acid as a leaching agent because both the dissolution and

carbonation reactions are expected to occur spontaneously. Subsequently, several studies

(Table 2.2) were conducted to investigate the efficacy of various organic acids, and the

influence of the operating parameters on calcium extraction and on calcium carbonate

precipitation. Teir et al. (2005, 2007) studied the feasibility of the acetic acid process to

produce PCC from wollastonite and steel-making slag. Further, Eloneva et al. (2008a,b,

2009) studied the use of other feedstock materials such as BF slag, EAF slag, converter

slag, and AOD process slag with the same objectives as Teir et al. (2007).

Baldyga et al. (2011) compared the dissolution of wollastonite in acetic acid and

dicarboxylic acids (adipic and succinic acids) and reported that the dicarboxylic acids

accelerate wollastonite dissolution compared to monoprotic acetic acid. On the contrary,

the results of Zhao et al. (2013) indicated that acetic acid showed greater acceleration

than many other multiprotic acids. The study, however, did not test adipic acid and

succinic acid. The study concluded that the acceleration is dependent on the initial

pH, the activity of the chelating agent, the stability constant, and the solubility of the

resultant Ca-salt in the solution. Further, oxalic acid was found to be slower than other

organic acids due to poor solubility of calcium oxalate. Mun et al. (2017) reported similar

results for oxalic acid leaching of waste cement. Ghoorah et al. (2014a) showed that
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formic acid dissolved better than acetic acid and DL-lactic acid. Bao et al. (2010) used

tributyl phosphate (TBP) along with acetic acid to produce PCC from steel slag. The

process aimed at the recovering and recycling of acetic acid in addition to the improving

of selectivity. The study reported selective leaching of calcium and magnesium with 75%

and 30% efficiency when the acid-to-solid ratio was maintained below 0.5 g/g.

Precipitation of calcium carbonate was carried out either by direct injection of high-

pressure CO2 or low-pressure precipitation that was assisted by the addition of a basic

solution to correct the pH. Kakizawa et al. (2001), who experimented with a calcium

acetate solution under a 5–50 bar CO2 pressure, showed that the calcium conversion

to carbonate during crystallisation is less than 20%. Eloneva et al. (2008b) observed

that bubbling CO2 at atmospheric conditions into a calcium acetate solution yielded just

3% of the theoretical yield. Similarly, Jo et al. (2012) reported poor CO2 absorption by

leachate that was obtained from acetic acid dissolution of waste concrete. Thermodynamic

calculation by Eloneva et al. (2008a) revealed that a maximum conversion of 4% or 22%

is possible at 1 bar and 30 bar CO2 pressure. Experiments with the addition of NaOH

proved to be successful in achieving the maximum amount of precipitation albeit at a very

high additional process cost. Alternatively, instead of carbonating by using CO2, Zhao

et al. (2013) attempted the use of potassium carbonate for precipitation, while Song et al.

(2017) used CO2 loaded MEA for PCC precipitation. Santos et al. (2014b) reported a

case of the use of succinic acid to enhance dissolution, where calcium succinate was found

to precipitate instead of calcium carbonate.

The cost of CO2 capture was estimated to be $ 200/ton by Kakizawa et al. (2001),

which translates to a PCC production cost of $ 88/ton without any purification cost. A

more recent estimate of PCC production from steel slag by Eloneva et al. (2008b), was

estimated to be e550/ton because of expensive NaOH, which was used for pH adjustment.

In addition, separation of iron, magnesium and aluminium was needed to ensure PCC

purity in the case of steel slag (Teir et al., 2007).
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Table 2.2: Reported studies on indirect aqueous mineral carbonation using organic acids

Study Feedstock
Dissolution Precipitation

Organic acid Temp. [◦C] Acid conc. [M] L/S [ml/g] CO2 press [bar] Temp. [◦C] pH swing
Kakizawa et al. (2001) Wollastonite Acetic acid 60 21 (wt%) 4.8 5–50 40–80 No
Teir et al. (2007) GBFS, Converter slag, EAF

slag, AOD slag, Wollastonite
Acetic acid 30–70 0-33.3(wt%) 59.5 - - -

Eloneva et al. (2008b) GBFS Acetic acid 70 20 vol% 20 atm, 30 30–70 No, NaOH
Eloneva et al. (2008a) Steel converter slag Acetic acid 30–70 0–8 NS 10–100% v/v 30 No, NaOH
Olsen and Donald
Rimstidt (2008)

Forsterite olivine Oxalic acid 25 0–0.35 20 - - -

Eloneva et al. (2009) GBFS, desulphurized slag,
converter slag

Acetic acid, propionic acid 20 0.1–2 50 - - -

Bao et al. (2010) Steelmaking slag Acetic acid with TBP 40–94 0.998, 1.466 NS - - -
Ptáček et al. (2010) Fibrous Wollastonite Acetic acid 22–50 3 80 - - -
Baldyga et al. (2011) Wollastonite Acetic acid, adipic acid, succinic acid 40–80 3.66, 0.1–0.16, 0.5–0.7 4.85–149 30–70 60–100 No
Tinchana et al. (2012) Steelmaking slag Acetic acid 70 0–2 10 15% v/v - -
Jo et al. (2012) Waste concrete, lime, portland

cement
Acetic acid 25 1 5 1 RT No

Zhao et al. (2013) Wollastonite Acetic acid, nitriloacetic acid, picolinic
acid, iminodiacetic acid, EDTA,
gluconic acid, pthalic acid, citric acid,
ascorbic acid, glutamic acid, oxalic acid

22 0.0015–0.006, 1 - NA 22, 82 K2CO3

Park et al. (2013) Steel slag, Tail-wollastonite,
waste cement, fly ash

Acetic acid 25–90 0–27 (wt%) 100 - - -

Santos et al. (2014b) GBFS Succinic acid, acetic acid 80 0.5 7.31 2–50 60, 120 No, NaOH, NaHCO3

Ghoorah et al. (2014b) Serpentines Formic acid 80 0.1 200 - - -
Ghoorah et al. (2014a) Wollastonite Formic acid, DL-lactic acid, acetic acid 22–80 0.1, 5.0 172, 250 - - -
Chiang et al. (2014) GBFS Acetic acid 30 0.5–2.0 7.31 6–40 90–120 NaOH, NaHCO3

Song et al. (2017) Blast furnace slag Acetic acid 10–30 0–30 %v/v 50 NA RT CO2-MEA
Mun et al. (2017) Waste cement, BF slag Acetic acid, oxalic acid, citric acid 25 0.1 10 1 25 NaOH
Bilen et al. (2017) Steelmaking slag Acetic acid 22–80 0.1–1.0 9–26 1 30–70 NaOH

NS= Not specified; NA = Not applicable; Temp. = Temperature; Press. = Pressure; L/S = Liquid to solid ratio; RT = Room temperature; atm = atmospheric pressure; GBFS = Granulated BF slag



Use of steel slag for carbon dioxide capture and utilisation

Table 2.3: pH-swing reaction chemistry along with the recovery of ammonia
Step Reaction

CO2 capture 2 NH3 + CO2 + H2O −−→ (NH4)2CO3

Mineral
dissolution

CaO ·SiO2 + 2 NH4HSO4 −−→ CaSO4 + SiO2 + H2O + (NH4)2SO4

FeO ·SiO2 + 2 NH4HSO4 −−→ FeSO4 + SiO2 + H2O + (NH4)2SO4

MgO ·SiO2 + 2 NH4HSO4 −−→ MgSO4 + SiO2 + H2O + (NH4)2SO4

pH adjustment NH4HSO4 + NH4OH −−→ (NH4)2SO4 + H2O
Impurity precipitation (FeMg)SO4 + 2 NH4OH −−→ (FeMg)(OH)2 + (NH4)2SO4

Carbonation CaSO4 + (NH4)2CO3 −−→ CaCO3 + (NH4)2SO4

Regeneration (NH4)2SO4 −−→ NH4HSO4 + NH3

pH-swing processes

Park and Fan (2004) proposed a pH-swing scheme in which multiple high-purity products

such as iron oxide and magnesium carbonate could be recovered from the acid leachate.

The process involves sequential precipitation of byproducts by increasing the pH of the

acidic leachate through the addition of ammonia solution (NH4OH). Subsequently, highly

soluble alkaline earth metal ions are carbonated by injecting CO2. Park and Fan (2004)

studied the process using an organic acid and a strong-acid ammonium salt (NH4HSO4).

Subsequently, Wang and Maroto-Valer (2011b,a, 2013); Dri et al. (2013, 2014) extended

the use of NH4HSO4 as leaching agent and 35% ammonia in water (NH4OH) as pH

regulator that had an ammonia recovery scheme (Table 2.3). The process suggests

precipitation of impurities such as Fe(OH)2 and Mg(OH)2 in the pH range of 8.2–8.3 (Dri

et al., 2014). As apparent from the published results for steel slags, the calcium carbonated

product obtained by this process contained significant Fe, Mg and Si impurities. Further,

the carbonation was shown to be incomplete and had significant amounts of calcium

sulphate in the product. Alternatively,Kodama et al. (2008) proposed a spontaneous pH-

swing scheme that had a neutral ammonium salt NH4Cl as opposed to acidic NH4HSO4.

At the end of Ca leaching from steel slag, the pH of the leachate was 9.4 in the case of

NH4Cl in comparison to NH4HSO4, in which it remained highly acidic. Further, calcium

forms a soluble chloride instead of the sparingly soluble calcium sulphate. The selectivity

of calcium that was obtained after extraction step by using NH4Cl was as high as 0.996

while the recovery was 59.5% (Kodama et al., 2008). A comparison of NH4Cl as leaching

agent with HCl and CH3COOH shows the superiority of the NH4Cl process in terms

of fewer impurities, and high end-point pH that is suitable for spontaneous carbonate
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precipitation at the cost of lower Ca recovery (Kodama et al., 2008). The process reported

a predominantly calcite morphology and a 98% purity of the precipitate. Eloneva et al.

(2012); Mattila et al. (2012); Said et al. (2013); Jo et al. (2014) made a comparative study

of the efficiency of other ammonium salts such as CH3COONH4, and NH4NO3 in calcium

extraction from steel slag and recycled concrete (refer to Table 2.4 for other pH-swing

studies). All these studies suggest that extraction efficiency is higher in NH4NO3 and

CH3COONH4 than in NH4Cl. The process appears to be promising in the production of

high-purity PCC; however, the recovery of ammonia from the extraction step remains a

concern (Kodama et al., 2008). Although the estimated power requirement was shown to

be lower than that of the conventional amine absorption process (Kodama et al., 2008),

detailed economics for the process has not yet been worked out.
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Table 2.4: Reported studies on indirect aqueous mineral carbonation using pH swing scheme

Study Feedstock
Dissolution Precipitation

Leaching agent Temp. [◦C] L/S [ml/g] pH swing Carbonation Temp. [◦C]
Park and Fan (2004) Serpentine 1 vol% orthophosphoric acid + 0.9 wt% oxalic

acid + 0.1 wt% EDTA, 1.4 M NH4HSO4

70 NS NH4OH 1 atm CO2 RT

Kodama et al. (2008) Steel slag NH4Cl 40–90 NS Spontaneous 13 vol% CO2 80
Eloneva et al. (2009) steel converter slag, BF slag, ladle

slag, desulphurisation slag
CH3COONH4, NH4NO3, NH4Cl 20 50 Spontaneous 1 atm CO2 30, 70

Wang and Maroto-Valer (2011b) Serpentine 1.4 M NH4HSO4 100 20 35 wt% NH3 water NH4HCO3 60
Wang and Maroto-Valer (2011a) Serpentine NH4HSO4 80–100 NS 35 wt% NH3 water NH4HCO3 85
Mulopo et al. (2012) Steel slag HCl 25 NS NH4OH 1 atm CO2 25
Mattila et al. (2012) Steel slag NH4Cl, NH4NO3 20–70 10–50 Spontaneous 1 atm CO2 20–70
Eloneva et al. (2012) Steel slag CH3COONH4, NH4NO3, NH4Cl RT 1.6–50 - - -
Wang and Maroto-Valer (2013) Serpentine NH4HSO4 100 3.3, 5 35 wt% NH3 water NH4HCO3, (NH4)2CO3 80
Dri et al. (2013) Steel slag, recycled concrete NH4HSO4 25–90 20 - - -
Said et al. (2013) Steel slag CH3COONH4, NH4NO3, NH4Cl 30 10–200 Spontaneous 1 atm CO2 30
Dri et al. (2014) steel slag, GGBS, phosphorus slag NH4HSO4 50 20–66.7 NH4OH (NH4)2CO3 65
Jo et al. (2014) Waste cement CH3COONH4, NH4NO3, NH4Cl, (NH4)2SO4 20 20 Spontaneous 15 vol% CO2 20
Hall et al. (2014) Steel slags NH4Cl RT 10 - - -
Teir et al. (2016) Steel slag NH4Cl 60 NS Spontaneous 22 vol% CO2 60
de Carvalho Pinto et al. (2016) Steel slag NH4Cl 85 20 Spontaneous NaHCO3, Na2CO3 25, 60
Mun et al. (2017) Waste cement, BF slag NH4Cl 25 10 Spontaneous 1 atm CO2 25
Van der Zee and Zeman (2017) Waste concrete fines HCl NS NS Ca(OH)2 Na2CO3 NS

NS= Not specified; NA = Not applicable; Temp. = Temperature; Press. = Pressure; L/S = Liquid to solid ratio; RT = Room temperature; atm = atmospheric pressure; GGBS = Ground granulated BF slag
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Pressure-swing carbonation

Iizuka et al. (2004) proposed the pressure-swing carbonation route by which calcium from

waste cement was first extracted into aqueous solution under CO2 pressure, and then the

obtained leachate was precipitated at a low pressure. Considering the higher solubility

of calcium carbonate under high CO2 pressure, significant amounts of calcium can be

dissolved in an aqueous solution. However, the process requires a high water volume (L/S

of 350 ml/g) or a large recycle of residual waste cement at a low liquid-to-solid ratio

(L/S of 40 ml/g), which results in significant process cost (Katsuyama et al., 2005). The

study reported only 80% of PCC in unseeded precipitation while precipitation with a large

amount of seeding (2.5 wt%) resulted in 98% purity. The study did not characterise the

PCC or report the nature of the impurities. Lee et al. (2012) experimented with air-cooled

blast furnace slag by using a pressure up to 5 MPa CO2. The calcium extraction efficiency

was 30% and the precipitation efficiency was reported to be nearly 100%. The study,

however, did not characterise any impurities in the precipitate, except for whiteness.

Abe et al. (2013) compared the dissolution of calcium and magnesium from recycled

concrete with naturally occurring minerals such as wollastonite, olivine, and phlogopite.

The extraction of calcium from recycled concrete was 60.5%, while the fastest among the

tested rock samples, wollastonite, yielded 12%. The extraction of magnesium from rocks

under CO2 pressure was very poor with less than 1% of total extraction.

2.3 Proposed reactors for mineral carbonation

Several reactor concepts have been proposed for the realisation of a commercial plant for

ex-situ accelerated mineral carbonation process. Reddy et al. (2009) proposed a fluidised-

bed reactor to capture and mineralise the point source CO2 by using an industrial waste

such as coal fly ash. A pilot study that was conducted by using the humidified stack

gas of a power plant and coal fly ash showed 30% reduction in CO2 at an approximate

cost of $11/t-CO2. Stolaroff et al. (2005) proposed a spray chamber carbonation scheme

by which alkaline water from a spray chamber that contains a steel slag bed is sprinkled

back to facilitate CO2 absorption from the air. The process is a derivative of the thin-film

carbonation route and the study estimated $8/t-CO2 as the cost of CO2 capture. Similarly,

Morales-Flórez et al. (2011) suggested artificial weathering pools in which feedstock is
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disposed as a film in shallow ponds for carbonation. The process involves the maintaining

the solid-to-liquid ratio and the surface-to-volume ratio, which could lead to an efficiency

that is high as 88% in the case of calcium hydroxide waste obtained from the acetylene

industry. The progress of the reaction was, however, found to be limited by the formation

of a floating calcite layer which resists CO2 absorption. Penner et al. (2004) proposed

a high-temperature, high-pressure pipeline flow-loop reactor for slurry carbonation. The

process demonstrated enhanced reactivity in comparison to the stirred autoclave but had

several design challenges such as clogging of the reactor and excessive wear and tear

of components. Chang et al. (2012); Pan et al. (2013) proposed the use of a rotating

packed bed for both the direct and indirect carbonation processes. A rotating packed

bed is expected to improve the mass transfer rates due to high centrifugal forces and

micro-mixing. With BOF slag as feedstock, Chang et al. (2012) reported that a very

high conversion of 93% was achievable in the reactor. However, the energy requirement

associated with the reactor rotation is high and is considered to be a drawback in the

process (Pan, 2012). The total power requirement was 707 kWh/t-CO2, which leads to

a total capture cost of $57/t-CO2(Pan et al., 2013). Iizuka et al. (2012) demonstrated

a bench-scale operation of a series of extraction and crystallisation reactors to produce

high-purity calcium carbonate from the concrete sludge. The results indicated that it was

necessary to improve the process parameters such as Ca extraction ratio (which was less

than 30% after five series extractions), solid/liquid separation for scale-up to a commercial

plant. Currently, the technological status of the ex-situ accelerated mineral carbonation

process is in demonstration and at a pilot stage; the lack of proven reactor technology

options is one of the major reasons for the absence of commercial deployment (Sanna

et al., 2014).

2.4 Studies on dissolution kinetics of silicates

From the perspective of direct aqueous and indirect routes of mineral carbonation, the

kinetics of metal ions leaching from oxides and silicates and the overall dissolution of the

mineral were found to be important (Section 2.1). This section presents the literature

that is related to the general characteristics of silicate dissolution, the experimentally

determined rates of Ca/Mg leaching from oxides and silicates, and studies on the determining
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of the controlling mechanism.

2.4.1 Dissolution behaviour of silicates

Silicates, which are the major constituents of alkaline industrial wastes and naturally

occurring minerals, exist in multiple forms and have a varying number of bridging oxygens

(number of oxygen atoms shared by silica tetrahedra), and structural arrangements such

as chain, sheet, layered, cyclic etc., (Terry, 1983b). Depending on these two parameters,

the acids dissolve the silicates either by a complete breakdown (congruent dissolution) or

by the partial decomposition of the silicate structure by rapid leaching of cations leading

to the formation of a leached layer (incongruent dissolution) (Terry, 1983b). For instance,

orthosilicates in which silica tetrahedra are not directly linked by bridging oxygen bonds,

dissolve completely by the breaking of metal-oxygen bonds without the necessity to break

the stronger Si—O bonds. Further, Casey (1991) showed that the rate of dissolution

of mineral oxides and corresponding orthosilicates are comparable. Also, the dissolution

rates of various orthosilicates can be correlated to the rate of cation hydration, which

indicates a direct influence of the cation-oxygen bond. Such a property was found to be

true for most cations, which suggests the possibility to predict dissolution rates (Casey

and Westrich, 1992). The dissolution of Si from silicates with bridging oxygen atoms,

such as in chain-silicates, may occur incongruently and subsequently the resultant surface

hydroxyl groups might undergo polymerisation reactions to form a porous silica layer

(Casey et al., 1993). Though the formation and the role of such leached layers on the

overall mineral dissolution continue to be debated (Schott et al., 2012), the rate of metal

ions that are released by proton exchange from these silicates is expected to be comparable

to the single oxides (Oelkers, 2001). In the next section, experimental data reported on

leaching rates of Ca/Mg from silicates will be discussed.

2.4.2 Experimental studies on Ca/Mg dissolution rates

Thus far very few attempts have been made to compile the metal release rates from

various minerals, whereas Si release rates were often examined in weathering studies.

Kojima et al. (1997) experimentally determined the Ca/Mg leaching rates of various

naturally occurring minerals in the presence of CO2 under near neutral conditions (pH
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range of 5–7). Wollastonite, a chain silicate that is known to show exceptionally high

dissolution rates (Casey et al., 1993), was found to exhibit a rapid Ca leaching rate

(log rate of −10.7 mol/cm2/s) while Mg from talc (sheet silicate known for its poor

reactivity) was observed to leach at rates lower by only an order of magnitude (log

rate of −12.1 mol/cm2/s). While the observed Ca release rate from wollastonite can

be shown to be comparable to dissolution rates from orthosilicates (after extrapolating

the rate data at pH of 2 reported by Casey and Westrich (1992) to pH 5–6), Mg release

rates from talc and other minerals reported by Kojima et al. (1997) are greater by at

least an order of magnitude—suggesting a large variation from the dissolution rates of

orthosilicates. In another study on Wollastonite by Weissbart and Rimstidt (2000), Ca

dissolution (log) rates in the pH range of 2–6 were found to be as low as−12.05 mol/cm2/s.

Similarly, an order of magnitude difference exists in MgO dissolution rates reported at

pH 2 by Casey (1991) and Fedoročková and Raschman (2008), log rates of -7.2 and -8.8

mol/cm2/s, respectively. In essence, it appears that a significant variation exists in the

reported rate data. Additionally, as Rimstidt et al. (2012) suggested, the lack of ability to

correlate the reactive sites to the geometric or to the BET surface could be the primary

reason besides differences in sample preparation and solution composition, which is seen

in various studies.

2.4.3 Determination of the rate controlling step

Early works on the dissolution of silicates led to the understanding that a rapid exchange

of cations with proton results in the formation of a metastable surface layer (typically

a hydrated layer) and product layers on the original reactant surface(Helgeson, 1971).

Further, the observation of parabolic kinetics during mineral dissolution prompted the use

of the shrinking core type models with product diffusion controlling the rate. However,

further investigations using microscopy and spectroscopic techniques cast doubts over the

existence and influence of such layers on the dissolution kinetics. In addition to these

studies, experiments by Holdren and Berner (1979) showed that the presence of ultra-fine

particles leads to parabolic trends instead of the expected linear dissolution curve for a

surface reaction controlled system. This prompted a switch to surface reaction controlled

models where the rate is thought to depend on solution pH and the effective surface area

(Aagaard and Helgeson, 1982). Further evidence for and against the existence of a silica
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passivating layer and consequently mass transport limitations continued to be reported in

the literature (Chou and Wollast, 1984; Daval et al., 2011). In addition, a sustained effort

is being made to decipher whether the silica layer forms due to incongruent dissolution

or through dissolution coupled with the re-precipitation(Casey et al., 1993; Ruiz-Agudo

et al., 2012; Hellmann et al., 2012).

In the mineral carbonation studies, determination of rate limiting process was largely

carried out based on the integrated form of shrinking core models (Lekakh et al., 2008a;

Dri et al., 2013; Nikolić et al., 2016), based on morphological changes observed through

electron microscopy (Huijgen et al., 2005; Marini, 2006), and depending on the estimated

activation energy values (Ghoorah et al., 2014a). As pointed out by Helgeson and

Murphy (1983), owing to similarities in the form and within the experimental errors,

the use of integrated rate equation allows for alternative interpretations of the rate

determining step. Liddell (2005) also put forward a similar observation in a case study

using shrinking core models. In the study on the dissolution of wollastonite using various

organic acids, Ghoorah et al. (2014a) interpreted different control regimes (mass transfer

limited and surface reaction limited kinetics) based on activation energy. However, the

rate of wollastonite dissolution in the two cases varied by a factor of less than 2. Based on

such small difference in rates for diffusion limited and surface limited kinetics, existence of

a singular controlling regime is not conceivable as the assumption that one of these steps

is fastest and the other do not influence rate would be invalid. When the complexity that

is associated with the process, which could potentially involve precipitation of secondary

phases, is taken into account, distinguishing whether the kinetics is controlled by mass

transport or the surface reaction remains a difficult task in the absence of a definite

methodology. As described by Brown et al. (2008), a surface reaction-controlled process

may be dependent on multiple factors such as defect density, interaction among adsorbate

molecules, intrinsic properties of minerals (for example, differences in isoelectric point),

solution pH, types of functional groups, structural differences that are associated with

various mineral surfaces, and influence of organic and bio-film coatings on the mineral

surface. Models that have been proposed to describe the intrinsic kinetics of mineral

dissolution are presented in the next section (2.5).
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2.5 Models for intrinsic kinetics

Models that have been proposed to describe the surface reaction-controlled kinetics (equivalently

described as proton-promoted or ligand-promoted dissolution) are discussed in this section.

2.5.1 Adsorption

One of the early intensive studies on the effect of strong acids on silicate dissolution was

conducted by Kline and Fogler (1981). The study showed that the dissolution could be

modelled as a sum of uncatalysed and acid catalysed reactions. Further, the acid catalysed

dissolution was modelled using Langmuir–Hinshelwood kinetics where the overall reaction

rate is given by Equation (2.1).

r = r0(1 + PC
KaH

1 +KaH
) (2.1)

where r, r0 are the overall reaction rate and the uncatalysed reaction rate, respectively.

PC is the maximum fraction by which the dissolution can be catalysed.

Wieland et al. (1988) observed that the surface protonation (represented by adsorbed

H+) on several oxides (MO) is non-Langmuirian in nature, possibly due to long range

electrostatic interactions. Further, it was shown that the Frumkin–Fowler–Guggenheim

isotherm (Frumkin equation) could better represent the surface protonation data. This

equation was also shown to be similar to the constant capacitance surface complexation

model that is described in the next section (2.5.3). Furthermore, at a pH lower than

pHZPC by at least 1 unit, the Freundlich master isotherm (Equation 2.3) is shown to fit

experimental data within a factor of 2.

[H+] = Ks
a1

xh
1− xh

exp(2w.xh/RT )

xh = {> MOH+
2 }/S

r = kh{> MOH+
2 }i

(2.2)

r = kh
Ki
F [H+]n

[H+]nZPC
(2.3)
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2.5.2 General model for mineral dissolution

Aagaard and Helgeson (1982) formulated the general rate equation which was based on

the strong dependency of the mineral dissolution rate on the pH, temperature, and surface

area. By using the transition state theory, the formulation (Equation 2.4) tried to explain

the dissolution rates at both far-from-equilibrium conditions and the near-equilibrium

condition by including the influence of chemical affinity.

r = ks(
∏
i

a
−ni,j
i )(1− exp(−A/σRT )) (2.4)

Blum and Lasaga (1988) were not convinced by the use of the transition state theory

to describe the kinetics because of the lack of a mechanistic description for variable

and fractal reaction orders, which are very commonly encountered in silicate dissolution.

Instead, rates were assumed to dependent on the surface-coordinated complex that formed

due to the adsorption of reacting species. Dissolution under acidic conditions is described

by the following equation (2.5),

r = kc1.0
2HX (2.5)

where c2HX is the surface concentration of the exchange sites that are occupied by 2H+.

Wieland et al. (1988) combined the surface-coordination chemistry with lattice statistics

and activated complex theory. This model answers the observed dependence of the rate

on higher orders of the protonated surface. Lattice statistics was shown to provide a

necessary framework for the estimation of probabilities of the geometric arrangement of

the surface site. The rate of dissolution is given by,

r = kxaPjS (2.6)

where, xa denotes the mole fraction of the active sites, Pj is the probability of finding a

specific site in the coordinative arrangement of the precursor complex, and S represents

the surface concentration of sites.

Lasaga et al. (1994) further suggested that effect of deviation from equilibrium f(∆Gr)

may not be linear as obtained from the transition state theory and proposed a general
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form for the overall dissolution equation.

r = k0Amin exp (−Ea/RT )X
n
H+
ads

H+
ads

∏
i

Xni
iads

f(∆Gr)g(I) (2.7)

where, g(I) is the effect of ionic strength on the rate of mineral dissolution.

Largely, the concentration of adsorbed species was determined by using the Langmuir

isotherm, which cannot account for electrostatic interactions and interaction among adsorbed

species.

2.5.3 Surface complexation

Surface complexation models describe the equilibria of surface groups based on mass

balance and mass-action equations. Based on the solution chemistry, the formation of

surface complexes can be described and in turn explain the surface charging phenomenon

observed in the oxides (Westall, 1980). These models essentially include long-range

electrostatic interactions along with the short-range chemical potentials and explain phenomena

such as adsorption, colloid stability and chemical reactions at surfaces (Westall, 1986).

Different descriptions of surface complexation models arise with the differences in describing

the surface/solution interface (description of the electric double layer) and relating the

surface potential to surface charge (Westall, 1980).

Surface complexation for a diprotic surface group >SOH2
+ is as follows,

Surface equilibrium reactions:

>SOH2
+

Ka1−−→←−− >SOH + H+

>SOH
Ka2−−→←−− >SO– + H+

Surface charge:

σ = F
VL
S

([>SOH2
+]− [>SO−]) (2.8)

Surface equilibrium constants:

Ka1 = K0
a1 exp (Fψ/RT ) =

[>SOH][H+]

[>SOH2
+]

Ka2 = K0
a2 exp (Fψ/RT ) =

[>SO−][H+]

[>SOH]

(2.9)
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Balance of surface sites:

NsS

NAVL
= [>SOH2

+] + [>SOH] + [>SO−] (2.10)

Surface charge (σ)- surface potential (ψ) relationship based on electrostatic model:

σ = f(ψ) (2.11)

Various electrostatic models for the oxide-solution interface have been described in

detail by Westall and Hohl (1980). Among them, the triple-layer model that involves

three planes (surface, inner-Helmotlz plane (IHP) and outer-Helmoltz plane (OHP)) is

shown to describe a wide range of datasets, but requires large sets of data from surface

titrations(Hayes et al., 1991). Alternatively, depending on the influence of ionic strength

on the surface equilibrium, simpler models can be used. At high ionic strength (I), the

triple-layer model collapses into the constant capacitance model where the diffuse layer

does not play a role, and no effect of ionic strength is observed.

σ = Cψ (2.12)

At a low ionic strength, where the role of the diffuse layer dominates, the ionic strength

(I) influences the surface equilibrium and the Poisson–Boltzmann (PB) equation can be

used to relate the surface charge (σ) and the potential (ψo) as follows:

σ = −(8εε0RTI)
1
2 sinh(Fψo/2RT ) (2.13)

At a very low surface potential ψo < 25 mV, the PB equation can be further simplified

to,

σ = −(8εε0RTI)
1
2
Fψo
2RT

(2.14)

The overall rate of dissolution under conditions at which a positive surface charge

exists can be expressed as follows (Casey and Sposito, 1992):

r = k[>SOH2
+]n (2.15)
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2.5.4 Pit nucleation

The dissolution model has been developed based on the crystal growth theory (Dixit

and Carroll, 2007). The dissolution is expected to occur through retreat of steps with

velocity ν. These steps originate either from existing dislocations or by nucleation of

two-dimensional pits. However, such a 2-D pit formation from the smooth surface is only

possible by overcoming free energy barrier, ∆Gcrit which is dependent on the solution

saturation state, Ω. As the dissolution progresses closer to equilibrium, the rate of

dissolution is expected to show a transition from homogeneous nucleation to defect-

assisted nucleation of pits. The dissolution rate, which is dependent on the step source;

the nucleation rate (J); step height (h) and the retreat velocity (ν), is given by the

following set of equations:

ν = ωβKeq(Ω− 1) (2.16)

∆Gcrit = − πa2ωh

kT ln Ω
(2.17)

J = | 1

ln Ω
|
1/2

nSahKT,eqβ exp(−
πα2

T,iωh

3(kT )2
| 1

ln Ω
|) (2.18)

r = h(ν2J)(1/3) (2.19)

where, ω represents molar volume of molecule in crystal, β is the step kinetic coefficient,

a is the lattice spacing, and nS is the nucleation site density.

2.5.5 Proton-metal exchange

Based on the observation that all metal release reactions from single and multi-oxides

involve the exchange of proton, Oelkers (2001) developed a proton-metal exchange model

for multi-oxide dissolution assuming that the precursor complex to rate limiting step is

formed post several proton-cation exchange reactions. Using the law of mass action on

those proton-metal exchange reactions (not the rate limiting one) and balance of metal
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sites on the surface, following equation is derived,

XP =
î∏
i=1

[ Ki

[
a
zi
H+

a
M
zi+
i

]ni
1 +Ki

[
a
zi
H+

a
M
zi+
i

]ni
]

(2.20)

r+ = k+XP (2.21)

where, i refers to the first îmetal ions leached before forming a precursor to rate determining

step, aMi
represents concentration of rapidly leaching metal ion i in solution and XP refers

to the surface concentration of precursor complex.

2.5.6 Crundwell Model (analogous to electron transfer mechanism)

Recently, Crundwell (2014) proposed a dissolution model to explain the fractal reaction

orders frequently observed in mineral dissolution kinetics. The model assumes that

dissolution of a mineral MA proceeds via release and transfer of M to outer Helmholtz

plane after reaction with water molecules at the surface. This step is followed by reaction

of H+ with A at the Helmholtz plane resulting in the formation of an activated complex

which further results in the product. Further, the model development involves an assumption

that the rate of removal of anions and the rate of removal of the cations from the surface

are equal.

The rate model for dissolution in an acid medium at conditions far from equilibrium

is given by,

~r =
(
ka,+[Mlat][H2Ow]

)(1−~x)(
ka,−[Alat]

)~x[
H+
]~xn

(2.22)

~x =
α+

α+ + α−
; (2.23)

where, [Mlat], [Alat] are the concentrations of M and A on the surface; α is the transfer

coefficient of the ion; n is the stoichiometric number of H+ reacting for removal of an

anion.

When constant terms are lumped, the model reduces to the familiar form with ~xn as

reaction order,

~r = ~k[H+]~xn (2.24)
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2.6 Models describing structural aspects

Models which have incorporated various structural aspects such as polydispersity, mineral

phase inclusions and, mineral phases that are lumped as particles along with the surface

reaction kinetics. These models in general describe the surface area evolution during

dissolution.

2.6.1 Surface heterogeneity and surface roughness

Use of fractal dimensions

Avnir et al. (1985) showed that several particulate matter exhibit fractal geometry. For

instance, experimental data considered in the study showed that periclase (MgO) has a

fractal dimension D of ∼ 2 indicating smooth surface while iron oxide (FeO) and silica

gel (SiO2) showed D of 2.59 and 3.0 respectively, indicating irregular geometry. Surface

area can be expressed in surface-fractal dimension D as follows,

A

m
∝ dD−3 (2.25)

where, D assumes values in the range of 2.0–3.0.

On similar lines, Talman and Nesbitt (1988) showed that the effective surface area as

proposed by Helgeson et al. (1984) (proportional to square of radius) cannot describe the

dissolution of ultra-fines as reported by Holdren and Speyer (1985), instead the reactive

surface area was shown to be proportional to the particle volume.

Two-layer shrinking-core model

Velardo et al. (2002) proposed a two-layer shrinking core model by introduction of a

surface heterogeneity factor to account for the surface smoothing which occurs during

dissolution. In addition, φ(r;Ri, Ro) was introduced as a scaling factor for surface area in

the region between two layers with radii Ri and Ro.

Volume-surface area relation for a spherical particle with surface heterogeneity:

V (r)

S(r)
=

r

3α
(2.26)
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Model for surface reaction controlled conditions:

V (r) = 4πr3/3 (2.27)

S(r) = 4πr2[(1− φ(r;Ri, Ro)) + αφ(r;Ri, Ro)] (2.28)

ρs
dV (r)

dt
= −kdS(r) (2.29)

Scaling function, φ(r;Ri, Ro), is defined by a continuous C∞ function as follows with

adjustable steepness parameter β,

φ(r;Ri, Ro) =


0 for r ≤ Ri (2.30)

exp
[
β +

β(Ro −Ri)
2

(Ro − r)2 − (Ro −Ri)2

]
for Ri < r < Ro (2.31)

1 for r = Ro (2.32)

The model is expected to give good results even for a poly-disperse particle system.

2.6.2 Poly-disperse particle system

Influence of poly-disperse solids on reaction kinetics and errors associated with considering

single particle size and determining the rate-determining step was apparent with the

work of Holdren and Berner (1979) and Leblanc and Fogler (1987). Subsequent work by

Gbor and Jia (2004) reiterated the errors associated when particle size distribution was

neglected while using shrinking core model. In one of the early experimental studies on

mineral dissolution, (Holdren and Berner, 1979) showed that parabolic kinetics was an

artefact of preferential dissolution of ultra-fine particles adhered to the large grains.

Population balance model

Leblanc and Fogler (1987) used the following population balance model to incorporate

the effect.

−∂[R(D)F (D, t)]

∂D
=
∂[F (D, t)]

∂t
(2.33)

where, F (D, t) is particle size distribution and R(D) is defined as follows,

R(D) =
dD

dt
=


−4DC
ρsD

mass transfer controlling (2.34)

−2kC

ρs
surface reaction controlling (2.35)
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Shrinking core modification

Considering the wide use of shrinking-core models for fluid-solid reactions, Gbor and

Jia (2004) provided an objective approach to determining the associated errors with

the assumption of mono-dispersion based on the initial particle size distribution (PSD)

function and its coefficient of variance (CV ). In the case of Gamma PSD, when CV

was between 0.7 and 1.2, controlling step was observed to shift from chemical reaction to

ash layer diffusion and similarly, a shift to chemical reaction control regime from liquid

film diffusion when CV was in the range of 0.3–0.7. The study reported that ash layer

controlled regime is not sensitive to particle size distribution. In the proposed model,

PSD effect was coupled to the integrated shrinking-core model as shown below,

Xunreacted =

∫ ∞
0

f(D, t)p(D)dD (2.36)

where, p(D) is particle size distribution and f(D, t) is given below,

f(D, t) = 1−XD =


(

1− kmnt

D

)
liquid film diffusion control (2.37)(

1− krnt

D

)3

surface reaction control (2.38)

for ash layer diffusion control, a simple analytical solution for f(D, t) is not possible to

arrive at (Gbor and Jia, 2004).

2.6.3 Particles present as inclusion and clusters

Mineral matter does exist in the form of clustered particles with other interstitial mineral

matter or as inclusions within another mineral matrix. Two classes of models, sugar-

lump dissolution model (Fletcher and Welham, 2000; Noiriel et al., 2009) and sporulation

model(Adrover et al., 2004), were proposed to predict the surface area changes with the

progression of dissolution.

Sugar-lump model

Fletcher and Welham (2000) proposed a sugar-lump model for mineral particle dissolution

where the crystal grains of radius ro are clustered together with the amorphous phase of

the same mineral to form particles of radius Ro. Depending on the fraction of amorphous
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content (F ), the fraction of total material dissolved D(t) under presumably reaction

controlled regime is given by,

D(t) = F

(
1− (Ro −Gt)3

R3
o

)
+ (1− F )

(
(ro −Ht)3

r3
o

)
(2.39)

where G, H are dissolution rates of amorphous and crystalline phases respectively.

Noiriel et al. (2009) reported a sugar-lump model for surface area evolution with the

progression of dissolution. The model (Equation 2.40) is analogous to shrinking particle

model with three empirical parameters n1, n2,n3,

S(t) =

(
Sr0 + Srm

(
1−

(
C(t)

C0

)n1
)n2
)(

C(t)

C0

)n3

(2.40)

where, Sr0, Srm represent the surface area of aggregate particles and the sum of individual

particles (also the maximum surface area), respectively; and C0, C(t) are the concentration

of the mineral at time 0 and t, respectively.

Sporulation model for dissolution of inclusions

Adrover et al. (2004) proposed the population-balance based sporulation model (Equation

2.41) where the dissolution or mechanical fragmentation of solid matrix is assumed to

progressively release embedded reactive grains (spores) into the solution. The study

validated the model with dissolution kinetics of manganiferous ores.

∂n(r, t)

∂t
− ∂[R(r)n(r, t)]

∂r
= −Np

dVp
dt
ν(r, rp) (2.41)

where, n(r, t) is the distribution of spores released into the solution at any time t; R(r) is

the rate of shrinkage of spores in solution; ν(r, rp) is the distribution of spores in aggregate

particle with rp to rp+drp; Np
dVp
dt

is the total rate of volume change of aggregate particles

with dissolution.

2.7 Summary

An extensive review of mineral carbonation routes, reaction chemistry, and reactivity of

feedstocks is presented. Further, dissolution characteristics, controlling mechanism and
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relevant dissolution models for single and heterogeneous mineral phase residues reported

in the literature are critically discussed. Also, a brief description on the current state-of-

art of various reactor concepts for commercial plants is presented. Gaps observed in the

literature are summarised below.

Among the indirect mineral routes, pH-swing, ammonia salts based processes and

pressure-swing carbonation are promising options for PCC production. Although high

calcium extraction efficiency and low impurities in PCC can be achieved via pH-swing

processes, energy intensive processes such as recovery of acid and base reduce the CO2

capture benefits and increase the PCC production cost. While ammonia salts-based

leaching process demonstrates high calcium selectivity and the leachate readily carbonates

without the need for pH adjustment, loss of ammonia is an added cost. On the other

hand, CO2 pressure-swing carbonation does not involve the use of any acids or bases

except carbon dioxide itself. However, very little is understood about CO2 pressure-swing

process due to limited studies, and requirement of large water volume due to poor CaCO3

solubility is a known drawback.

The major shortcomings for indirect mineral carbonation are associated with the

extraction step, and include slow extraction rate, poor extraction efficiency and selectivity

of calcium from slag. While the literature survey shows significant amount of experimental

work on parametric studies in various acidic environments, several discrepancies exists in

explaining the dissolution characteristics such as particle-size effect, liquid-to-solid ratio

etc. So far, very little information is available about nature of impurities in leachate,

factors that influence calcium selectivity during dissolution.

So far, based on apparent rates of calcium release, it has been speculated that the

formation of a passive layer by Ca-depleted silica layer hinders the calcium extraction from

residual slag and reduces the overall extraction potential. However, these observations on

steel slags contradict two distinct findings based on pure mineral phases. Firstly, calcium

predominantly exists as larnite and alite in most steel slags. These mineral phases, which

belong to the orthosilicate family, are expected to dissolve congruently without leaving

behind a Si-rich leached layer. Secondly, surface coverage by silica precipitation did not

necessarily lead to passivation of several individual (pure) silicates present in steel slags,

and complete carbonation was observed.

Generally, there are two problems associated with the understanding of dissolution
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kinetics of steel slag, namely, identification of the rate controlling step, and a lack of

kinetic models that consider the heterogeneous nature of steel slag. In several recent

studies, identification of the controlling mechanism was attempted using integral forms

of shrinking-core models, which are simplistic and often erroneous for several reasons.

It has been shown in fluid-solid literature that different controlling mechanisms often fit

conversion-time data equally well. Further, these models ignore the simultaneous release

of other elements such as magnesium and iron and implicitly consider that the calcium

extraction rate is independent of other elements. Thus, shrinking-core models reported so

far were at best effective models as it is yet to be shown that the determined controlling

mechanism and estimated kinetic parameters can provide reasonable predictions of various

parametric effects (acid-to-solid ratio, particle size effect, liquid-to-solid ratio etc.).

Currently, the technological status of the ex situ accelerated mineral carbonation

process is at a pilot stage. Besides low extraction efficiency and solid/liquid separation,

lack of proven reactor technology is a major reason for the absence of commercial deployment.
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Chapter 3

Materials and Methods

Basic oxygen furnace (BOF) slag, in granular form (>3 mm), was supplied by M/s

JSW Steel Ltd. All the experiments were conducted using this BOF slag, which has

henceforth been referred to as steel slag or slag, interchangeably. An extensive set

of characterisation studies have been performed to estimate the chemical and mineral

phase composition, morphology, particle-size distribution, and distribution of various

elements in the slag. These studies were carried out using X-ray fluorescence, X-ray

diffraction (XRD), environmental scanning electron microscopy (ESEM) equipped with

energy dispersive spectroscopy (EDS). Batch leaching experiments were carried out to

study the slag dissolution and precipitation characteristics in nitric, acetic and carbonic

acids. The slag residues and carbonate precipitates obtained were characterised using

XRD, Fourier transform infrared spectroscopy (FT-IR), X-ray photoelectron spectroscopy

(XPS), Transmission electron microscopy (TEM) and ESEM with EDS.

3.1 Sample preparation

Slag was washed in acetone to remove surface impurities and dried overnight in oven at

100 ◦C. Dry slag was pulverised to fine powder using Herzog pulverizing mill (HSM100).

The powdered slag was sieved to separate 212–355, 150–212, 90–125, 75–90 and <45µm

particle size fractions using standard test sieves. The sieved fractions were stored in

airtight containers.
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3.2 Slag, residue and product characterisation

The elemental, chemical, and mineral composition and morphological features of steel

slag, leached and carbonated slag residue, and PCC have been characterised using the

techniques described in this section.

3.2.1 X-ray Fluorescence spectroscopy of raw slag

Elemental composition (as oxides) of raw slag was determined using X-ray Fluorescence

(XRF) spectroscopy. The sample analysis was carried out using Philips PW2404 with

4 kW x-ray power. Finely ground slag sample (<45µm) was used for analysis. Four

grams of overnight dried sample was thoroughly mixed with one gram of methylcellulose

based binder using isopropanol solvent. Mixture was dried under infra red (IR) lamp to

evaporate the solvent. Dried sample was pelletised at a pressure of 10 kg/cm2. Instrument

was calibrated with slag standards and sample analysis was carried out.

3.2.2 Sodium carbonate fusion of raw slag

Elemental composition of coarser particle size fractions was determined by sodium carbonate

fusion. The objective of the study was to determine variation in elemental composition

among finer and coarser particle size fractions (< 45, 90–125, and 150–212µm). Sodium

carbonate as a flux is known to fuse silicates at high temperature to glassy mass (Dulski,

1996), which can be easily dissolved in mineral acid solutions and analysed using techniques

such as inductively coupled plasma atomic emission spectroscopy (ICP-AES).

In each experiment, 0.300 g of slag and 5.00 g of flux were mixed in a platinum crucible

and fused at 900 ◦C for 45 min in a muffle furnace. After fusion, crucible was allowed to

cool to room temperature. Fused mixture in the crucible was dissolved using dilute nitric

acid and the aqueous solution was transferred to a glass beaker. Dilute hydrochloric acid

was added to the beaker to form aqua-regia to dissolve suspended particles. The aqueous

solution was diluted to one litre in a standard volumetric flask. Supernatant was sampled

and filtered using 0.2µm filter. Concentration of Ca, Fe, Si and Mg in liquid sample were

analysed using ICP-AES analysis and elemental concentration in the slag was determined
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as follows:

%M =
[M ]ICP × Atomic Weight× Vliquid ×Dilution

Slag mass
× 100 (3.1)

3.2.3 X-ray diffraction

Powder x-ray diffraction (XRD) was carried out on raw slag, reacted slag and PCC for

mineral phase identification and quantification. All samples were scanned from 5–60◦ of

2θ with a scan resolution of 0.026◦ using PANanalytical X’pert Pro (PW3050/60). XRD

was also carried out for coarser raw slag particles to investigate the variation in the phase

distribution in the coarser and finer particles.

Mineral phase quantification

Mineral phase identification was carried out by matching peaks with the standard XRD

spectra available in ICSD database. Quantification of mineral phases was carried out

using Maud, a Rietveld refinement software. Below mentioned methodology was adopted

for fitting the raw slag and reacted slag spectra:

1. Background was modelled using polynomial with 3 (for raw slag) or 5 (for leached

slag) adjustable parameters.

2. A sequential method of adding mineral phases was adopted to ensure unambiguous

fit. Phases with unique and strong peaks were first fit by varying the scale parameters

and basic parameters. Subsequently, mineral phases with overlapping peaks were

added and fitted.

3. Scaling and basic parameters were modified during fitting. Crystal structure or

micostructure parameters were fixed at default values.

4. Goodness of the fit was verified based on weighted profile R-factor (Rwp) value

(≤ 5%) and match with the oxide composition obtained from XRF analysis.

3.2.4 Scanning electron microscopy with energy dispersive spectroscopy

Raw slag, reacted slag, and PCC have been imaged under scanning electron microscope

(SEM) to study morphological features. Energy dispersive spectroscopy was used to
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determine distribution of elements in the sample. SEM studies have been performed using

FEI Qanta 200 ESEM with EDAX R© attachment. All samples were fixed on carbon tape

and sputter-coated with Platinum before analysis. Morphological features were studied

using secondary electron images. Back-scattered imaging has been used for Z-contrast

imaging, elemental mapping in EDAX R© and images for particle size distribution.

Particle size distribution by image analysis

Particle size distribution of various size fraction were analysed using back-scattered SEM

images in ImageJ software. For each size fraction, projected area of particles were

measured by tracing the particle boundary. Equivalent spherical diameter was calculated

from the measured cross-section area. Distribution of particle size was determined using

Distribution Fitter toolbox in MATLAB R©.

3.2.5 X-ray photoelectron spectroscopy

Surface elemental composition, and chemical bonding of silicon was analysed using x-

ray photoelectron spectroscopy (XPS). XPS was performed using Kratos analytical AXIS

Supra model ESCA with monochromatic Al K-α (1486.6 eV) X-ray source. The analysis

chamber pressure was < 2×10−9 Torr. Take off angle was 90◦. XPS sample was prepared

by drop-cast method. Powder samples (raw slag, reacted slag and PCC) were sonicated

in methanol and drop-cast on aluminium or copper foil. In the case of coarse particles,

particles were embedded in aluminium foil with mechanical pressure. Relative elemental

composition was determined based on wide scan obtained at resolution of 1 eV. Chemical

shifts were determined based on high-resolution scan obtained for C1s, O1s, Si2p at a

scan resolution of 0.1 eV. Adventitious carbon at 284.7 eV is used an internal reference

for charge correction. ESCApe software was used for data analysis.

3.2.6 Fourier transform infra red spectroscopy

Fourier transform infra red (FT-IR) spectroscopy has been carried out on PCC to distinguish

silica from silicates and detect the presence of calcium carbonate in bulk sample. The

procedure was carried out using Bruker Hyperion 3000. Powder sample were scanned in

the wavenumber range of 4000–400 cm−1 at a scan resolution of 1.93 cm−1.
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3.2.7 Transmission electron microscopy

Transmission electron microscopy (TEM) was carried out on PCC for morphology, and

diffraction pattern for phase identification. TEM imaging was carried out in bright-field

mode using 300 kV FEI Tecnai G2, F30 microscope. Diffraction patterns were analysed

using CrysTBox software.

3.2.8 Inductively coupled plasma

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) and optical emission

spectroscopy (ICP-OES) were used for determination of elemental concentrations of Ca,

Si, Mg, Fe, Mn, and Al in liquid samples.

All leachate samples, except from pressure-swing experiments, were analysed using

Spectro analytical instruments ICP-AES available at SAIF, IIT Bombay. The instrument

has a detection limit of 10 pbb. Liquid samples were filtered using 0.2µm syringe filter

and diluted such that concentrations were in the range of 0–100 mg L−1. Instrument was

calibrated in the range of 0–100 mg L−1 using Sigma-Aldrich multi-element mixture 6 for

ICP.

Leachate samples from pressure-swing carbonation study were analysed using PerkinElmer

Avio200 ICP-OES, located at PerkinElmer facility, Monash University. Sample preparation

and calibration standards were same as mentioned above for ICP-AES.

3.3 Chemical reactivity tests

Following tests were conducted to determine the alkalinity of the sample, understand

phases which control dissolution, and assess the feedstock potential for mineral carbonation

reaction.

3.3.1 Native pH test

Native pH test was conducted on raw slag to determine the alkalinity of sample (Huijgen

et al., 2005). 5 g of slag in 50 ml of distilled water (L/S = 10 ml/g) was continuously

stirred using magnetic stirrer in a air-tight bottle for 48 hours at room temperature. pH

at the end of the test was recorded as native pH.
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3.3.2 Selective extraction of C2S and C3S

The total amount of ‘reactive’ calcium present as dicalcium silicate (C2S) and tricalcium

silicate (C3S) was determined by selective leaching in methanolic solution of salicylic

acid (Runje and Bezjak, 1983). About 1.00 g of slag was dissolved in 100 ml of 30 g L−1

methanolic solution of salicylic acid for 60 min in a airtight bottle at room temperature.

At the end of dissolution, liquid sample from slurry was filtered and diluted using dilute

nitric acid for ICP-AES analysis. About 57% of Ca present in the slag was found to leach

from the slag and the Ca/Si ratio in the leachate was found to be 2.1.

3.3.3 Neutralising capacity

Neutralising capacity was proposed as a surrogate for maximum amount of CO2 sequestered

as CaCO3 by direct CO2 absorption. The test involves determining the maximum moles of

nitric acid added to the slag slurry above a pH of 8.2, above which CaCO3 precipitation is

feasible at atmospheric conditions. The test was conducted in a glass reactor by addition

of 5 g of slag to 50 ml of distilled water (L/S of 10 ml/g) at room temperature. 1 M HNO3

solution was slowly dosed into the slurry using Hanna auto-titrator till the slag slurry

pH is above pre-set pH of 8.2. The experiment was stopped when the change in pH was

negligible for 15 min.

3.3.4 Acid and base titrations

Acid titration has been carried out to study the acid uptake rates at various pH conditions

and extents of dissolution. Experiments were also conducted to understand buffering

phenomena in batch dissolution experiments. All experiments were conducted in batch

reactor (Figure 3.1) along with auto-titrator for acid (HNO3) dosing at predetermined

rate. Base titration was carried out by titrating the acid leached slag slurry with NaOH

to quantitatively determine the species which are susceptible for precipitation. Multiple

cycles of acid and base titrations were carried out to determine reversible and irreversible

buffering reactions.
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pH electrode
(connected to pH meter)

Water from 
temperature bath

Water to 
temperature bath

Liquid sampling 
port

Thermocouple (ATC) 
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Figure 3.1: Batch reactor setup

3.4 Batch dissolution experiments

3.4.1 Parametric study

Batch dissolution experiments were conducted to study influence of parameters such as

liquid-to-solid ratio, slag particle size, acid-to-solid ratio, temperature, leaching agent,

ionic strength, and additives on calcium leaching characteristics. Batch experiments were

carried out in a 500 ml jacketed glass reactor fitted with Orion 8190BW Ross pH electrode

for continuous pH logging in Hanna HI-5222 dual pH meter or Hanna HI-901 autotitrator

(shown in Figure 3.1). Reactor temperature was controlled using circulating water bath.

pH measurements were temperature corrected using automatic temperature compensation

(ATC) feature in pH meter. Before each experiments, pH meter was calibrated using pH

4.01 and pH 10.01 buffers and calibration slope was ensured to be within 100±0.5% of

the theoretical slope.

In each experiment, reactor was filled with leaching solution and pH logging was

started. Predetermined quantity of slag was measured and added to the solution. Samples

were collected through sampling port after predetermined time intervals. Liquid samples

were filtered using 0.2µm syringe filter and acidified to avoid precipitation. Slag residue
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Figure 3.2: High pressure autoclave (Parr autoclave) setup

obtained at the end of experiment was filtered and dried overnight in the oven at 100 ◦C.

Leaching solution was either nitric acid or acetic acid. Experiments were also conducted

by addition of analytical reagent grade sodium molybdate dihydrate (0–1.5 mmol/g of

slag) as an additive in nitric acid leachate.

3.5 Pressure-swing dissolution and carbonation experiments

All high-pressure experiments were performed in a 600 ml bench top Parr autoclave

(4568) equipped with Parr 4848 reaction controller (shown in Figure 3.2). The reactor

temperature is maintained by electrically heated mantle and circulating cooling water.

The reactor stirrer has two nos. of 4-blade impeller and has a maximum stirring speed

of 800 rpm in water. Details of the setup with inlet and outlet ports are shown in Figure

3.2.
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3.5.1 Mass transfer characterisation of the reactor

CO2 absorption in water was studied to estimate the gas-liquid mass transfer characteristics

in the reactor. The autoclave was filled with 250 ml of deionised water and air present in

the reactor was purged out by performing three pressurizing-depressurizing cycles with

CO2. After air removal, reactor was pressurized to desired pressure of 8 bar. After

achieving the desired reactor pressure, inlet valve was closed and the autoclave was

stirred at 800 rpm. Changes in CO2 pressure with time were recorded (recording time

span was 10–30 seconds for first 3 minutes and then 1–5 minutes for the rest of the

experiment). It was observed that it takes about 25 minutes before water is saturated

with CO2; the estimated kLa was found to be an order of magnitude lower than desired to

avoid significant gas-liquid mass transport limitations. To overcome the problem, reactor

stirrer was fitted with three thin plastic tubes with one end open to the gas space as shown

in Figure 3.2. This would act like a self inducing impeller to improve the gas-liquid mass

transfer. Absorption experiment under the same operating conditions with the aforesaid

modification improved the kLa value significantly and reduced the saturation time to three

minutes. This arrangement was continued for all further experimentation.

3.5.2 Calcium extraction experiments

All dissolution experiments were performed in 250 ml of deionised water. The slag was

loaded into the reactor and the slurry was stirred for two minutes to avoid lump formation

which was otherwise observed to form under CO2 pressure. Liquid was sampled for

elemental analysis before pressurizing the reactor. The reactor was then closed and

rapidly pressurized to the desired pressure. The reaction mixture was stirred at 800

rpm and changes in pressure with time were recorded. About 2 ml of supernatant from

the reaction slurry was sampled at 3, 10, 20, 60, 90, and 120 min by temporarily stopping

(for about 30 seconds) the stirrer to avoid flow of thick slurry into the sampling line.

The slurry was immediately filtered through 0.2 µm syringe filter and acidified using

0.1 M nitric acid for ICP-OES analysis. Also, part of the unacidified liquid sample was

potentiometrically titrated with 0.01 M HNO3 for alkalinity. Dissolution experiments were

also repeated without intermittent liquid sampling to ensure a completely closed system

for measurement of drop in CO2 pressure (reactor pressure). Drop in reactor pressure,
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with and without liquid sampling, were matching when pressure drop caused due to liquid

sampling (as measured by the digital pressure transducer mounted on the autoclave) was

discounted. At the end of the dissolution reaction, slag residue was filtered and dried

overnight at 100 ◦C.

Reproducibility of experimental results was ensured by repeating the experiments at

least twice. Firstly, the pressure drop profiles were found to be repeatable in each case.

Secondly, concentrations at ‘90 min’ in each experiment was at least measured twice using

ICP-OES and found to be reproducible within 2.2% (max. error). In addition, for each

measurement the total metal ion concentration from ICP-OES was found to be half the

total alkalinity measured from the acid-base titration (expected due to predominance of

divalent ions in leachate), which acts as a complimentary validation of measurements.

3.5.3 Precipitation kinetics of CaCO3

At the end of dissolution step, leachate from the reactor obtained under CO2 pressure

was filtered using 0.2 µm filter. Filtered solution was stirred in a glass beaker at a stirring

speed of 500 rpm. Precipitation was carried up to three hours by monitoring the progress

by pH measurement and sampling for ICP-OES analysis. Calcium carbonate precipitate

was filtered using Whatman filter paper and left for overnight drying in a hot air oven

maintained at 100 ◦C.
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Slag characterisation and dissolution characteristics

4.1 Background

Currently, there are no definite methods available for a priori prediction of leaching

behaviour and true calcium extraction (and hence carbonation) potential. For instance,

the maximum extent of calcium extraction from a feedstock estimated based on the

elemental composition is often not achievable. Several efforts are underway to understand

the leaching characteristics based on the inherent minerological factors(Doucet, 2010;

Engström et al., 2013; Bodor et al., 2013) and the solution chemistry(Mun et al., 2017).

The prediction of true potential based on mineral phase composition and their susceptibility

towards leaching has shown some promise and taking into account of morphological and

rate controlling factors were thought to be necessary for better a priori predictions (Bodor

et al., 2013).

Also, efforts to predict the elemental release rates from slags, which typically contain

multiple mineral phases, have been largely unsuccessful. Batch leaching tests on steel

slag along with the geochemical modelling (Windt et al., 2011) were useful for qualitative

predictions of the influence of liquid-to-solid ratio and in turn, the solubility-controlled

leaching. However, the approach is not suitable for understanding the influence of pH,

especially in the acidic medium, on the rate of dissolution of primary minerals present in

the slag. The understanding of leaching chemistry is especially important for interpretation

of kinetic data from batch reactor, where in dissolution rates are influenced by the

changes in solution chemistry with the time (Brantley, 2008). Thus, it is necessary to

determine smallest reaction set that can adequately describe the slag leaching chemistry

and subsequently formulate a rate model for reliable predictions. Alternatively, researchers
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adopted pH-stat dissolution experiments to determine the influence of pH on relative

extents of metal extraction, and also ascertain mineral phases which control the solubility

of a species (Doucet, 2010; Huijgen and Comans, 2006). However, considering the formation

of possible secondary precipitates and acid dissociation of aqueous species, these experiments

provide little understanding of true metal release rates, corresponding acid uptake, and

mechanism of primary mineral dissolution.

True elemental release rate information is essential for understanding the rate-controlling

step, and the role of hydronium ion and complexing ligands concentrations in the leaching

agent. So far, based on apparent rates of calcium release, some studies have speculated

that the formation of a passive layer by Ca-depleted silica layer hinders the calcium

extraction from residual slag and reduces the overall extraction potential (Lekakh et al.,

2008b; Huijgen et al., 2005). However, these observations on steel slags contradict two

distinct findings based on pure mineral phases. Firstly, calcium predominantly exists as

larnite and alite in most steel slags (Yildirim and Prezzi, 2011). These mineral phases,

which belong to the orthosilicate family, are expected to dissolve congruently without

leaving behind a Si-rich leached layer (Terry, 1983b). Secondly, surface coverage by silica

precipitation did not necessarily lead to passivation of several individual (pure) silicates

present in steel slags, and complete carbonation was observed (Bodor et al., 2013).

Thus, in this chapter, it has been attempted to generate a priori information necessary

to understand the carbonation potential, identify the controlling mechanism and develop

dissolution kinetics model by determining the mineral composition and their susceptibility

towards acid dissolution, determine the leaching chemistry, and identifying the morphological

features that could affect the dissolution rates.

4.2 Characterisation studies

Steel slag has been characterised by various techniques to determine its elemental, and

mineral compositions.

4.2.1 Elemental composition

Elemental composition of steel slag determined using X-ray fluorescence is reported in

Table 4.1. The slag was found to have substantial amount of calcium (∼ 43% as CaO)
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Table 4.1: Elemental composition of slag determined using X-ray fluorescence
Oxide CaO MgO SiO2 FeO Al2O3 MnO Cr2O3 V2O5 SO4 P2O5 TiO2 LOI Total
Wt% 42.9 9.2 17.4 21.7 2.15 2.25 0.12 0.25 0.22 2.32 0.68 < 0.1% 99.3

Std. deviation 0.5 - 1.1 2.8 0.25 0.34 0.01 0.02 0.25 0.71 0.10 - -

along with iron, silica and magnesium. The slag composition was found to be similar to

those reported in the literature (Yildirim and Prezzi, 2011). The high amount of calcium

present in the slag makes it suitable for PCC production via mineral carbonation. Based

on the elemental analysis, the theoretical potential for calcium carbonate production is

estimated to be 766 kg/tonne of slag. In addition, recycling of iron-rich slag residue (post

calcium and silica extraction) to iron and steel industry can reduce iron ore losses to the

tune of 2–3%. Though these findings suggest that the current feedstock is promising for

utilization by selective leaching, the actual potential is generally understood to be lower

than that estimated based on elemental composition.

4.2.2 Mineral composition - quantification & phase distribution

The powder diffraction pattern of raw BOF slag with the mineral phase identification

and deconvolution is shown in Figure 4.1. Mineral composition of the slag obtained from

quantitative XRD is shown in Table 4.2. Slag was mainly found to contain dicalcium

silicate (larnite: ICSD-963), tricalcium silicate (Hatrurite: ICSD-22501), dicalcium ferrite

(brownmillerite: ICSD-9197), RO phase (MgO-MnO: ICSD-60710; Wuestite: ICSD-633036;

MgO-FeO: ICSD-60697; FeO-MgO: ICSD-158105; FeO-MgO: ICSD-60696; FeO-MnO:

ICSD-60687), and calcium magnesium silicate (merwinite; ICSD-26002). The total concentration

of the identified phases has been normalized to 93.5 wt% based on the total weight percent

for these elements (Ca, Fe, Mg, Si and Mn) obtained using XRF. As shown in Table 4.3,

elemental composition determined based on quantitative XRD analysis shows a good

match with the XRF analysis. The mineral composition indicates that about 77% of

calcium in the slag exists in the form of orthosilicates, a family of silicates without

bridging oxygen bond and known for high reactivity (illustrated in Figure 4.2). The

remaining 23% of calcium is in the form of brownmillerite, which is not very reactive

(Doucet, 2010; Bodor et al., 2013).

Based on the mineral composition, following assessment can be made about the

carbonation potential and the mineral carbonation process when BOF slag is used as
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Figure 4.1: Deconvolution of mineral phases in XRD pattern of raw slag
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Table 4.2: Quantification of mineral phases using XRD

Phase Formula wt%
Larnite 2 CaO · SiO2 36.2
Brownmillerite 2 CaO ·Fe2O3 23.5
Alite 3 CaO · SiO2 9.1
Merwinite 3 CaO ·MgO · 2 SiO2 5.6
RO Phase (FeO0.28 –MgO0.66 –MnO0.12) 20.4
Sum 93.5*

* Sum normalised according to XRF composition (refer Table 4.3)

Table 4.3: Comparison of slag composition obtained from XRD
quantification with XRF analysis

Oxide CaO SiO2 FeO MgO MnO Sum
XRD fit 42.8 17.1 20.5 9.6 3.4 93.5
XRF 42.9 17.4 21.7 9.2 2.3 93.5

Figure 4.2: Silicate structure and non-bridging bond
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a feedstock:

• Based on the calcium amount present as silicates, the potential for precipitated

calcium carbonate production is estimated to be 589 kg per tonne of steel slag, with

the corresponding CO2 sequestration potential being 261 kg.

• Orthosilicates, the phases that contain 77% of the total calcium in slag, are known

to dissolve by breaking Ca–O bonds and are as reactive as pure oxides (Casey and

Westrich, 1992). In addition, these silicates undergo congruent dissolution without

leaving any leached layer. It is expected that the congruent dissolution leads to

release of Si as silica monomers, which can undergo polymerization and form a

gel(Terry, 1983b). Contrary to what has been speculated by many (Lekakh et al.,

2008b; Daval et al., 2011), rate and extent of calcium extraction may not be limited

by surface passivation by amorphous silica. However, the formation of the gel can

lead to filtration problems (Terry, 1983b), affecting the rate of transfer of filtered

aqueous solution from dissolution to carbonate precipitation step.

• Iron present as Fe(II) has high solubility in aqueous solutions as compared to Fe(III).

Significant amount of Fe(II) in the slag (XRD analysis) suggests that iron can

potentially end up as an impurity in the leachate. Thus, removal of iron from

the leachate is necessary to obtain high-purity precipitated calcium carbonate.

Furthermore, inhibition of iron dissolution and efficient recovery of iron from leachate

improves the potential to recycle the iron-rich slag residue to iron and steel industry.

Phase distribution

Figure 4.3 shows backscattered SEM imaging of raw slag sample with and without grinding

using 2000 SiC grit. The phase distribution observed based on Z-contrast and EDS

analysis (refer Table 4.4) corroborates with the observations from XRD analysis. Slag

was found to be mainly made of three phases: calcium silicates, dicalcium ferrite and RO

phase. While RO phase is present as inclusions (spores), calcium silicate and brownmillerite

phases form the matrix of the slag particle. Based on the Z-contrast observable at the

centre and periphery of RO phase particles in the Figure 4.3 and also evident from EDS

composition, it can be concluded that the FeO (appears lighter in colour due to high
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Figure 4.3: Backscattered SEM micrograph of raw steel slag showing phase distribution
based on Z-contrast and EDS spectra shown in Table 4.4

Table 4.4: Relative elemental concentrations determined using standardless energy
dispersive spectroscopy (EDS)

Phase (marked in Fig. 4.3) Ca (At%) Si (At%) Fe (At%) Mg (At%)
Calcium silicate 25.94 11.73 2.16 1.97
Dicalcium ferrite 25.37 1.54 19.70 0
RO phase 0.48 0 3.28 17.17

atomic weight) is concentrated on the periphery and MgO (appears darker in colour due

to low atomic weight) is richer in the bulk.

4.3 Leaching characteristics of steel slag

4.3.1 Native pH and neutralising capacity

Native pH, which is a proxy to alkalinity, was found to be 12.50 ± 0.02. At this pH,

the extent of calcium dissolution (measured to be 518 ± 62 ppm) into aqueous solution

is expected to be controlled by calcium hydroxide solubility (809 ppm and pH of 12.5).

Lower than maximum soluble concentration suggests that the slag has relatively small

quantities of free lime and calcium hydroxide phases. Neutralising capacity of the slag

was found to be 5.72 mol of acid/kg of slag or equivalently CO2 sequestration capacity of
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Table 4.5: CO2 sequestration capacity based on calcium content and neutralising
capacity

Method elemental
Ca content

mineral
phase
quantification

neutralising
capacity
(all metal
carbonates)

neutralising
capacity (as
CaCO3)

gCO2/kg of slag 329 261 252 154

251 gCO2/kg slag. Amount of calcium leached during the experiment was 0.14 g/g of slag

while the maximum calcium content in the slag was 0.3 g/g of slag (refer Table 4.5 for

corresponding CO2 capture capacity). Thus, only 50% of the calcium could be sequestered

to calcium carbonate when extraction is carried out at pH>8.2 (calcium carbonate native

pH).

These results together indicate that the sample is highly alkaline and possesses high

CO2 sequestration potential, although direct carbonation under alkaline conditions may

see a maximum of 50% calcium utilisation.

4.3.2 Susceptibility of mineral phases towards acid leaching

The maximum amount of Ca leached in the nitric acid was experimentally determined

to be 81.8%. This shows a good match with the achievable calcium extraction efficiency

(77%) predicted based on mineral composition. Powder diffraction patterns of the residual

samples, shown in Figures 4.4 and 4.5, suggest leaching of silicate phase leaving behind

poorly reactive brownmillerite phase, which concurs with the findings reported in the

literature. Quantitative XRD analysis of the partially leached slag samples reveals that

relative concentration of Fe(II) decreases in the residual slag (Figure 4.6), which suggests

that Fe present in RO phase is susceptible to leaching unlike Fe(III) present in brownmillerite

phase.

4.3.3 Stoichiometric acid consumption

Batch dissolution experiments suggest that the total acid uptake is twice the amount of

total concentration of Ca, Mg, and Fe in the solution. Here, at the end of each addition,

the solution was acidic and only divalent metal ions were found to leach (leaching of Fe(III)

and Al(III) from brownmillerite phase is marginal). Based on these findings, the following
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Figure 4.4: Deconvolution of mineral phases in XRD pattern of reacted slag (H/S=3.6
mmol/g)
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H/S = 12 mmol/g
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Figure 4.5: Deconvolution of mineral phases in XRD pattern of reacted slag (H/S=12
mmol/g)
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Figure 4.6: Relative amount of Fe(II) and Fe(III) mineral phases in the residual slag

slag dissolution reactions were deduced: 3 CaO · SiO2 + 6 H+ −−→ 3 Ca+2 + H4SiO4 + H2O

2 CaO · SiO2 + 4 H+ −−→ 2 Ca+2 + H4SiO4

xFeO · yMgO + 2 (x+y)H+ −−→ xFe+2 + yMg+2 + (x+y)H2O

H+ + OH– ←−→ H2O

4.3.4 Chemistry of aqueous solution

In addition to the the leaching reactions mentioned in previous section, it is necessary

to determine the other proton consuming or generating reactions and the pH at which

these reactions occur. Potentiometric titration has been used here to identify any acid

consuming and generating reactions apart from slag dissolution. In each experiment, pH

was measured after the addition of base to acidic slag slurry, wherein complete leaching

was achieved. As shown in Figure 4.7A, two inflection points were noticed in the pH

titration curve. These inflection points correspond to the following reactions (synthetic

titrations obtained using Aqion PRO R©1 confirm these reactions as shown in Figure 4.8):

Speciation-precipitation reaction Al+3 + H2O −−→ Al(OH)3 + 3 H+

1www.aqion.de

65



Use of steel slag for carbon dioxide capture and utilisation

II
I

A

titration curve
differential

Sl
ur

ry
 p

H

2

4

6

8

Moles of base added (mmoles)
0 2.5 5 7.5 10 12.5 15

B

Cycle1
Cycle2
Cycle3

Sl
ur

ry
 p

H

1

2

3

4

5

6

7

8

Moles of base added (mmoles)
0 2.5 5 7.5 10 12.5 15

Figure 4.7: Acid-base titration to identify slag leaching chemistry A) Cyclic test to identify
irreversible oxidation step; B) identification of acid dissociation steps based on acid-base
titration
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Figure 4.8: Simulated titration using Aqion shows (A) precipitation of aluminium
hydroxide around pH of 4.5, and (B) precipitation of iron hydroxide around pH 6
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Oxidation-precipitation reaction Fe+2 + 1
4

O2 + 5
2

H2O −−→ Fe(OH)3 + 2 H+

While speciation reactions are reversible with acid addition, oxidation is not. Cyclic

titrations have been used to confirm that Fe-oxidation reaction is an irreversible oxidation

reaction. As shown in Figure 4.7B, inflection point corresponding to Fe-oxidation reaction

is missing in second and third cycles of titrations, which confirms that it is an irreversible

reaction that can be attributed to the Fe oxidation and precipitation.

4.4 Implications for kinetic study

4.4.1 Leached layer formation and surface passivation

Mineral composition results from XRD and salicylic acid leaching tests indicate that

silicates present in the steel slag are orthosilicates. As described elsewhere (Terry, 1983b),

formation of siliceous residue which may protect the interior of silicate network is not

expected in orthosilicates. Thus, formation of protective silica-rich leached layer is not

expected as posited by many recent studies. Influence of re-precipitation of silica due to

supersaturation on calcium extraction efficiency will be explored in next chapter.

4.4.2 Assessment of leaching agent

The results indicate a stoichiometric relation of 2:1 between acid uptake and metal ions

release, concluding that metal ions are divalent (Figure 4.9A). In case of weak acids where

acid dissociates partly, acid-metal exchange relation can be obtained using charge balance,

law of mass action and mole balance, as shown below.

[H+] + 2[M+2] + [MA+]− [OH−]− [A−] = 0 (4.1)

[MA+] + [A−] + [HA] = [Atot] (4.2)

[MA+] =
[M+2][A−]

KMA

(4.3)
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Figure 4.9: (A) Stoichiometric relation between acid uptake and metal ions release in
nitric acid; (B) Prediction of metal ions release in acetic acid using pH data and Equations
4.1–4.4

[OH−] =
[Kw]

[H+]
(4.4)

Batch dissolution experiments with acetic acid (weak acid) also revealed that the

amount of metal ions released can be predicted based on pH change data using Equations

4.1–4.4 (shown in Figure 4.9B). These results suggest that the efficiency of a leaching

agent in extraction of calcium from steel slag can be assessed by two parameters:

1. Ease of acid dissociation for proton-metal exchange reaction, and

2. Selectivity of acid towards calcium ions.

4.4.3 Proton-promoted dissolution

As shown by Terry (1983a) and Casey (1991), orthosilicates dissolve by breaking M—

O bond as observed in the case of metal oxides; wherein orthosilicates exhibit similar

dissolution trend as pure metal oxides. Thus, rates of metal ions leaching from steel slag

is expected to agree with proton-promoted mechanism, which was shown to adequately

describe metal oxides dissolution (Furrer and Stumm, 1986). Acceptability to such
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Table 4.6: Elemental composition of various particle
size fractions determined by sodium carbonate fusion

Particle size Ca Fe Mg Si
µm wt% wt% wt% wt%
< 45 28.3 19.6 4.8 4.2
75–90 27.1 18.9 3.1 5.5
150–212 28.5 21.4 3.8 5.3
(By XRF) < 45 30.7 16.9 5.5 8.0

Table 4.7: Coefficient of variation for various particle size distributions

Particle size Distribution Mean (µ) Standard deviation (σ) CV = σ/µ
µm - µm µm -

90–125 Log-normal 192 52.8 0.28
150–212 Normal 212 32.4 0.15
212–355 Normal 376 67.3 0.18

mechanism will be explored by experimental kinetic study and mathematical modelling

in subsequent chapters. Further, influence of organic acids and complexing ligands in

catalysing or inhibiting leaching of various metal ions will be explored in the next chapter.

4.4.4 Homogeneity of samples

Previous investigations reported a decrease in overall calcium extraction efficiency with

an increase in slag particle size. Mattila et al. (2012) attributed such differences to non-

homogeneity of samples. Thus, chemical and mineral compositions have been investigated

for various particle size fractions. The elemental composition among finer and coarser

particles was investigated using sodium carbonate fusion method described in Section

3.2.2. Results, shown in Table 4.6, indicate that the elemental composition is similar

among various particle size fractions. Also, a comparison with elemental composition

obtained from XRF indicated a close match. Thus, there is no systematic change in

calcium content with decrease in particle size in this steel slag; as speculated elsewhere

(Mattila et al., 2012) for other steel slag. Also, XRD patterns of fine and coarse particles

indicate that mineralogical composition is same for both (Figure 4.10).
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Figure 4.11: Particle size distribution obtained based on image analysis from SEM
micrographs
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4.4.5 Particle size distribution

Particle size distribution of coarser fractions of slag (90–125, 150–212 and 212–355 µm

fractions) were obtained through image analysis of SEM micrographs (Figure 4.11). Dry

grinding and sieving the steel slag sample resulted in a log-normal distribution for finer

fractions and normal distribution for coarser fractions. Mean, variation and coefficient of

variation (CV) for various particle size fractions are shown in Table 4.7. Results indicate

that, CV is in the range of 0.15–0.28.

The particle size distribution analysis, however, did not account for the ultra-fine

grains adhered to the particles. Presence of ultra-fine particles was shown to change

linear kinetics to parabolic kinetics, leading to misinterpretation of controlling mechanism

(Holdren and Speyer, 1985). Thus any role of ultra-fine grains in interpretation of

controlling mechanism needs to be addressed separately.

4.4.6 Impurity removal

The concentration of Al in the solution is insignificant and its removal by spontaneous

precipitation is not a concern. However, a significant amount of Fe(II) leaches (up to

∼60% of Fe present in the slag) into the solution, which makes it a potential impurity.

Its removal by spontaneous oxidation-precipitation is expected to be controlled by the

increase in solution pH, which is expected to be a slow process as the rate of acid uptake

by calcium silicate dissolution is expected to be slow around neutral pH. Impurity removal

strategies will be explored in Chapter 5.

4.5 Summary

1. Elemental and mineral composition of steel slag shows that it has high calcium

amount and mineral phases are very reactive. These results suggest that steel slag

is a good feedstock for mineral carbonation. Mineral composition suggests that

about 77% of the calcium which is present as silicates is extractable. Same was

confirmed by acid leaching.

2. In the case of direct mineral carbonation, only 50% of the calcium in steel slag

can be carbonated. This suggests that only indirect routes can maximise calcium
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utilisation.

3. Amount of Fe, Mg and Si dissolved when calcium is completely dissolved in acidic

media is significant and can potentially end up as impurities in PCC. Impurity

removal steps must be considered for high-purity PCC production.

4. Gel formation is expected due to polymerisation of silica dissolved from silicates

leading to filtration issues. Thus, filtration of calcium-rich aqueous solution from

silica precipitated solution is concern.

5. Stoichiometric balance could be established between acid uptake and metal ions

leached. Efficiency of any leaching agent can thus be correlated to extent of acid

dissociation and calcium selectivity in that environment.

6. Characterisation studies suggest that silicate phases present in steel slag dissolve

congruently and formation of leached layer is not expected. Further, slag dissolution

kinetics in acidic media is expected to follow proton-promoted or ligand-promoted

mechanisms in the absence of mass transfer limitations.
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Chapter 5

Experimental investigation of slag dissolution kinetics

5.1 Background

The process of producing CaCO3 using steel slag by indirect mineral carbonation is carried

out in two steps (Baldyga et al., 2011; Sanna et al., 2014): 1) the selective dissolution of

Ca from slag by a leaching agent followed by separation of leachate and 2) precipitation

of calcium carbonate under CO2 environment. Additionally, a purification step involving

precipitation of iron and silica impurities by swinging the pH to alkaline conditions may

be necessary (Park and Fan, 2004). It is well understood that the success of process is

dependent on rapid, complete, and selective extraction of calcium. In order to improve

the calcium leaching rate and overall carbonation efficiency several energy-intensive sub-

processes such as grinding feedstock, use of strong acids and additives, addition on base

for pH-swing and so on (Doucet, 2010; Romanov et al., 2015; Teir et al., 2016). These

energy-intensive processes substantially reduce CO2 capture benefits(Yuen et al., 2016)

and increase the cost of PCC product. Currently, the process of selective leaching from

slag is not clearly understood and lack of any a priori kinetic models for dissolution is

a testimony for the same. It aimed in this chapter to identify independent parameters

which influence leaching characteristics and aid in developing a kinetic model that provides

insights into selection of leaching agent, tuning calcium selectivity, optimisation of overall

process and reactor development.
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5.1.1 Discrepancies in particle-size effect

Effect of particle size on Ca leaching characteristics has been reported in strong and

weak acids in many studies(Stolaroff et al., 2005; Lekakh et al., 2008a; Said et al., 2015;

Zhang et al., 2013; Mattila et al., 2012; Polettini et al., 2016). Besides the understandable

influence of particle size on the rate of leaching, Ca extraction efficiency was also reported

to increase with reduction of particle size. This was primarily attributed to surface

passivation due to silica-rich layer, wherein bigger particle size particles passivate at lower

extent of calcium extraction. A study by Mattila et al. (2012) attributed the effect to

possible systematic variation in Ca concentration in particles of various size fractions.

These hypotheses were speculative and inadequate to explain the effect of particle size as

they necessitate the use of additional empirical parameter such as ‘activity factor ’ (Mattila

et al., 2012) or use of variable diffusivity, which was in turn justified by assuming changes

in product layer density with leaching) (Lekakh et al., 2008a). Moreover, the assumption

of passive layer was based on SEM and simplistic models which assume surface area

evolution to follow shrinking-core model. Further, the role of leaching chemistry and

presence of Fe and Mg were ignored.

A conclusion such as diffusion limitation by passive layer formation had profound

impact on choice of method for accelerating the process. For instance, it led to use

of ultrasonic treatment (Said et al., 2015), inert grinding media (Park and Fan, 2004),

and severe particle size reduction and so on to chip off passive layer. However, these

energy-intensive processes also severely reduced particle size during dissolution and did

not improve extraction efficiency in all cases. Thus, a better understanding of particle

size effect and rate limiting processes are essential for prudent selection of techniques to

accelerate the process.

5.1.2 Addition of base for pH-swing

As reported in section 2.2.4 of literature review chapter, NaOH or ammonical water is

added to leachate to achieve the pH-swing to facilitate carbonation. Though pH-swing was

proposed for removal of impurities by controlling pH, an inevitability of pH adjustment

after dissolution step was observed even in cases where impurity removal is not attempted.

The pH-swing step is nominally thought to be a consequence of dissimilar pH conditions
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required for accelerated leaching and precipitation reactions (Kodama et al., 2008; Pan,

2012). In most cases, acidic/near neutral conditions were observed to prevail at the

end of dissolution step. Such conditions were noticed even in those cases where weak

acids such as organic acids were employed as leaching agents (Eloneva et al., 2008b;

Santos et al., 2014b). In order to overcome the problem, recently, Kodama et al. (2008)

proposed ammonium salt based process for spontaneous pH-swing. Though pH at the

end of dissolution step was found to be favourable, loss of ammonia was observed.

The inevitability for pH-swing is intriguing as slag itself is highly alkaline (native pH of

12.5) and is expected to spontaneously increase the pH of the solution when the amount

of acid supplied is less than maximum stoichiometric requirement. pH change during

batch dissolution will be studied to determine the limit where pH-swing is spontaneous.

Based on the improved understanding of leaching chemistry (described in Chapter 4),

alternatives to base addition will be explored.

5.1.3 Kinetics of dissolution

There are two problems associated with the understanding of dissolution kinetics of steel

slag, namely, identification of the rate controlling step, and a lack of kinetic models that

consider the heterogeneous nature of steel slag. In several recent studies (Lekakh et al.,

2008a; Dri et al., 2013; Mattila et al., 2012), identification of the controlling mechanism

was attempted using integral forms of shrinking-core models, which are simplistic and

often erroneous for several reasons (Gbor and Jia, 2004; Liddell, 2005). It has been shown

in fluid-solid literature (Ghoroi and Suresh, 2007; Liddell, 2005) that different controlling

mechanisms often fit conversion-time data equally well. Further, these models ignore the

simultaneous release of other elements such as magnesium and iron and implicitly consider

that the calcium extraction rate is independent of other elements. Thus, shrinking-

core models reported so far were at best effective models as it is yet to be shown

that the determined controlling mechanism and estimated kinetic parameters can provide

reasonable predictions of various parametric effects (acid-to-solid ratio, particle size effect,

liquid-to-solid ratio etc.).

In this chapter, an attempt has been made to systematically determine the rate

controlling processes by identifying the independent parameters which influence the dissolution

rate. Based on this understanding, development of mathematical model and comparison
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of simulation results with parametric study will be presented in Chapter 7.

5.2 Parametric study

5.2.1 Effect of acid-to-solid ratio

Acid-to-solid ratio, expressed as the moles of acid added per gram of slag, has been varied

to understand the influence of H+ concentration on dissolution characteristics. In this

study, we distinguish acid-to-solid ratio (H/S) from the liquid-to-solid ratio (L/S); the

former parameter is expected to strongly influence the leaching rate and the extent of

metal ions dissolved, while the latter parameter primarily provides a picture of primary

or secondary mineral phases at their solubility limits.

Elemental release measured in the leachate during the leaching of slag, shown in

Figure 5.1, demonstrates that both the rate of leaching (expressed as rate of conversion)

and extent of leaching of all elements increase with an increase in the acid-to-solid ratio.

A proportional increase in rates of release observed with an increase in acid concentration

possible suggests that dissolution follows proton-promoted mechanism (Figure 5.2). Though

a linear proportionality was observed, the intercept was found to be non-zero. This

possibly indicates non-linear effect of proton adsorption, which will be systematically

discussed in Section 5.3, where kinetic analysis is presented.

Although the initial rates of Ca, Fe and Mg increase proportionally with H/S, the

enhancement in the extent of leaching has been observed to be higher in Fe and Mg,

compared to Ca. As shown in Figure 5.3A, the selectivity of calcium (ηCa defined

in Equation 5.1) decreased with increase in calcium extraction, which suggests that

the leaching is selective and selectivity varies with the extent of calcium extraction

concomitantly leading to higher impurities. On the other hand, extraction of Si was

found to be in stoichiometric proportion to Ca release (Figure 5.3B), which is expected

as the slag is predominantly made up of orthosilicates.

ηCa =
[Ca](ppm)

{[Ca] + [Fe] + [Mg]}(ppm)
(5.1)

Experiments have also been done by varying the liquid-to-solid ratio and keeping

the H/S constant. An increase in the leachate volume marginally reduced the initial
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Figure 5.1: Effect of acid-to-solid (H/S) ratio on leaching characteristics of (A) Ca, (B)
Fe, (C) Mg, and (D) Si in nitric acid (PS: 150–212µm, L/S: 100 ml/g, T: 30 ◦C). Errors
bars are standard deviations measured for at least three measurements; except for samples
that were manually collected at t≤1 min, where there is error in sample collection time
by ±5 seconds, error bars are comparable to marker sizes used in the plots.
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Figure 5.3: Relative extents of Ca and Si leaching (PS: 150–212µm, L/S: 100 ml/g, T:
30 ◦C)

dissolution rate due to lower concentration (Figure 5.4). However, its influence on the

extent of elemental release (Ca, Fe, and Mg) is insignificant. This suggests that the

extraction efficiency is not limited by the solubility of corresponding primary or secondary

mineral phases.

In case of Mg, while the effect on initial rate appears to be similar to that of Ca and

Fe, a marginal enhancement in extent of dissolution was observed with an increase in L/S

ratio. After the concentrations plateau (typically beyond pH of 5), there are secondary

phenomena such as exchange of ions onto the surface of silica in bulk solution, formation

of secondary precipitates etc. These secondary phenomena are affected by concentration

of metal ions in the bulk solution (following changes in L/S) and have not been part of

this study.

5.2.2 Effect of slag loading

The influence of solid loading on slag dissolution in nitric acid has been studied by keeping

the acid concentration and liquid volume constant. The effect of solid loading can be

distinguished from L/S effect based on the fact that the acid-to-slag ratio, and hence

the total extent of metal ions release, is fixed in the latter case unlike the former case.
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Figure 5.4: Effect of liquid-to-solid (L/S) ratio on leaching characteristics of (A) Ca, (B)
Fe, and (C) Mg in nitric acid (PS: 150–212µm, H/S: 7.2 mmol/g, T: 30 ◦C)

The results, shown in Figure 5.5, indicate that the initial rate of calcium leaching is

proportional to amount of slag loaded (or surface area). Here, the extent of calcium

leaching was found to increase with an increase in solid loading. On the other hand, the

final concentration of magnesium and iron release decreased with increase in the solid

loading. It is interesting to note that the initial rates of Fe and Mg release increased

with increase in the solid loading, to an extent similar to that was observed in the case

of calcium. As discussed in detail at a later stage (in Section 5.2.3), the effect can

be attributed to strong geometrical influence on calcium leaching selectivity, where the

amounts of Fe and Mg released could be related to effective calcium depth of leaching in

the slag particle.

5.2.3 Effect of particle size

Effect of particle size was studied using five particle size fractions comprised of <45µm,

75–90µm, 150–212µm, and 212–355µm at an H/S of 7.2 mmol/g and L/S of 100 ml/g.

Figure 5.6 shows the results. The effect of particle size on initial rate of calcium dissolution

has been found to be proportional to geometrical surface area. The final concentration

of calcium is observed to be higher in the case of finer particles compared to coarser

particles. While previous studies associated this behaviour to passive layer formation or

inhomogeneity of elemental concentration in various particle size fractions, in the current

study, neither passive layer formation has been observed (due to congruent dissolution

of silicates) nor is there any inhomogeneity of elemental or mineral phase composition
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Figure 5.5: Effect of slag loading on leaching characteristics of (A) Ca, (B) Fe, (C) Mg,
and (D) Si in HNO3 (H/S: 7.2 mmol/g, T: 30 ◦C)
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Figure 5.6: Effect of particle size (<45, 75–90, and 212–355µm) on leaching characteristics
of (A) Ca, (B) Fe, (C) Mg, and (D) Si in HNO3 (H/S: 7.2 mmol/g, L/S: 87.2 ml/g, T:
30 ◦C)

among various particle size fractions (as shown in Section 4.4.4). On the other hand,

seemingly similar to the effect of solid loading, despite an increase in initial release rates

of Fe and Mg with a decrease in particle size, the extraction efficiencies of these elements

were found to be lower for finer particle size fractions compared to coarser fractions

(Figure 5.6). Further, the effect of particle size on elemental release characteristics in

acetic acid media, shown in Figure 5.7, is similar to that observed in nitric acid, which

suggests that the behaviour is independent of pH and the leaching agent.
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Figure 5.7: Effect of particle size on leaching characteristics of (A) Ca, (B) Fe, (C) Mg,
and (D) Si in acetic acid (H/S: 7.2 mmol/g, L/S: 87.2 ml/g, T: 30 ◦C)
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5.2.4 Effect of temperature

The influence of dissolution temperature on rate and extent of calcium dissolution was

studied in acetic acid medium. The results, shown in Figure 5.8, suggest a marginal

increase in initial rate of calcium dissolution at 52 ◦C as compared to 32 ◦C, while there

is no appreciable difference between 52 ◦C and 70 ◦C. The extent of calcium leaching

at the end of 60 min was found to be higher in the case of 70 ◦C, largely due to lower

release of Fe into the solution. Fe was observed to precipitate rapidly with an increase

in temperature leading to higher calcium selectivity. Under acidic conditions, solubility

of Fe(III) hydroxide (ferrihydrite) is known to reduce with an increase in temperature

(Liu and Millero, 1999), which explains the observed trend of Fe precipitation. Also, the

precipitation of silica, whose polymerisation rate is known to accelerate with an increase

in temperature (Chan, 1989), and expected to co-precipitate with ferrihydrite was found

to be faster at higher temperatures. It can be concluded that improvement in extraction

rate is marginal and higher temperature may assist in impurity removal.

5.2.5 Effect of ionic strength

As the kinetic analysis is attempted based on batch dissolution experiments, where the

ionic strength (I) of the solution is expected to increase with the progression of dissolution,

it is necessary to investigate the influence. During the course of slag dissolution in nitric

acid, the maximum increase in ionic strength of the solution was found to be 0.1 M.

Accordingly, its effect on the rate of calcium dissolution was investigated by adjusting

the ionic strength of leaching solution to 0.1 M by addition of sodium nitrate salt. The

results, shown in Figure 5.9, indicate that within the experimental conditions the influence

of ionic strength is negligible. Hence, for the purpose of kinetic analysis, ionic strength

effect will be neglected.

5.3 Controlling mechanism and independent parameters

The results from the parametric studies (discussed in the previous section) reveal that

the rate of calcium release depends on the surface area per unit volume of the slag and

acid concentration. Further, orthosilicates present in slag dissolve congruently without
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Figure 5.8: Effect of temperature on leaching characteristics of (A) Ca, (B) Fe, (C) Mg,
and (D) Si in acetic acid (H/S: 7.2 mmol/g, L/S: 87.2 ml/g, PS: 150–212µm)
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Figure 5.9: Effect of ionic strength on Ca leaching characteristics in HNO3 (H/S:
7.2 mmol/g, L/S: 100 ml/g, PS: 150–212µm)

leaving a leached layer. Also, the effect of stirring rate was found to be negligible on

dissolution rate. Together, these results suggest little influence of external mass transport

or surface passivation effects on the dissolution rate and surface reaction appears to be the

rate controlling process. Accordingly, here, it is attempted to quantitatively describe the

influence of independent parameters on dissolution kinetics controlled by surface reaction.

5.3.1 Proton-promoted dissolution

From data such as shown in Figure 5.1, rates of Ca extraction were calculated. Figure

5.10A shows the initial rates plotted against proton activity {H+} using data from acid-

to-solid ratio experiments in nitric acid. The proton activity (in the bulk solution) was

measured using pH electrode. Figure 5.10A shows a linear dependency of initial calcium

leaching rate proton activity. However, linear regression yields a non-zero intercept, which

probably indicates a non-linear behaviour. In general, leaching of metals from single

silicate minerals are expected to depend on the surface concentration of H+ and are

satisfactorily expressed by the rate equation (5.2)(Stumm and Wollast, 1990).

rM ∝ [> SOH2
+]n (5.2)

85



Use of steel slag for carbon dioxide capture and utilisation

(A)

Expt data
linear fitd[

C
a]

/d
t  

(M
/m

in
)

0

5×10−3

0.01

0.015

0.02

γ×[H+]  (M)
0 0.025 0.05 0.075 0.1

KS = 5.8

(B)

Expt data
linear fit

d[
C

a]
/d

t  
(M

/m
in

)

0

5×10−3

0.01

0.015

0.02

[H+
ads] = 1 + KSγ×[H+]

γ×[H+]   (M)
0 0.02 0.04 0.06

Figure 5.10: Dependence of initial calcium leaching rate on (A) {H+} and (B) [H+
ads]

described by Langmuir isotherm given in Equation 5.3; The value of KS was determined
by linear regression as shown in (B).

where, [> SOH2
+] is the concentration of H+ adsorbed on the surface. The formation of

surface hydroxyls by adsorption of proton on a single site is given by following reaction

scheme.

>SOH2
+

Ka1−−→←−− >SOH + H+

>SOH
Ka2−−→←−− >SO– + H+

In general, a surface complexation model is deemed to be necessary to rigorously

describe the adsorption of charged species (H+) at the mineral-water interface. A simpler,

yet satisfactory, approach would be to use an adsorption isotherm, say Langmuir or

Freundlich for describing surface adsorption of H+ in a narrow pH range, which is the

case in current study. In addition, two distinct reasons make such isotherms suitable for

the current experimental dataset. Firstly, the pH in current experiments was far from

the isoelectric point (pHZPC) of dissolving minerals (pHZPC−pH > 2). Extrapolation of

isotherm predictions to the neighbourhood of isoelectric point were previously found to

be poor(Stumm and Wollast, 1990). Secondly, the effect of ionic strength, which is known

to influence the sorption characteristics of charged species, was observed to be negligible.

Hence, choosing the Langmuir formalism, we relate the adsorbed H+ concentration to

activity in solution as:

[H+
ads] =

KS{H+}
1 +KS{H+}

(5.3)

Here, as shown in Figure 5.10B, single parameter Langmuir adsorption isotherm
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(Equation 5.3) was found to be sufficient to describe the influence of H+ on initial

calcium release rate. Further, the validity of Langmuir isotherm at pH values other

than the initial point in a batch reaction has been verified as follows. The relevant pH

range (2.5–3.5) has been chosen such that the surface area changes were expected to

be minimal (extent of leaching in this pH range is expected to be small) and there is

no secondary precipitation of dissolved species, thus allowing an independent analysis of

acid concentration on dissolution rate. Further, [H+] data obtained from continuous pH

measurement has been used instead of sparse metal analysis from ICP-AES in the chosen

pH range. The relation 5.4 between rate of acid consumption and metal ion release is

based on the experimentally determined stoichiometric relation of metal-proton exchange

reaction.

d[M2+]

dt
=
−1

2
× d[H+]

dt
(5.4)

−1

2
× d[H+]

dt
= rCa + rMg + rFe ≈ k × [H+

ads] (5.5)

Here, it has been assumed that the Langmuir constants for various calcium silicate phase

and RO phase are of similar magnitude and rate equations for metal ions release can be

added to obtain acid uptake. The validity of the same will be examined using numerical

simulations discussed in Section 7.2.3 of Chapter 7.

As shown in Figure 5.11, a linear correlation (with a slope of 1) between the logarithmic

rate of H+ consumption and the logarithm of H+
ads validates the applicability of the

Langmuir isotherm. Based on this preliminary analysis, a detailed model is presented in

Chapter 7.

5.3.2 Surface area evolution

Based on the experimental observations from solid-loading and particle-size effects, it is

evident that the relative rate of release of calcium with respect to iron and magnesium

decreases with the progression of leaching, that is, the calcium selectivity drops with the

progression of leaching. Considering that the Langmuir constants for Ca-rich phases,

and Mg- and Fe-rich phases are expected to be similar in magnitude (will be shown in

Section 7.2.3), a significant change in selectivity with an increase in pH is not expected.
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Figure 5.11: Linear relation between acid uptake and [H+
ads] described by Langmuir

isotherm in the pH range of 2.5–3.5 for various particle size fractions

Consequently, it has been hypothesised that the observed reduction in calcium selectivity

is due to surface area evolution, which is the other dominant factor that affects the rate of

dissolution. An analysis of overall Ca selectivity (Equation 5.6) with the depth of calcium

leaching dCa (Equation 5.7), a proxy geometrical parameter for surface area of Ca-rich

phase in the slag, has been shown in Figure 5.12. It is evident that the influence of solid

loading and particle size variations on calcium selectivity are similar, which confirms the

role of geometrical factors in the observed dissolution characteristics.

ηCa =
[Ca]

[Ca] + [Fe] + [Mg]
(5.6)

dCa =
d0,slag

2
×
(

1− (1−XCa)1/3
)

(5.7)

where, d0,slag is the initial diameter of slag particle, XCa is the fraction of calcium extracted.

Here, it is hypothesised that the relative surface area of Fe and Mg, which are part of

the RO phase, increases with the progression of dissolution. The increase in surface area

can be attributed to the release of RO phase globular inclusions (which were previously

inaccessible to leaching solution) due to the dissolution of calcium silicate matrix, as

illustrated in Figure 5.13A. Observation of a typical leached slag grain under scanning
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Figure 5.12: Dependence of calcium selectivity on depth of leaching for (A) solid loading
case, and (B) particle size effect case in nitric acid (H/S: 7.2 mmol/g, T: 30 ◦C)

electron microscopy, shown in Figure 5.13B, corroborates the hypothesis. With the

assumption that the RO phase particles are homogeneously distributed in the slag matrix,

for the same extent of dissolution i.e. same volume of slag dissolved, the number of RO

phase particles exposed to the leaching agent is expected to be same for coarser and

finer particle size fractions. On the contrary, for the same sample mass per unit liquid

volume, the number of slag particles and in turn the calcium silicates matrix surface area

are lower for coarser particles compared to the finer particles. Thus, the relative surface

area of RO phases particles is higher in the case of coarser particle which leads to lower

calcium selectivity observed in the experiment. The mathematical model for the same

has been developed using population balance method in Chapter 7, in similar lines to the

sporulation model (Adrover et al., 2004).

5.3.3 Role of silica in calcium extraction kinetics

Several studies have speculated on the formation of a residual silica layer on the surface of

the slag and posited that rate of metal ion release into the aqueous solution is controlled

by the diffusion across the silica layer. The evidence is mainly based on the effect

of particle size, microscopy and goodness of fit observed in shrinking core modelling.

Although the observations on particle size effect concur with the literature, the results

show there is no formation of a leached layer as the dissolution of silicates is congruent.
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Figure 5.13: (A) Geometric model to explain reduction of Ca selectivity with depth of
calcium leaching (B) SEM micrograph of leached slag showing release of RO phase from
calcium silicate matrix

The silicon concentration, however, has been found to be supersaturated by an order of

magnitude. Thus, it of interest to investigate the possibility of simultaneous dissolution

and precipitation and its influence on calcium extraction efficiency. For this, semi-batch

dissolution experiments, as done in the case of pH-stat experimentation that were widely

employed to study kinetics, were conducted to measure the apparent rates of Si release

at different rates of acid addition. Figure 5.14 shows the results. In Figure 5.14A, the

rate of acid addition was more than that required to maintain constant pH, leading to

a progressive decrease in pH. Figure 5.14B shows that the relative extraction efficiency

of Si leaching reduces with a decrease in the rate of acid addition. At the slowest rate

of addition, the net Si released was found to correspond to the solubility of silica (1.9

mmol/L, which corresponds to 5.8% extraction efficiency). These results suggest that the

rate of silica polymerization, under pH-stat conditions, would be comparable or faster than

the observed dissolution rate. Considering that the silica has lower pHzpc of ∼2.5(Carroll-

Webb and Walther, 1988) and carries a negative surface charge in the near-neutral pH

environment, it is possible that (a) it precipitates on positively charged residual slag, or

(b) the silica surface charge is neutralized by calcium ions present in solution(Belton et al.,

2012). The latter case appears to be more dominant as the formation of gel was observed

with the progression of leaching. In any case, it is to be noted that the overall calcium
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Figure 5.14: (A) Resultant slurry pH at various acid addition rates in semi-batch slag
leaching experiments; (B) Influence of acid addition rate on Si release characteristics; (C)
influence of acid addition rate on calcium extraction efficiency

extraction remained the same without affecting the calcium selectivity (Figure 5.14C).

These findings suggest that observations reported in the case of slags with orthosilicates,

are artefacts and interpretation of dissolution kinetics based on apparent release rates

may lead to an erroneous interpretation of the controlling mechanism. Also, as shown in

the previous section, Fe(II) oxidation-precipitation and Al precipitation also contribute

to net acid consumption. Thus, in multi-element systems such as slag, rates evaluated by

maintaining a constant pH may not be the true rate observed at that pH.

5.4 Impurity removal

Batch dissolution experiments conducted for 60 min (see inset of Figure 5.15) showed

that end pH remains stable in the range of 5–6 for cases where H/S was greater than

2.4 mmol/g. The H/S of 2.4 mmol/g corresponds to just 20% of the stoichiometric

requirement of acid for complete metal extraction. Here, we observe the inability of

residual alkalinity present in the steel slag, which is 80% of the initial amount, to spontaneously

increase the slurry pH in this time. However, extending the dissolution time to 24 hours

reveals a second period of spontaneous increase in pH after a plateau (Figure 5.15). Figure

5.16 shows the pH-time profile compared with the time course of iron extraction. As seen

in this figure, the second phase of pH increase occurs after complete precipitation of

iron in the solution. Based on leaching chemistry described in Sections 4.3.3 and 4.3.4
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Figure 5.15: Experimental pH data observed during 24 hour leaching experiments. Inset
shows the slurry pH evolution for first 60 minutes of dissolution

of Chapter 4, the pH plateau can be attributed to the Fe(II) oxidation to Fe(III) and

spontaneous precipitation of as ferrihydrite (FeOOH), as also observed during cyclic acid-

base titrations. Here, the rate of oxidation and subsequent precipitation appears to be

limited by the rate of leaching of calcium and magnesium, whose dissolution controls the

hydroxyl ion generation in the slurry.

For production of high purity PCC, it is necessary to reduce the [Fe(II)] either by

oxidation and precipitation as Fe(III) hydroxide or to inhibit the dissolution of Fe(II). In

subsequent Sections 5.4.2 and 5.4.3, induced precipitation and dissolution inhibition of

iron by additives are investigated.

5.4.1 pH plateau

5.4.2 Addition of base for pH-swing

Teir et al. (2007) reported a low leachate pH at the end of the dissolution step for slag

in acetic acid. However, the reason for the same was not commented upon in the study.

These authors subsequently adopted the addition of NaOH to increase the pH, which
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Figure 5.16: Correlation between Fe precipitation and slurry pH change

is required for carbon dioxide absorption and carbonate precipitation. Similarly, the

addition of NaOH to increase the slurry pH has been investigated. Figure 5.17 shows the

results. As shown in Figure 5.17B, iron was observed to spontaneously precipitate with

the addition of NaOH, which corroborates the observation that the rate of iron oxidation

is limited by hydroxyl concentration. However, the addition of NaOH was found to reduce

the concentration of Ca and Mg in the leachate, reducing the overall extraction efficiency.

This shows that addition of NaOH not only results in an additional cost, but also in a

penalty on calcium extraction. Further, the addition of sodium hydroxide resulted in

spontaneous gelation of silica that made filtration difficult. Based on these findings, it

can be concluded that the addition of sodium hydroxide results in many drawbacks both

in terms of energy efficiency and operational efficiency.

5.4.3 Inhibition of Fe leaching using chemical additives

As an alternative to pH-swing to remove iron impurity, we explored the possibility of

reducing the iron leaching from the slag by surface complexation by sodium molybdate.

Molybdate ion is a known deterrent of iron oxides dissolution and widely applied in

corrosion studies (Armour and Robitaille, 1979; Huang et al., 2012). It is understood

that the pHZPC (pH corresponding to zero surface charge) of iron molybdate complex is

lower than that of iron oxide(Tian et al., 2011); lowering the difference between slurry pH

and pHZPC reduces the surface concentration of H+, which lowers the rate of dissolution
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Figure 5.17: Effect of addition of NaOH into slag slurry after 60 minutes of dissolution
in HNO3 for pH-swing on (A) Ca, (B) Fe, (C) Si, and (D) pH (H/S: 3.6 mmol/g, L/S:
83.6 ml/g, PS: 150–212µm)
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Figure 5.18: (A) Molybdenum adsorption and desorption by slag and evolution of pH (B)
Fe leaching with and without sodium molybdate addition in HNO3 (H/S: 7.2 mmol/g,
L/S: 87.2 ml/g, PS: 150–212µm). Inset shows dissolution data for short time period.

of oxides. As shown in Figure 5.18B, the addition of sodium molybdate resulted in only

2% Fe leaching as compared to 20% without the additive. Figure 5.19 shows the effect of

molybdate addition on the leaching of Ca and Mg; a decrease is observed in Mg leaching

(as in the case of Fe) while Ca release increased marginally after 90 minutes. Consequently,

there is a significant improvement in calcium selectivity (0.97 compared to 0.75 without

additive after 60 min of dissolution) and a marginal improvement in calcium extraction

efficiency. An increase in calcium leaching (after 90 min of dissolution) can be attributed

to the reversal of molybdate condensation (below reactions) which releases H+ ions into

the solution (Strickland, 1952) in the pH range of 4–5 (determined by potentiometric

titration).

4 MoO4
2– + 6 H+ ←−→ Mo4O13

–2 + 3 H2O

5 MoO4
2– + 4 Mo4O13

–2 ←−→ 3 Mo7O24
6–

The effect of molybdate addition on pH variation is shown in Figure 5.20, for two

size fractions. A spontaneous increase in pH, more than in the absence of molybdate, is

seen for both sizes. These results show that molybdate addition is a promising approach,

which can also reduce the cost of pulverizing the slag to fine fractions. The evolution of

molybdate concentration in a batch reaction is shown in Figure 5.18A. This figure shows

that an increase in pH results in desorption of molybdate ions from the surface into the
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aqueous solution, which makes it possible to recover and recycle the same. Similar decrease

in molybdate adsorption with an increase in pH has been previously reported(Huang

et al., 2012). Unlike widely adopted sodium hydroxide addition, here it is possible to

spontaneously recover the additive for recycling.
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Figure 5.19: Effect of addition of sodium molybdate on leaching characteritsics of (A) Ca,
(B) Si, and (C) Mg in HNO3 (H/S: 7.2 mmol/g, L/S: 87.2 ml/g, PS: 150–212µm)

5.5 Summary

Experimental investigation was carried out to understand the influence of operating

parameters such as acid-to-solid ratio, solid loading, particle size, ionic strength, and

temperature on calcium leaching characteristics. Following observations and conclusions

were made from the study:
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Figure 5.20: Effect of sodium molybdate addition on pH in the case of (A) PS: 150–212µm
(B) PS: <45µm in HNO3 (H/S: 7.2 mmol/g, L/S: 87.2 ml/g)

• In general, slag dissolution behaviour was found to be similar in the case of nitric

acid and acetic acid.

• The selectivity of calcium was found to decrease with the depth of calcium leaching,

while the influence of acid concentration and solution chemistry was found to be

insignificant. It is hypothesised that sporulation model can explain this phenomenon.

• Slow oxidation and precipitation of Fe(II), possibly limited by [OH– ] concentration,

resulted in pH plateau. Addition of base to accelerate the precipitation led to

loss of calcium. Instead, addition of sodium molybdate during dissolution step

substantially reduced Fe and Mg leaching and improved the calcium selectivity.

• The influence of temperature, ionic strength were found to be insignificant, while

acid concentration and surface area evolution were found to be the main independent

parameters which influence dissolution kinetics.

• Preliminary kinetic analysis suggested that the rate of calcium dissolution and acid

uptake can be modelled using proton-promoted mechanism.
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Chapter 6

PCC production via pressure-swing carbonation

6.1 Background

Among various PCC generating processes, carbon dioxide pressure-swing technique proposed

by Iizuka et al. (2004) appears to be promising as it does not involve use of any acids

or bases except carbon dioxide gas. Pressure-swing carbonation has been devised to take

advantage of the increase in calcium carbonate solubility at high CO2 partial pressure.

The dissolution stage of the process involves leaching of Ca in aqueous solution under

high-pressure of carbon dioxide. Post dissolution, Ca rich aqueous solution is filtered and

precipitated at low partial pressure of CO2. Studies on waste cement (Iizuka et al., 2004;

Katsuyama et al., 2005), showed potential for high Ca extraction rate and Ca extraction

efficiency. The purity of calcium carbonate, however, was found to be 80% in unseeded

precipitation; synthesis of high-purity (98 wt%) PCC required a large amount (2.5 wt%)

of calcium carbonate seed material, an amount which is comparable to the expected

precipitate weight. The nature of impurities and influence of dissolution conditions on

carbonate characteristics have also not been reported. Further, in the case of Ca extraction

from waste cement, the process required either high water volume (liquid-to-solid ratio of

350 ml/g) or large recycle of residual waste cement at a low liquid-to-solid ratio (L/S of

40 ml/g), which resulted in a significant process cost(Katsuyama et al., 2005).

In terms of the mechanisms involved, multi-oxide/silicates dissolution and carbonate

precipitation under CO2 pressure appears to be complex and not clearly understood. For

instance, precipitation of carbonate and silica preferentially occur on the surface of the

slag (Huijgen et al., 2005) leading to speculation about surface passivation. However,

such passivation has not been conclusively established (Daval et al., 2009a). Iizuka
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et al. (2004) reported supersaturation of calcium during the dissolution step. However,

reasons for the same are not clear. Calcium extraction beyond calcite solubility limit can

significantly reduce the water volume required for complete calcium extraction, an aspect

which has not yet been explored. Also, some direct mineral carbonation experiments

(Huijgen et al., 2005; Fernández Bertos et al., 2004a; Ukwattage et al., 2013) showed

better overall conversion at very low liquid-to-solid ratios, which was deduced as an

enhancement in Ca dissolution efficiency. However, these studies are in contradiction to a

few other studies (Iizuka et al., 2004; Ukwattage et al., 2017) where better Ca dissolution

efficiency was obtained at high L/S. To a large extent, the problem of not being able to

understand the dissolution and precipitation mechanisms is due to limited data (Marini,

2006), inconsistency in methodology and incomplete evidence. In most high-pressure

mineral dissolution and carbonation studies, researchers relied upon either inductively

coupled plasma (ICP) analysis of filtered liquid samples or carbonate quantification of

solid samples obtained after de-pressurisation of the system to interpret the kinetics. It

must be noted that precipitation of carbonate is spontaneous when the system is de-

pressurised and estimated carbonate content in the residues after filtration and drying

does not therefore reflect the true process efficiency. Thus, it is impossible to resolve true

rate of dissolution from apparent rates without the knowledge of in situ carbonation. In

addition to these shortcomings in existing data, there are specific complexities arising

due to the nature of feedstock. For instance, in the case of mineral carbonation of steel

slag, the influence of Mg and Fe which can potentially influence carbonate morphology

(Rodriguez-Blanco et al., 2012; Reddy and Nancollas, 1976; Chen et al., 2006a) and form

secondary precipitates are yet to be explored.

This chapter attempts to address the above-mentioned gaps in experimentation and

determine true calcium dissolution rate. High-pressure batch dissolution experiments

have been carried out in a closed system after eliminating CO2 mass transfer limitations.

Calcium leaching characteristics from steel slag under CO2 pressure have been studied

to probe surface passivation and its influence on dissolution kinetics. The study further

attempts to understand the mechanism behind calcium supersaturation and the possibility

to reduce the water requirement. To investigate these aspects, dissolution experiments

were performed at moderate CO2 pressure, temperature and liquid-to-solid ratio (0.6–1.25

MPa, 25–60 ◦C, and 50–100 ml/g, respectively) using fine (<75 µm) and coarse particle
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size fractions (90–125 µm, and 212–355 µm) of the steel slag. A study has also been carried

out on carbonate precipitation characteristics at atmospheric pressure by pressure-swing

and PCC characterisation to determine the PCC purity and overall calcium conversion.

6.2 Methodology of the study

The present methodology involves the use of a closed system to study the existence and

extent of calcium supersaturation in the liquid and surface passivation of slag particles

by calcium carbonate precipitation. The rationale behind the choice of a closed system

is to follow CO2 pressure change with time, in addition to the elemental concentration

in the aqueous solution by ICP analysis. As shown below, based on these measurements

in a closed system, wherein CO2 moles, gas phase volume, and temperature are constant

(constant NVT), it is possible to determine the state of solution (pH, supersaturation).

This is based on a calculation, from the experimental data, of the moles of CO2 fixed as

bicarbonate and carbonate per unit mole change of M+2 ions in solution (∆Cs/∆[M ]).

Relations between ∆Cs/∆[M ] and solution state are obtained using an overall carbon

balance (equation given below) and the condition that the aqueous solution is saturated

with CO2.

[CO2]tot =
PCO2VG
RTVL

+ [CO2]aq + [HCO3
−] + [CO3

−2] (6.1)

where [CO2]tot is the total moles of CO2 per unit liquid volume (VL), PCO2 is the CO2

partial pressure, [CO2]aq is the concentration of undissociated CO2 absorbed in the liquid

(H2CO3 is usually negligible under these conditions), VG is the volume of gas, R is the

universal gas constant.

Under CO2 saturated conditions (using Henry’s law [CO2]aq = kH×PCO2), the change

in the concentration of CO2 fixed as carbonate and bicarbonate in aqueous solution is,

from Equation 6.1,

∆Cs = ∆([HCO3
−] + [CO3

−2]) = −∆PCO2

( VG
RTVL

+ kH

)
(6.2)

Table 6.1 shows the reactions involved. Based on the reaction chemistry and charge

balance equation, depending on the solution state, different conditions for ∆Cs/∆[M ]
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Table 6.1: Reaction chemistry of slag-CO2-H2O system
Step Reactions

CO2 absorption & speciation CO2(g)
kH←−→ CO2(aq)

CO2(aq) + H2O
Ka0−−−→←−−− H2CO3

H2CO3
Ka1−−−→←−−− HCO3

– + H+

HCO3
Ka2−−−→←−−− CO3

–2 + H+

Slag dissolution C3S + H2O −−→ C2S + Ca(OH)2

C2S + 4 H+ −−→ 2 Ca+2 + H4SiO4

MgO + 2 H+ −−→ Mg+2 + H2O
FeO + 2 H+ −−→ Fe+2 + H2O

Overall dissolution C2S + 4 H2CO3 −−→ 2 Ca+2 + 4 HCO3
– + H4SiO4

PCC precipitation Ca+2 + CO3
–2 −−→ CaCO3

Charge balance 2 M+2 + H+ + MHCO3
+ – OH– – HCO3

– – 2 CO3
–2 ––0

[M+2]=[Ca+2]+[Mg+2]+[Fe+2]; PCC: Precipitated calcium carbonate

exist (as shown below). Based on the saturation state of solution, these conditions are

categorised into two cases.

Case I: Ionic activity product (IAP) less than solubility product (Ksp) for CaCO3

During the dissolution step (under acidic and circumneutral pH conditions, where

[CO3
–2] � [HCO3

– ]),

∆Cs/∆[M] ≈ 2 (6.3)

On the other hand, when dissolution takes place in mildly basic environment (8 < pH <

10) where [CO3
–2] and [HCO3

– ] are comparable,

1 < ∆Cs/∆[M] < 2 (6.4)

In the case of dissolution in very basic conditions (pH>10) where [CO3
–2] � [HCO3

– ],

∆Cs/∆[M] ≈ 1 (6.5)

Case II: IAP greater than Ksp for CaCO3 Here, three possibilities exist—(a) the solution

may remain supersaturated with respect to CaCO3, or (b) the supersaturation may be

discharged as precipitate that remains suspended and does not show up in the liquid

samples, or (c) the supersaturation is discharged as a colloidal precipitate that passes

through the sampling filter and shows up in the liquid sample. These cases may be

distinguished by defining ∆C ′s, the moles of CO2 consumed to dissolve Ca+2 ions into the
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solution1, as Equation 6.6.

∆C ′s = ∆Cs − 2×∆[Mg] (6.6)

(a) In the case of acidic pH (Equation 6.3) and true solution supersaturated with respect

to CaCO3, we have,

∆C ′s/∆[Ca] ≈ 2 (6.7)

(b) In the case where supersaturation is discharged as a CaCO3 precipitate and the

precipitate is not passed into the liquid sample (precipitate size > filter pore size),

∆[Ca] ≤ 0 (6.8)

(c) In the case where CaCO3 precipitate exists in colloidal form, which passes through

sampling filter and dissolves upon acidification of the sample2, if calcium dissolution rate

from the slag is negligible,

∆[Ca] = 0 (6.9)

On the other hand, when calcium dissolution and CaCO3 precipitation rates are comparable,

1 < ∆C ′s/∆[Ca] < 2 (6.10)

Thus, by measuring the ∆PCO2 under CO2 saturated condition, it is possible to distinguish

Ca dissolution reaction from carbonate precipitation reaction, and a true supersaturated

solution from colloidal precipitate.

Though the above methodology is limited by the sensitivity of pressure loss measurement

and ability to maintain the system at constant temperature, the concept is useful to gain

insights into various regimes of dissolution and precipitation. A detailed discussion on

such limitations and numerical methods to overcome them are presented in the results

and discussion section 6.4.

1In the current study, the reaction slurry is undersaturated with respect to MgCO3 and Fe+2 leaching
is negligible at the operating CO2 pressure

2standard practice to store the sample for ICP analysis
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6.3 Elimination of gas-liquid mass transfer limitation

To understand the rate of CO2 absorption in the autoclave, absorption experiments were

performed in a closed system (Figure 3.2) with 250 ml of distilled water and 350 ml of

gas volume at 25 ◦C. As described in experimental section, experiment was stopped when

CO2 pressure remained constant. Since, the absorption is performed in a constant NVT

and variable pressure system, the following equation is used to determine mass transfer

coefficient (kLa),
d[CO2]aq

dt
= kLa× ([CO2]∗ − [CO2]aq) (6.11)

where, [CO2]∗ is the saturation concentration of CO2 (at gas-liquid interface) and [CO2]aq

is the concentration of CO2 in the bulk liquid.

Using Equation 6.1, Henry’s law ([CO2]∗ = kH × PCO2), and neglecting [HCO3
−] +

[CO3
−2] which is � [CO2]aq under CO2 pressure greater than 1 bar in distilled water,

following equation was arrived at.

dPCO2

dt
=
−VG
VLRT

× kLa×
(
kHPCO2 − [CO2]tot +

PCO2VG
RTVL

)
(6.12)

Integrating the above equation, we get

χ(T, PCO2 , [CO2]total) = −kLa× t+ C (6.13)

where C is a constant, and

χ(T, PCO2 , [CO2]total) =
ln
{(
kH + VG

RTVL

)
× PCO2 − [CO2]total

}
(
kHRTVL

VG
+ 1
)

Using Equation 6.13, mass transfer coefficient (kLa) is estimated as the slope of linear

fit as illustrated in Fig. 6.1B.

Absorption experiments showed that the time required to reach constant pressure

(CO2 saturation time) with the existing reactor configuration was about 25 min (Fig.

6.1A). Since this time was comparable to the estimated dissolution time of 1–2 hours

Iizuka et al. (2004); Huijgen et al. (2005), it was anticipated that external mass transfer

limitations would be influencing the reaction rate. To overcome the problem, the reactor
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Figure 6.1: (A) Drop in reactor pressure during absorption in distilled water without (©)
and with (4) stirrer modification, and (B) corresponding kLa estimation.

stirrer was modified to act like a self-inducing impeller. As demonstrated in Fig.6.1, mass

transfer coefficient improved by an order of magnitude from 1.45 ± 0.07 × 10−3s−1 to

1.50 ± 0.01 × 10−2s−1, reducing the saturation time to three minutes. Pressure data in

slag carbonation experiments (to be discussed later) showed that the fall in pressure in

the post saturation phase was much more gradual than in the initial saturation phase.

Thus, it can be stated that the rate of CO2 absorption is much faster than slag dissolution

reactions and does not influence the dissolution kinetics.

6.4 Temperature sensitivity of pressure loss measurement

In a closed system, reactor pressure is expected to be influenced by fluctuation in reactor

temperature, mainly due to changes in CO2 solubility, and in turn influence the pressure

loss measurements. An analysis has therefore been carried out to understand the influence

of temperature fluctuations on observed reactor pressure.

A total CO2 balance in the slag carbonation system with solid phase gives,

[CO2]total =
PCO2VG
RTVL

+ [CO2]aq + [HCO3
−] + [CO3

−2] + [CaCO3] (6.14)

In pure water, under CO2 pressure, concentration of [HCO3
−] and [CO3

−2] are insignificant
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compared to [CO2]aq. On the other hand, in the case of slag carbonation, concentration of

these species is strongly dependent on concentration of metal ions (for charge balance) and

expected to show negligible influence with small temperature changes. Hence, Equation

6.15 can be used for further analysis under saturated conditions, where [CO2]aq can be

described by Henry’s law.

PCO2VG
RTVL

+ kH × PCO2 = nCO2(P, T ) (6.15)

where, kH = 0.035× e2400×( 1
T
− 1

298.15
)mol/L/bar (Sander, 2015).

Differentiating the above equation with respect to P and T; we get, dnCO2 = 0 and,

( VG
RTVL

+ kH

)
× ∆PCO2

PCO2

−
( VG
RT 2VL

+ kH ×
2400

T 2

)
×∆T = 0 (6.16)

Equation 6.16 is rearranged as follows to estimate the changes in reactor pressure due

to a small magnitude of change in reactor temperature,

∆PCO2 =
( VG
RT 2VL

+ kH ×
2400

T 2

)( VG
RTVL

+ kH

)−1

× PCO2 ×∆T (6.17)

Under typical experimental conditions of VG =0.35 L, VL = 0.25 L, T = 298.5 K and

P(CO2) =800 kPa, a change in 1 ◦C of reaction temperature influences pressure measurement

by ∼ 10 kPa (Fig. 6.2A). Though this temperature change induced error in pressure is

insignificant when compared to the total reactor pressure, it is large enough to introduce

noise in reaction induced pressure loss estimates. Ideally, temperature fluctuation less

than 0.1 ◦C is desired to contain errors in pressure measurement to less than 1 kPa.

However, reactor used for the current study is electrically heated and PID controller

often resulted in fluctuations of about 1–2 ◦C due to reaction exothermicity and changes

in cooling water temperature. As the observed accuracy in pressure loss measurement is

lower than the desired value, recorded pressure was corrected based on the temperature

changes using Equation 6.17. Changes in reactor pressure observed with a change in

reactor temperature in a closed system were experimentally determined at typical experimental

conditions of VG =0.35 L, VL = 0.25 L, T = 2981.5 K and P(CO2) =885 kPa and compared
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Figure 6.2: (A) Sensitivity of pressure with temperature change during CO2 absorption
in distilled water at 25 ◦C; (B) Typical temperature fluctuation during slag carbonation
experiment, and (C) fluctuations in corresponding pressure loss measurement during slag
dissolution and the numerically corrected response using Equation 6.17
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with the predictions of Equation 6.17. As shown in Fig. 6.2A, corrections in pressure

predicted by Equation 6.17 are in excellent match with experimental observations. Further,

as shown in Fig. 6.2B and 6.2C, corrections using Equation 6.17 significantly reduced the

noise in pressure loss measurements, which allowed to accurately determine the relation

between ∆Cs and ∆[M ].

6.5 Calcium leaching characteristics from slag — parametric

study

A parametric study was conducted to understand the influence of various operating

parameters such as liquid-to-solid ratio, particle size, temperature and carbon dioxide

pressure on dissolution characteristics of slag. Based on these results, an attempt has

been made to identify optimal conditions for mineral carbonation.

6.5.1 Effect of liquid-to-solid ratio

Influence of liquid-to-solid ratio (L/S) on extent of calcium dissolution was studied in the

range of 50–100 ml/g using < 75 µm particles at 25 ◦C and initial CO2 pressure of 12.4

bar. In these experiments, slag weight was varied while keeping water volume constant to

obtain desired L/S ratio. This procedure was chosen over other option to vary the liquid

volume since the gas-liquid interfacial area is nearly constant in this procedure, and hence

the gas-liquid mass transfer rate. As shown in Fig. 6.3A, rate of CO2 pressure loss was

found to increase with an increase in solid loading suggesting that rate of CO2 absorption

is not limiting the dissolution. As shown in Fig. 6.3B, increasing solid loading (low

L/S ratio) resulted in higher initial rates of Ca release and higher final concentration of

dissolved calcium. As shown in Figure 6.4, initial calcium release rates are proportional to

the mass of slag (also surface area). As dissolution proceeds, Ca release rate per unit mass

of slag at L/S of 50 ml/g decelerated faster compared to L/S of 100 ml/g, understandably

due to lower CO2 pressure in the reactor and higher alkalinity of the solution which reduce

rate of leaching. Consequently, %Ca dissolved from slag reduced from 57.1% to 40.2%

(after 120 min of dissolution) as L/S ratio was lowered from 100 to 50 ml/g.

The current experimental observations on the influence of L/S on calcium dissolution
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Figure 6.3: Effect of liquid-to-solid ratio (T=25 ◦C, PS=< 75 µm, PCO2,intial=12.4 bar)
on (A) pressure loss during dissolution step (B) Ca leaching characteristics, and (C) Mg
leaching characteristics
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Figure 6.4: Effect of slag loading on initial calcium release rate
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rates are in contrast with the previously reported works. For instance, Huijgen et al.

(2005) reported that the overall calcium carbonate yield monotonically increased with a

decrease in liquid-to-solid ratio. It was hypothesised that ionic strength improved the

dissolution of Ca. Also, some works (Fernández Bertos et al., 2004a; Ukwattage et al.,

2013) reported presence of an optimal L/S ratio for unstirred systems and rather weakly

stirred system(Tamilselvi Dananjayan et al., 2015). These works hypothesised that too

much of water hindered CO2 permeability into the material. Together, these hypotheses

that dissolution step accelerates when L/S is reduced contradict current experimental

results and those reported by a few others(Iizuka et al., 2004). Further, all these works

determined extent of carbonation by measuring the weight gain of the carbonated residue

which does not provide direct insights into Ca dissolution characteristics. Possible reasons

for these contradicting observations are i) varying liquid volume reduced the liquid surface-

area-to-volume ratio which in turn reduces gas-liquid absorption rates, and ii) incomplete

carbonation precipitation at higher L/S ratio (due to low supersaturation) leading to

low overall efficiency. Under CO2 saturated conditions, it is clear from the current

experimental observations that higher L/S improves the calcium extraction efficiency.

Similar to Ca leaching behaviour, initial rate of Mg dissolution was observed to

proportionally increase with increasing mass of slag owing to higher surface area (Fig.

6.3C). However, the deceleration in dissolution of Mg with progression of leaching at low

L/S ratio is comparatively lower than that of Ca. This resulted in a marginal increase in

Mg/Ca ratio from 0.11 to 0.14 when L/S was varied from 100 to 50 ml/g.

The influence of L/S on Si dissolution characteristics is very similar to Ca dissolution

behaviour. As shown in Fig. 6.5A, a stoichiometric relation exists between temporal

evolution of dissolved Si and Ca. This can be explained by the mineralogy of the slag

where extractable Ca and Si are present in dicalcium silicate and tricalcium silicate phases

(calcium present in dicalcium ferrite phase is not susceptible for leaching(Bodor et al.,

2013)). These phases belong to orthosilicate group containing no bridging oxygen (Si–O–

Si) and dissolution is expected to occur in two-steps where, breaking of Ca–O bonds is

followed by liberation of SiO4 tetrahedra without any need to break Si–O bond(Marini,

2006). The overall dissolution step from calcium silicate phase present in the slag can be

considered as follows with soluble silica (present as silicic acid) as a stable intermediate

which is further expected to undergo polymerization to form silica particles.
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Figure 6.5: (A) Relative dissolution of calcium and silicon; (B) Effect of L/S on Si release

In all three cases, Si concentration reached a plateau within the two-hour period of

dissolution time (Fig. 6.5B). And, maximum Si concentration (18 mmol/L) was significantly

higher than its expected solubility (1.9 mmol/L) under prevailing reaction conditions.

Given the extremely high apparent supersaturation, it is highly likely that silica exists

as colloidal particles of size less than 0.2µm (filter pore size) instead of a true solution.

Under the prevailing pH (4–6), nano-colloid silica demonstrates uncharacteristic stability

with a lifetime ranging from few hours to days(Conrad et al., 2007). This behaviour

is expected due to strong repulsion among nano-colloid silica particle due to negative

surface charge. However, increase in ionic strength(Gorrepati et al., 2010) and presence

of divalent cations(Crerar et al., 1981) could accelerate the growth of particles, possibly

due to reduction or cancellation of negative surface charge (Belton et al., 2012). As

observed by Iler (1975), a critical concentration calcium ion concentration is necessary for

coagulation of colloidal silica where critical concentration is higher for smaller colloidal

silica particles. Thus, silica precipitation is induced with further Ca dissolution as shown

in Fig. 6.5B. As the slag loading was increased, understandably, the rate of Si precipitation

increased because of higher Ca concentration in the solution.

From the current investigation, it may thus be concluded that higher L/S is desirable

for maximum utility of calcium in the slag. Further, slower polymerisation of silica at

high L/S allows easy filtration as polymerised silica from orthosilicates is gelatinous and
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Figure 6.6: Effect of CO2 pressure (T=25 ◦C, PS=< 75 µm, L/S = 100 ml/g) on (A) Ca
leaching characteristics, (B) Mg leaching characteristics, and (C) on pressure loss during
dissolution step

makes filtration difficult(Terry, 1983b).

6.5.2 Effect of CO2 pressure

The influence of carbon dioxide pressure on Ca dissolution characteristics was studied

by varying the initial reactor pressure (CO2 partial pressure) from 6 to 12.4 bar using

< 75 µm particles at 25 ◦C and L/S of 100 ml/g. As shown in Fig. 6.6, an increase

in the initial CO2 pressure resulted in a higher extent of Ca dissolution at the end of

120 min. In both the regimes where CO2 is under-saturated (<3 min) and saturated

(>3 min), increasing pressure showed a positive influence on the rate of Ca dissolution.

The influence of pressure on Ca dissolution rate is estimated to be higher in the first

three minutes of dissolution compared to that in the CO2 saturated region. This can

be attributed to rapid rate of acidification of slurry under higher CO2 pressure. On the

other hand, in the CO2 saturated regime, enhancement at higher CO2 pressure can be

attributed to a smaller change in pH as compared to lower CO2 pressure. CO2 pressure has

a similar influence on Mg leaching. An increase in pressure led to a marginal increase in

the net CO2 pressure loss indicating a higher rate of overall elemental dissolution (Figure

6.6). Overall, CO2 partial pressure has a positive and noticeable influence on mineral

dissolution kinetics.
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6.5.3 Effect of particle size

Effect of particle size on Ca release and Mg release was studied using < 75 µm, 90–125 µm

and 212–355 µm at L/S of 100 ml/g, 25 ◦C and 12.41 bar of initial CO2 pressure. As shown

in Fig. 6.7, Ca and Mg elemental release showed a parabolic trend for both fine and coarse

particles in the first 10 min of dissolution. However, beyond 10 min of dissolution time,

the rate of dissolution was observed to be constant for coarser particles while the finer

particles continued to exhibit parabolic concentration profile. In fact, coarser particles

(90–125µm) continued to exhibit the linear concentration profile even when reaction time

was extended up to 240 min. The difference, however, does not appear to have origins in

non-homogeneity of sample or changes in reaction chemistry as ratios of release of elements

(Ca/Si and Ca/Mg) remained same for both cases. It is likely that the parabolic trend

prevalent in the finer particle-size fraction (<75µm) is due to the presence of ultra-fine

particles and broader particle-size distribution in the sample(Holdren and Berner, 1979),

wherein high initial rate corresponds to rapid dissolution of ultra-fine particles and the

progressive change to coarser particle-size distribution reduces the dissolution rate.

Surface passivation by Si rich layer or precipitated calcium carbonate layer has been

widely suspected as the reason for the reduction in overall Ca leaching/carbonation

efficiency when particle size is increased (Huijgen et al., 2005; Lekakh et al., 2008a).

Extended dissolution experiments with 90–125µm particles for 240 min showed that Ca

extraction efficiency can reach as high as finer particles without showing any sign of

surface passivation. These results suggest that high Ca extraction efficiency from coarser

particles can be achieved, which can bring down the need for energy-intensive particle-size

reduction.

6.5.4 Effect of temperature

The effect of temperature on dissolution kinetics was studied at 100 ml/g of L/S and

initial CO2 pressure of 12.4 bar using <75µm particles. As shown in Fig. 6.8A, the overall

extent of calcium dissolution was observed to decrease with an increase in temperature.

During the initial stage of dissolution (at 3 min), Ca extraction efficiency is higher at

25 ◦C. This observation is consistent with the finding that the rate of CO2 absorption

in water reduces with an increase in temperature (Ĺıvanský, 1982). After 3 minutes of
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Figure 6.7: Effect of particle size (T=25 ◦C, L/S=100 ml/g, PCO2,intial=12.4 bar) on
(A) Ca leaching characteristics, (B) Mg leaching characteristics, and (C) on pressure loss
during dissolution step

dissolution, the net rate of Ca dissolution marginally increased when temperature was

increased from 25 to 40 ◦C. It is to be noted that [CO2] in the solution is lower at 40 ◦C

owing to lower solubility and a negative influence on Ca dissolution kinetics is expected

based on observations at lower CO2 partial pressure. Thus, a net marginal increase in

Ca dissolution rate reflects a considerable influence of temperature which overwhelmed

the effect of lower CO2 concentration. This is a consequence of positive influence of

temperature on mass transfer or surface reaction rates. However, increase in temperature

strongly influenced CaCO3 solubility in the solution and led to precipitation after 60 min

when the dissolution was carried out at 60 ◦C.

As shown in Fig. 6.8B, temperature has only a marginal influence on dissolution of

Mg. It appears that the rate of Mg dissolution increases with an increase in temperature,

however, due to very small changes and low concentration it could not be clearly resolved.

The drop in reaction pressure, which is shown in Fig. 6.8C, was found to be higher at

25 ◦C as compared to higher temperatures; this is due to higher overall extraction of

calcium at low temperature. Thus, in view of complete extraction of Ca from slag, lower

temperature appears to be optimal for mineral carbonation through pressure-swing route.

6.6 Supersaturation of calcite

Iizuka et al. (2004) reported up to three times supersaturation of calcium in dissolution
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Figure 6.8: Effect of temperature ( PS=< 75 µm, L/S = 100 ml/g, PCO2,intial=12.4 bar)
on (A) Ca leaching characteristics, (B) Mg leaching characteristics, and (C) on pressure
loss during dissolution step

Table 6.2: Estimation of saturation indices for CaCO3 polymorphs
Experimental
Condition

[Ca]total [Mg]total PCO2 pH [Ca+2] [CO3
–2]

[Ca+2]

[CO3−2]
IAP ΩCA ΩAR ΩV A ΩACC

mM mM bar - mM mM - M2 - - - -
L/S = 100 ml/g,
120 min

43.7 5.1 8.05 5.71 31.6 4.5E-03 7022 1.7E-08 4.5 3.8 1.4 0.04

L/S = 71.4 ml/g,
120 min

51.5 6.7 7.85 5.78 36.0 6.5E-03 5538 2.6E-08 6.8 5.7 2.2 0.07

L/S= 50 ml/g,
120 min

61.5 8.6 7.38 5.88 41.2 9.9E-03 4162 4.2E-08 10.9 9.2 3.5 0.11

T=60 ◦C, 60 min† 31.4 4.5 9.31 5.82 22.9 6.3E-03 3635 1.8E-08 9.4 7.1 3.0 0.15

IAP: Ionic activity product; Ω: saturation index (IAP/Ksp); CA: Calcite; AR: Aragonite; VA:Vaterite; ACC: amorphous calcium carbonate;

† Precipitation was noticed during dissolution; Ksp values for various polymorphs reported by Brečević and Nielsen (1989) were used; Davies

equation(Brečević and Nielsen, 1989) was used for estimation of activity coefficient for ionic species

experiments with waste cement. As shown in Table 6.2, similar observations were made

in the current study where all the fine particle experiments, depending on the L/S ratio,

showed an ionic activity product (IAP) 4–10 times higher than the solubility product

of calcite. Since such an observation has implications to obtain high Ca dissolution at

lower CO2 (reaction) pressure than thermodynamically predicted, it is worth exploring the

reasons for the same. Further, understanding reasons for the observed remarkable solution

stability for long time periods can pave the way for complete extraction of calcium without

surface passivation posing a limitation as posited by many researchers. Also, even if the

apparent supersaturation is due to colloidal nature of precipitated calcium carbonate

formed in solution (which pass through a syringe filter during sampling), it is worth

understanding the reason behind nucleation in bulk solution so that surface precipitation

can be avoided.

Firstly, to determine if the apparent supersaturation is a true solution or a colloidal
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Figure 6.9: Total concentration of metal ions in super saturated solutions - measured
(solid symbols) and predicted (open symbols) assuming true solution (∆[M ] = ∆CS/2)

suspension, the moles of CO2 consumed per mole of metal ions released into the solution

is estimated. Theoretical formulation based on which solution status could be interpreted

is presented in section 6.2. Since the observed supersaturation levels are as high as 4–10

times ([Ca]total−[Ca]saturated > 20 mM), sensitivity of pressure loss measurement was found

to be suitable to distinguish a true solution from a saturated colloidal suspension. For

all the datasets where supersaturation was evident (Ωcalcite > 1) and Ca concentration

was monotonously increasing, an excellent prediction of total metal ions concentration

could be made from pressure loss data when the ratio of CO2 moles consumed per moles

of metal ions was assumed as 2 (Fig. 6.9). This shows that the solution is a true

solution and disproves formation of any measurable colloidal precipitation or formation

of non-recoverable precipitate. Further, in the case of coarse particle size (90–125 µm)

experiment, where rapid filtration was possible to avoid further CaCO3 precipitation on

residual slag after reactor de-pressurisation, the thermogravimetric analysis (TGA) on

slag residue obtained after 240 min dissolution (Ωcalcite = 4.5) showed insignificant weight

loss corresponding to carbonate decomposition (Figure 6.10). This corroborates that there

is no precipitation of calcium carbonate on the slag surface during dissolution stage.

High supersaturation compared to calcite appears to be a consequence of calcite

precipitation being kinetically unfavourable compared to other less-stable polymorphs

such as amorphous calcium carbonate (ACC) or vaterite which subsequently transform
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Figure 6.10: Thermogravimetric analysis (TGA) curve for slag residue (90–125µm)
obtained after 240 min of dissolution (L/S = 10 mml/g, initial CO2 Pressure = 12.4 bar)

to calcite. As the more stable calcite grows, the solution becomes undersaturated with

respect to less-stable polymorphs leading to their dissolution and complete transformation

to calcite. Multiple studies (Ogino et al., 1987; Rieger et al., 2007) agree that amorphous

calcium carbonate is the preferred nucleating polymorph when the supersaturation is

sufficient to produce ACC. However, in the current study all the solutions, including

where precipitation occurred, were undersaturated with respect to ACC (Table 6.2).

Under circumstances where ACC cannot be produced, several studies (Ogino et al., 1987;

Spanos and Koutsoukos, 1998; Lakshtanov and Stipp, 2010) agree that the first formed

solid is metastable vaterite with the exception of Clarkson et al. (1992) who reported

it to be calcite when there are no calcite inhibiting species. Vaterite also appears to

be the kinetically preferred polymorph because of very high [Ca+2]/[CO3
–2] (Lakshtanov

and Stipp, 2010), a parameter which significantly affects the calcite growth rate (Larsen

et al., 2010). Also, condensation of supersaturated silica (>10 mM) on carbonate particles

especially under acidic conditions can potentially stabilize the growth and transformation

of carbonate particles to calcite (Kellermeier et al., 2013). Though it is difficult to precisely

conclude the reason for the remarkable stability of supersaturated solution, low pH and

very high [Ca+2]/[CO3
–2] appear to be important factors.
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6.7 Surface passivation

Several previous works (Huijgen et al., 2005; Lekakh et al., 2008a) reported passivation of

residual slag surface due to precipitation of silica and calcium carbonate. In the current

study calcium carbonate precipitated during dissolution step only at high temperature

and very high supersaturation. Accordingly, as shown in Figure 6.11A, no calcium

carbonate precipitate was observed on the surface where supersaturated aqueous solution

was determined to be a true solution. Thus, it can be concluded that calcium carbonate

does not passivate the surface under current experimental conditions. As reported in

Section 6.5.1, Si releases as monomeric units of silica and does not polymerise even at

high supersaturation. For instance, in the case of coarse particle dissolution, Si was found

to remain stable in solution for 240 minutes of dissolution time. Overall, about 57% of the

calcium could be extracted from fine and coarse particles in 120 minutes and 240 minutes,

respectively, without any sign of surface passivation.

In the case where precipitation occurred (60 ◦C), as shown in Figure 6.11B, micron-

sized calcite crystals were observed as agglomerates along with silica, with the slag surface

still being exposed. On the contrary, Huijgen et al. (2005) reported that the precipitation

was exclusively on the surface and no carbonate crystals were observed in the bulk. The

study also reported presence of silica rich layer on the surface of residual slag. Based

on the current experimental results, it appears that calcite and silica co-precipitated as

agglomerates in the bulk rather than precipitating as individual layers on the slag surface.

This may be because of the acidic slurry pH, under which conditions, calcium silicate

surface and calcite nuclei are generally expected to be positively charged and more so

because of high Ca+2/CO3
–2 ratio (> 4000) (Chibowski et al., 2003). Thus, calcite is

expected to co-precipitate with negatively charged silica. Smaller calcite crystals which

appear to partly cover the slag surface might have precipitated after depressurisation

when the saturation index increases multi-fold along with slurry pH.

Based on these results, it can be concluded that surface passivation is not significant

with steel slag as feedstock under current experimental conditions.
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Chapter 6 PCC production via pressure-swing carbonation

A B

Figure 6.11: SEM image of (A) slag residue after 240 minutes of leaching at 25 ◦C (PS:212–
355µm), and (B) slag residue after 120 minutes of leaching at 60 ◦C (PS:<75µm)

6.8 Precipitation

Unseeded precipitation of CaCO3 was carried out under atmospheric CO2 pressure using

the filtrate (through 0.2µm filter) from dissolution experiments conducted using <75µm

particles at 75 ◦C, initial pressure of 12.41 bar and varying L/S in the range of 50–100 ml/g.

A reduction in CO2 pressure from 7.38–8.05 bar to atmospheric conditions increased the

supersaturation by more than an order of magnitude (even after considering that the

solution is not completely free of dissolved CO2). After 2–5 minutes of stirring, clear

solution turned turbid which indicates the onset of precipitation. During this induction

period, a rapid increase in pH to 7.5 was noticed (Figure 6.12). This probably indicates

degassing of excess dissolved CO2. After 60 minutes of precipitation the solution pH

reached 8.45 and turbidity was completely lost with suspension of calcium carbonate

particles in clear solution. Beyond this point, solution pH continued to increase at slower

rate until it stabilized in the range of 8.5–8.6.

As shown in Figure 6.12, calcium concentration reached a plateau after rapidly decreasing

for first 30 minutes. The silicon concentration, however, continued to decrease at the

constant rate for 120 minutes. These results suggest that very high calcium recovery

as carbonate is possible, however, amount of silicon as impurity increases exponentially
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Figure 6.12: (A) Change in pH during precipitation step; (B) Change in concentration of
Ca and Si during precipitation step

with calcium recovery. The combined maximum concentration of Mg and Fe as impurity

(determined based on elemental concentrations in mother liquor) was found to be less than

1.5 wt% as magnesium carbonate and Fe(III) hydroxide. Silicon is the major secondary

constituent with a maximum concentration of 16.6 wt% as SiO2, as estimated based on

Si concentration change in mother liquor. Calcium carbonate content determined by

thermal decomposition of PCC samples up to 900 ◦C showed a weight loss of 36%, which

is equivalent to 81.5 wt% purity. This is in close agreement with the elemental analysis

where other constituents were estimated to be ∼18 wt%. Si is known to co-precipitate

as silica along with calcium carbonate without formation of silicate (Kitano et al., 1979).

As shown in Figure 6.13, the morphology of precipitated calcium carbonate under all

experimental conditions was found to be rhombohedral indicating calcite polymorph (also

confirmed using XRD spectra shown in Figure 6.14). Additionally, globular amorphous

phase rich in silicon was also observed in SEM-EDS analysis (Figure 6.13B). FT-IR

analysis was performed to investigate the chemical form of Si in the PCC sample. FT-IR

spectra shown in Fig. 6.15, show peaks corresponding to symmetric (794 cm−1), anti-

symmetric (1082 cm−1), and bending vibration (475 cm−1) of Si-O-Si group. Additionally,

peaks corresponding to anti-symmetric (1418 cm−1), out-plane bending (871 cm−1), and

planar bending (713 cm−1) vibrations of CO3 group were noticed. No shoulder or peaks

corresponding to Si-O-Ca which are expected at (950 cm−1)Pappas et al. (2008) were

noticed. This result suggests the absence of silicate and existence of Si as silica. Silica is

also a paper-filler with similar optical and ink adsorption properties as PCCGill (1995).
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Chapter 6 PCC production via pressure-swing carbonation

These observation suggest that further purification of PCC is not required for use as a

filler in writing and printing papers.

6.9 Surface modified PCC

Recently, it was shown by Lourenço et al. (2013) that silica-PCC composite filler provides

better mechanical strength to the paper without affecting the optical properties of PCC.

The work used organic salt of orthosilicate as precursor for surface modification of PCC

by sol-gel method. Considering that silicates in the steel slag are orthosilicates and Si

leaches into solution to form monomeric units of H4SiO4, PCC obtained from pressure-

swing route is expected to show surface encapsulation by silica and possible formation of

composite PCC. FT-IR analysis suggests that Si exists in silica form and relatively slow

precipitation rate of silica compared to CaCO3 hints at condensation of silica on calcium

carbonate. For further evidence of enrichment of silica on PCC surface, XPS and TEM

analyses have been carried out.

6.9.1 Surface concentration by XPS

XPS was carried out to study the relative concentration of silica and calcium on PCC

surface. The quantification analysis suggested that Si/Ca wt%/wt% of ≈10, which is

more than an order of magnitude higher than the bulk (Si/Ca ≈ 0.2 wt%/wt%). This

clearly indicates that the PCC surface is enriched with silica.

6.9.2 Imaging of PCC using TEM

TEM imaging has been done to confirm the presence of silica on the PCC surface.

As shown in Figure 6.16A, precipitate existed as clusters of calcite and silica which

are greater than 300 nm in size. At higher magnification, the edge of calcite crystal

showed globular particles whose size is less than 50 nm (Figure 6.16B). High resolution

TEM imaging showed short-range order without definite orientation indicating amorphous

content (Figure 6.16C). This can be further confirmed based on the diffuse rings observed

in selected area diffraction shown in Figure 6.16D. Diffuse rings were observed to match

with silica.
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C D
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Si
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Figure 6.13: SEM micrographs of PCC produced at (A) L/S=100 ml/g, 60 min of
precipitation - 3000x magnification, and (B) 10000x magnification with EDS spectra;
(C) L/S=71.4 ml/g, 120 min of precipitation; (D) L/S=50 ml/g, 120 min of precipitation
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Figure 6.14: XRD spectra of PCC sample obtained from BOF slag
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Figure 6.15: FT-IR spectra of PCC sample
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100  nm 50  nm
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DC

Figure 6.16: Bright-field TEM images of (A) Cluster of calcite and silica, and (B) Calcite
edge showing surface modification; (C) HR-TEM image showing short-range order; (D)
Diffraction pattern showing diffuse rings of silica in reciprocal space
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Based on FT-IR, TEM and XPS analyses it is conclusive that the surface of PCC is

enriched with SiO2. Thus, PCC obtained from pressure-swing carbonation shows scope

for production of silica-PCC composite from steel slag.

6.10 Summary

In this chapter, pressure-swing carbonation as a potential route for production of PCC

using steel slag to sequester CO2 has been investigated. Simple stirrer modification

allowed us to increase the gas-liquid mass transfer coefficient and perform studies on

mineral carbonation under CO2 saturated condition, which in turn permitted to perform

carbon balance and determine that the solution is truly supersaturated during dissolution

stage. Precipitation of calcite is not kinetically favoured possibly due to low slurry pH

and high calcium to carbonate ion ratio. Precipitation of silica or calcium carbonate on

the residual slag surface which could lead to surface passivation was not observed in this

study. Thus, the overall recovery of Ca as calcium carbonate is an order of magnitude

higher than equilibrium estimate based on calcite solubility. Within the investigated

parametric space, dissolution at low temperature, high-pressure and high liquid-to-solid

ratio are favourable conditions for PCC production. Silica which has similar optical

and ink adsorption characteristics as PCC co-precipitated with calcite; wherein further

purification may not be required for use as a filler in paper industry. Under all conditions

investigated, rhombohedral calcite was the product. Overall extraction efficiency obtained

after 120 minutes of dissolution was 57% leading to a production of 535 kg of PCC per

tonne of steel slag. Further extension of dissolution time can enhance the PCC production

and CO2 sequestration to 720 kg and 260 kg per tonne of steel slag, respectively.

The study shows significant scope for process-intensification of pressure-swing carbonation,

especially to reduce the water requirement. Further investigations on dissolution step to

achieve high and stable calcium concentration in the leachate, up to the solubility limit

of amorphous calcium carbonate, are necessary. Also, investigations to obtain various

morphologies of PCC and to control the particle size distribution are necessary for taking

the process a step closer to commercialisation.
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Chapter 7

Modelling dissolution kinetics of steel slag

A general framework for mathematical modelling of dissolution kinetics of multi-component

aggregates such as steel slag is illustrated in Figure 7.1. Based on the experimental

investigation presented in Chapter 5, leaching of elements confirm to be controlled by

surface reaction. Thus, rate of leaching of elements from slag is expected to be a function

of surface area of the mineral phase under consideration and concentration of dissolution

promoting species in the solution (proton or ligands). As observed in experimental

investigation, selectivity of calcium varies based on the leaching chemistry and thus,

surface concentration of elements and surface area dynamically evolve by enrichment

or depletion of species during the process of dissolution. Additionally, several reactions

such as precipitation of secondary phases, re-adsorption of dissolved species on to residual

slag or precipitated phases may alter the concentration of dissolution promoting species.

In batch reactor system, with continuous evolution of species concentration, these steps

add to complexity.

The complexity associated with slag dissolution was systematically addressed by evaluating

mineral composition (discussed in Chapter 4), deducing leaching chemistry (discussed in

Chapter 4), identifying rate controlling mechanism (discussed in Chapter 5), modelling

surface area evolution and determination of kinetic parameters.

7.1 Dissolution model

The temporal evolution of metal ions concentration in a batch reactor has been modelled

by considering two independent parameters, proton concentration and reactive surface

area, which were found from experimental parametric investigations. Here, the general
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Figure 7.1: Framework of kinetic model

dissolution model (Equation 2.7)—a widely applied rate-model for dissolution of single

minerals by surface reaction—has been used. The model development is restricted to far-

from-equilibrium conditions (in tune with the experimental data where chemical affinities

of dissolving minerals C3S (> 134 kJ/mol) and C2S (> 76 kJ/mol) are very high (�

σRT ≈ 7.5 kJ/mol)1, where the influence of saturation state on dissolution rate can

be neglected. The general assumptions in deriving the model are: (a) considering the

acidic pH, concentration of CO2 in the leaching agent has been assumed to be zero, (b)

partial pressure of oxygen has been assumed to be constant, (c) based on experimental

observations and dissolution characteristics of orthosilicates, formation of Si-rich leached

layer on residual slag has been neglected, (d) Fe(III) rich phase is considered to be inert,

(e) dissolution of Mg and Fe(II) from the slag is considered to be predominantly from the

RO phase, and (f) considering the non-porous nature of slag and absence of stirring rate

(above 350 rpm) influence on dissolution rate, mass transport effects have been neglected.

1Chemical affinities have been calculated using solubility product values given in literature(Nicoleau
et al., 2013).
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7.1.1 Rate equations

The general dissolution model after neglecting the influences of ionic strength, chemical

affinity, catalytic and inhibitory effects of species other than H+ is given in Equation 7.1.

dm

dt
= −k × Sarea × g

(
[H+

ads]
)

d[M]

dt
=

k

V × AM

× Sarea × g
(
[H+

ads]
) (7.1)

where m is the residual mass of mineral (MX) during leaching, [M] is the concentration of

metal M in the leachate, Sarea is the reactive mineral surface area, k is the rate constant,

V is the leachate volume, AM is the atomic weight of metal M, and [H+
ads] is the activity

of H+ on the mineral surface.

Based on Equation 7.1, rate equations for leaching of calcium, magnesium, and iron

can be written as below. Here, the activity of H+ on the mineral surface is modelled using

Langmuir–Hinshelwood isotherm.

d[Ca]

dt
=

kCa

V × ACa

× SCa ×
(

{H+}
1 +KSCa{H+}

)
(7.2)

d[Mg]

dt
=

kMg

V × AMg

× SMg ×
(

{H+}
1 +KSMg{H+}

)
(7.3)

where {H+} is the activity of H+ in the aqueous solution, KSCa and KSMg are surface

stability constants.

As described in Chapter 5, Fe(II) oxidised to Fe(III) and precipitates as ferrihydrite

(FeOOH). Thus, net dissolution of Fe(II) and Fe(III) into leachate is given as follows.

d[Fe(II)]

dt
=

kFe(II)

V × AFe

× SFe ×
(

{H+}
1 +KSFe{H+}

)
− k′Fe(III) × {Fe(II)}{OH−}2 (7.4)

d[Fe(III)]

dt
= k′Fe(III) × {Fe(II)}{OH−}2 − kFeOOH × {Fe(III)}{OH−} (7.5)

where, k′Fe(III) = kFe(III) × pO2.

The rate of re-precipitation of iron as ferrihydrite is give as follows.

d[FeOOH]ppt
dt

= kFeOOH × {Fe(OH)3} × hf(SI) (7.6)
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where SI is the saturation index of ferric hydroxide, hf() is the Heaviside step function.

Charge balance and speciation

In the above set of equations (7.2–7.6), the unknown species concentration, [H+] and

[OH– ], can be calculated by solving charge balance and equilibrium relation for water

dissociation, as given below.

∑
j=Ca,Fe,Mg

zj[M
zj
j ] + [H+]− [OH−]− [NO3

−] = 0 (7.7)

{H+}{OH−} = Kw (7.8)

Speciation calculation has been performed based on leaching chemistry described in

Chapter 4 and summarised in Appendix B.

Estimation of activity coefficient

Since the ionic strength (I) of the leachate was observed to be lower than 0.1 M in

the current experimental investigations, Davies equation(Davies and Shedlovsky, 1964)

(Equation 7.10) has been used to determine the activity coefficients of various ionic species.

I =
1

2

( ∑
j=Ca,Fe,Mg

z2
j [M

zj
j ] + [H+] + [OH−] + [NO3

−]

)
(7.9)

log γ+z = log γ−z = −Az2
j

( √
I

1 +
√
I
− 0.3I

)
(7.10)

Activity of an ion M+z in the solution can be related to its concentration by,

{M+z} = γ+z × [M+z]. (7.11)
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7.1.2 Surface area evolution of Ca-rich phases

Slag is a non-porous solid and modelling the surface area evolution was attempted by

following considerations:

Solid matrix analysis

Based on the mineral composition and microscopy studies, it was understood that calcium

silicates and dicalcium ferrite phases form the matrix of the slag particle while RO phase

is distributed as spores in the matrix. Considering the fact that dicalcium ferrite is inert,

dissolution of two mineral phases—calcium silicate and RO phase—that control the release

of Ca, Si and Fe, Mg, respectively. Thus, it is sufficient to consider surface area evolution

of the matrix (calcium silicates) and spores (RO phase) present in it.

Polydispersity and fractal geometry

It was well recognised that surface area evolution of poly-disperse spherical particles

differs from uniformly-sized particle system and that, if this is not taken into account, it

can potentially lead to wrong interpretation of the rate controlling process. In order to

understand the effect of polydispersity on surface area evolution and conversion, numerical

simulations based on the population balance model have been carried out (for model

equations and results refer supplementary information). Surface area evolution with

conversion was simulated for two commonly encountered distribution functions namely

Gaussian and log-normal distributions with varying coefficients of variation CV , defined

as the ratio of standard deviation to the mean. The simulation results (refer Appendix

A) indicate that a wider distribution (high CV ) results in a surface area evolution that

changes linearly with conversion, that is, surface area follows changes in particle volume.

Although CV determined for the samples used for experimentation in the current study

using image analysis is about 0.15–0.28, because of the presence of the ultra-fine particles

which could not be measured, the actual distribution is expected to be wider. In addition,

slag surface exhibited severe etching with the dissolution of calcium silicate phases in

nitric acid and probably dissolving inter-crystalline material, thus exhibiting rough and

irregular surface (Figure 7.2). A study on fractal surfaces(Avnir et al., 1985) suggested

that the surface area evolution of rough and irregular surfaces can be better explained
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Figure 7.2: Typical slag particle after dissolution in acid media showing surface etching

by fractal geometry, where surface area evolution follows changes in particle volume for

highly irregular surfaces. Considering the above two aspects, Equation 7.12 has been

considered to model the surface area evolution of the matrix containing calcium silicate

phases.

SCa(t) = SCa(t0)× (1−XCa) (7.12)

where conversion XCa is [Ca]/[Ca]max and [Ca]max is xCami,slag/V ACa; mi,slag is the initial

slag mass used in the experiment.

Inert calcium mineral phases

The matrix which is predominantly formed of calcium silicates also contains dicalcium

ferrite which was found to be inert. In order to account for the volume occupied by inert

material, an additional parameter b was introduction in Equation 7.12 to obtain Equation

7.13.
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SCa(t) = SCa(t0)× (1− bXCa) (7.13)

= SCa(t0)×
(

1− b [Ca]ACaV

xCami,slag

)
(7.14)

7.1.3 Surface area evolution of Mg- and Fe-rich phases

The Mg- and Fe-rich phases which are part of RO phase have been modelled as regular

and uniformly dispersed spherical inclusions (or globules) which become accessible with

the leaching of the matrix material (calcium silicates). Here, modelling the surface area

of those RO phase particles, which are in contact with the aqueous solution, has been

done in similar lines to sporulation model Adrover et al. (2004). Given a particle-size

distribution F (D, t) of RO phase particles in contact with the aqueous phase, the surface

area SRO can be estimated using the following equation.

SRO(t) =

∫ D∞

0

πD2F (D, t)dD (7.15)

The reactive surface of Mg and Fe phases, which are part of RO phase, have been

approximated based on the relative composition of these elements.

SMg(t) =

(
xMg

xMg + xFe

)∫ D∞

0

πD2F (D, t)dD

SFe(t) =

(
xFe

xMg + xFe

)∫ D∞

0

πD2F (D, t)dD

(7.16)

Population balance

The particle size distribution of globules released into the aqueous solution F (D, t) has

been modelled using population balance method with the following assumptions:

1. Volumetric distribution of RO phase inclusions in the slag particle is homogeneous.

2. Particles may not fall off into the leachate in all instances. Nevertheless, dissolution

around these inclusions creates gaps providing access to the acidic solution.

3. Density of inclusions is assumed to be same as matrix material.
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4. Breakage of slag particles to smaller size during reaction because of agitation and

collisions are ignored.

The net accumulation of particles sized D to (D+∆D) in solution can be expressed as a

sum of net rate of particle growth into the size interval D to (D+∆D) and rate of release

of globules with size D to (D+∆D) leading to following equations.

∂F (D, t)∆D

∂t
= F (D, t)R(D)D − F (D, t)R(D)D+∆D + rsp(D, t)∆D (7.17)

∂F (D, t)

∂t
=
F (D, t)R(D)D − F (D, t)R(D)D+∆D

∆D
+ rsp(D, t) (7.18)

as ∆D → 0,

∂[F (D, t)]

∂t
+
∂[R(D)F (D, t)]

∂D
= rsp(D, t) (7.19)

where, R(D) is the rate of growth of particle diameter, rsp(D, t) is the rate of sporulation.

Particle growth rate

The rate of diminution (negative growth rate, −R(D)) of a non-porous and spherical RO

phase particle of diameter D due to acid dissolution can be derived as follows using the

Equations 7.1. Here, the rate of change of RO phase mass is taken as sum of the rates of

leaching of Mg- and Fe-rich phases.

dmRO

dt
= −πD

2{H+}
xMg + xFe

×
(

kMgxMg

1 +KSMg{H+}
+

kFexFe

1 +KSFe{H+}

)
(7.20)

ρ
πD2

2

dD

dt
= −πD

2{H+}
xMg + xFe

×
(

kMgxMg

1 +KSMg{H+}
+

kFexFe

1 +KSFe{H+}

)
(7.21)

dD

dt
= R(D) = − 2{H+}

ρ(xMg + xFe)
×
(

kMgxMg

1 +KSMg{H+}
+

kFexFe

1 +KSFe{H+}

)
(7.22)

Sporulation rate

The sporulation rate of RO particles which are of diameter D from the slag, rsp(D, t),

can be expressed as the product of RO particle density in the slag matrix and volumetric

rate of matrix leaching (dVmatrix/dt).

rsp(D, t) = nRO × f(D)×
(
−dVmatrix

dt

)
(7.23)
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where, f(D) is the PSD density function of RO phase particles in the slag. The number

of RO particles present per unit volume of the slag can be expressed as,

nRO =

[
xROmslag
1/6ρπD3

]
[
mslag
ρ

] (7.24)

=
xRO

1/6πD3
(7.25)

where, xRO is the mass fraction of RO phase present in the slag. The volumetric rate of

matrix leaching dVmatrix/dt is given by,

dVmatrix
dt

= −Vi,matrix
dXCa

dt

≈ −mi,slag

ρ

dXCa

dt

= −ACaV

xCaρ

d[Ca]

dt

(7.26)

Using Equations 7.23–7.26, sporulation rate can be expressed in known terms as,

rsp(D, t) =
xRO

1/6πD3
× f(D)×

(
ACaV

xCaρ

d[Ca]

dt

)
(7.27)

The surface area of calcium silicate (Equation 7.12) and RO phases (Equation 7.16) can

be simultaneously solved along with the population balance model (Equation 7.19) and

the rate equations (7.2–7.6).

7.2 Numerical methods

7.2.1 Discretisation and ODE solution

The population balance model (Equation 7.19), which is a hyperbolic PDE with source

term, has been approximated using forward difference scheme to obtain following set of

finite ordinary differential equations (ODE).

F (Dj, ti+1)− F (Dj, ti)

∆t
=
R(Dj+1)F (Dj+1, ti)−R(Dj)F (Dj, ti)

∆D
+ rsp(Dj, ti) (7.28)
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where, j = 1 to J ; ∆D = (DJ −D1)/J ; function value beyond the end point, F (DJ+1, ti),

has been taken as 2 × F (DJ , ti) − F (DJ−1, ti); DJ is taken as Dµ × 1.2, J = 500, and

D1 = 0 for numerical simulation.

The above equation (7.28) has been solved as a set of J ODEs, which are a function

of time t, uniformly discretised over space domain (D). The J time dependent ODE

functions have been solved simultaneously along with rate equations using ode15s of

MATLAB R©. The grid spacing ∆D for the space domain was maintained uniform, while

that of time domain (∆t) has been allowed to be determined by ode15s function in

MATLAB R©.

7.2.2 Initial conditions

The set of ordinary differential equations, which include the rate equations (7.2–7.6)

and discretised partial differential equation (7.28), can be solved using following initial

conditions. The initial concentration of product species are [Ca] = [Mg] = [Fe] = [Si] = 0,

and of acid is [H+] = [NO3
−] = C0. The initial PSD of RO phase particles F (D, 0)

exposed at time t = 0, required to solve population balance equations, is estimated as,

F (D, 0) = y0 ×
(
nRO

mi,slag

ρ

)
f(D) (7.29)

= y0 ×
(

xRO
1/6πD3

mi,slag

ρ

)
f(D) (7.30)

where, y0 is the fraction of RO particles which are initially exposed to the aqueous solution.

For the same sample mass, y0 varies with the particle size, where the maximum fraction

is exposed in the case of finely pulverised sample and the least for single large coarse slag

particle. Assuming that the exposed particles are located in a volume ∆Vsurface beneath

the exposed slag surface, the following parametric relation between slag particle size and

y0 can be established.

y0 = ∆Vsurface/Vslag

= δ × Sarea/Vslag
(7.31)
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With the idealisation of spherical surface, one can arrive at following relation.

y0 =
6δ

dslag
=

δ′

dslag
(7.32)

where, δ′ is an adjustable parameter.

In the current study, the dissolution behaviour was studied for C0 = 0.024, 0.072, and

0.12 M. Volume of aqueous solution was fixed at 0.25 L for all studies. The dissolution

behaviour was studied for mi,slag = 1.5, 2.5, and 5.0 g, and for slag particle diameter

dslag = ≤45, 90–125, 150–212, 212–355 µm. The values used for the fixed parameters

in the model are given in the Table 7.1. Discretisation scheme for partial differential

equation (Equation 7.19) and the methodology for numerical simulation of the model are

given in supporting information.

Table 7.1: Fixed parameters and their numerical values
Parameter Value Parameter Value Parameter Value Parameter Value
xCa 0.307 xMg 0.0553 b 1.25 log(Kw) -14

xFe 0.101 xRO 0.219 ρ (kg/m3) 4000 f(D) 1
Dσ
√

2π
exp−1

2

(
D−Dµ
Dσ

)2

where Dµ = 14 × 10−6 m; Dσ is assumed to be equal to step-size ∆D; b, which is the
ratio of total calcium content to extractable calcium content is 1.25 owing to 20% inert
calcium associated with brownmillerite phase.

7.2.3 Parameter Estimation

The adjustable parameters in the model are rate constants, kCa, kMg, kFe(II) and k′Fe(III),

Langmuir–Hinshelwood equilibrium constant, KSFe, and geometrical parameter δ′. KSCa

has been fixed to 5.8 and KSMg has been assigned the same value as KSFe.

The above set of six parameters were estimated by least square error method (Equation 7.33),

where square of errors in concentrations of Ca, Fe and Mg have been minimised using

lsqcurvefit function available in MATLAB R©. The error minimisation has been carried

out with the constraint that the parameters are non-negative.

err = min
∑

i=Ca,Mg,Fe

(
[Mi,exp]− [Mi,model]

)2

(7.33)

The estimated values for the adjustable parameters obtained from error minimisation

are KSFe = KSMg = 5.65, kCa = 10.89, kFe(II) = 80.67, kMg = 38.12, k′Fe(III) = 1E18, and
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δ′ = 52.5. The obtained results validate the assumption made in Section 5.3.1 that the

Langmuir constants for Ca-rich and Fe, Mg rich phases are similar and there is negligible

effect of [H+] on the Ca selectivity.
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Figure 7.3: Effect of acid-to-solid ratio (H/S) on the release of (A) Calcium, (B) Iron, (C)
Magnesium from the slag in dilute nitric acid.
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Figure 7.4: Effect of slag loading on leaching characteristics of (A) Ca, (B) Fe, and (C)
Mg in HNO3 (H/S: 7.2 mmol/g, T: 30 ◦C)

7.3 Simulation results

The simulation results, with the best-fit parameters, are compared against experimental

data in Figures 7.3–7.5. As seen in these figures, the model results are in good agreement

with the experimental data. A typical simulation of particle size distribution of RO phase
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Figure 7.5: Effect of particle size on leaching characteristics of (A) Ca, (B) Fe, (C) Mg in
nitric acid(H/S: 7.2 mmol/g, L/S: 87.2 ml/g, T: 30 ◦C)

spores, which are exposed to the aqueous solution, is shown in Figure 7.6A. As expected,

the monodisperse particle size at time t=0 min becomes polydisperse with the progression

of leaching. As shown in Figure 7.6B, the particle size decreased from the initial 14 µm

to about 10.8 µm after 60 minutes of dissolution. The skewness is initially negative owing

to rapid sporulation compared to dissolution rate. Subsequently, the skewness is positive

due to slower sporulation rate compared to the rapid dissolution of finer particles. The

temporal evolution of the surface area of MgO (normalised to the initial value), simulated

for various parametric studies, is presented in Figure 7.7. As hypothesised, the surface

area was found to increase with the progress of dissolution. While the increase in surface

area was found to be maximum for coarse particle size fractions, the surface area was

observed to decrease for finer particle size fraction of slag, where all RO phase spores are

initially exposed and no sporulation is anticipated. The model fits and simulation results

conclusively show that geometrical considerations in the model are sufficient to explain

the dissolution characteristics without the need to invoke mechanisms such as surface

passivation with variable diffusivity or the use of hypothetical activity factor.

7.4 Summary

A mathematical model to describe kinetics of slag dissolution has been developed by

considering the heterogeneous morphology. The dissolution model considering Langmuir–
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Figure 7.7: Surface area evolution of MgO phase with the extent of Mg dissolution
corresponding to particle size (PS) and solid loading (S/L) variations

Hinshelwood kinetics and RO phase surface area evolution by sporulation has been found

to explain the dissolution characteristics observed in parametric studies. The reduction

in the extent of calcium extraction with the increase in particle size, which in earlier

literature was explained using assumptions such as surface passivation and hypothetical

activity factors, is shown to be a consequence steel slag morphology and competitive

dissolution of RO phase and silicate matrix.

Although the current dissolution model is limited to acidic pH conditions and large

140



Chapter 7 Modelling dissolution kinetics of steel slag

chemical affinity, it appears to be a promising start for scientific investigations on two

distinct fronts. Firstly, the model shows that dissolution kinetics of non-homogeneous

residues such as slag can be modelled as a combination of dissolution of pure single

mineral phases. This allows a logical extension of the model to predict the release of

trace metals which are homogeneously distributed within a dissolving phase. Secondly,

the success of the bottom-up approach to develop the model based on mineral phase

characterisation and morphology study brings us one step closer to a priori modelling

of dissolution characteristics. Understanding of dissolution and precipitation kinetics of

primary and secondary mineral phases in the circumneutral and alkaline pH leaching

solutions is required for further advancements towards a priori modelling. Further, the

model can be used to resolve the effects of potentially accelerating/inhibiting ligands on

metal ion leaching rates from proton-promoted dissolution.
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Chapter 8

Conclusions

A systematic investigation of steel slag utilisation through mineral carbonation was carried

out. Overall, steel slag was found to be a suitable feedstock based on the high-reactivity of

calcium-rich mineral phases and high calcium amount for precipitated calcium carbonate

production.

The study demonstrates the importance of leaching chemistry, surface reaction kinetics

and geometrical aspects which govern surface area evolution during dissolution process.

These aspects were found to determine the extent of calcium leaching and calcium selectivity

during dissolution process. In addition, Fe and Si were found to be primary impurities

during dissolution in acidic media. Removal of Fe impurity as precipitate is controlled

by rate of oxidation of Fe(II), which accelerates in neutral and basic conditions. The

dependency of Fe precipitation on [OH– ] and pH buffering phenomenon associated with

Fe(III) precipitation, necessitates additional of alkaline solutions such as NaOH or NH4OH

for pH-swing. Addition of base also leads to operational problems in addition to input

cost. For instance, precipitation of Fe by addition of base leads to co-precipitation of

ferrihydrite and silica. Silica formed from orthosilicates is known to be gelatinous and

causes filtration problems. Addition of sodium molybdate to the leaching agent was

found to reduce Fe leaching and improve spontaneity in pH-swing. However, input cost

and recycling efficiency of such additives is yet to be evaluated.

Alternatively, pressure-swing carbonation was found to be better for mineral carbonation

of steel slag for two distinct reasons: 1) leaching of Fe was found to be minimal at

circumneutral pH conditions observed under CO2 pressure, and 2) silica precipitation

was found to be slow and presence of smaller units of silica during calcium carbonate

precipitation was found to condense on PCC particles. Recently, such surface modified
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Figure 8.1: Waste utilisation, recycling, and less-resource consumption by mineral
carbonation of steel slag demonstrating sustainability
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PCC filler material produced from different route was shown to improve mechanical

properties of paper without affecting its optical properties.

Existence of stable CaCO3 supersaturation during pressure-swing carbonation which is

fundamental to understanding the dissolution and precipitation process has been confirmed

in this investigation. This suggests that maximum theoretical carbonation potential

via pressure-swing carbonation is higher than previously suggested. Furthermore, it is

hypothesised that rapid calcium dissolution and presence of monomeric silica may allow

calcium dissolution until saturation of amorphous calcium carbonate (ACC). ACC is the

amorphous polymorph of calcium carbonate whose solubility is two orders of magnitude

higher than calcite. Achieving this step would open new avenues for development of PCC

in variety of morphologies. In addition, high solubility reduces the water requirement

for pressure-swing carbonation which was seen as a major drawback compared to other

indirect processes where low pH dissolution is carried out.

Overall 57% of calcium in steel slag could be recovered as PCC during 120 minutes of

dissolution under 12.5 bar CO2 pressure, 25 ◦C, and liquid-to-solid ratio of 100 ml/g. These

results demonstrate that higher recovery of calcium is possible at less severe conditions

than proposed earlier. Further, it was observed that similar extents of dissolution were

possible in the case of coarse and fine particles without any sign of surface passivation

as has been speculated by many studies. In addition, the process allows recycling of Fe-

enriched slag residue and production of thin paper with high mechanical strength paper

using surface-modified PCC by reducing fibre content. As illustrated in Figure 8.1, the

process can lead to sustainability by recycling, re-utilisation and less-resource consumption.

A parametric mathematical model was developed using characterisation data and

leaching chemistry as a priori information to describe dissolution kinetics of complex

aggregates such as steel slag. The influence of surface area evolution on Ca leaching

characteristics was demonstrated experimentally and through simulations using sporulation

model. The model predictions were closely matching with experimental observations and

demonstrated that calcium leaching characteristics can be described by surface reaction

and surface area evolution. The model can be extended to predict dissolution of heavy

metals, which is necessary for environmental assessment, based on elemental mapping and

understanding of dissolution congruency.

Future work would involve further investigations into CO2 pressure-swing carbonation
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with an aim to control the stability of calcium carbonate and silica supersaturation during

dissolution step and produce composite silica-PCC from the leachate on similar line to

sol-gel method. Another future objective is to extend the dissolution model to trace metal

leaching (Cr, V etc.) and leachates that contain complexing ligands.

146



Appendices

147





Appendix A

Effect of particle size distribution on surface area

evolution with conversion

Consider that the initial particle size distribution density of spherical particles is P (D, 0)

and the rate of reduction of particle size due to leaching is −R(D). The population

balance of particles in the interval of D to D + ∆D leads to following equation (A.1),

∂P (D, t)

∂t
= −∂P (D, t)R(D)

∂D
(A.1)

For any given proton activity {H+}, R(D) is given as,

dm

dt
= ρ

πD2

2

dD

dt
= −kCaπD

2{H+} (A.2)

R(D) =
dD

dt
= −2kCa

ρ
{H+} (A.3)

Surface area of the particles SA(t) can be estimated using,

SA(t) =

∫ D∞

0

πD2P (D, t)dD (A.4)

Conversion X(t) is defined as,

X(t) =
m0 −m
m0

= 1− V (t)

V0

= 1−
∫ D∞

0
πD3P (D, t)dD∫ D∞

0
πD3P (D, 0)dD

(A.5)

A numerical simulation of above population balance equation was carried out using
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Figure A.1: Influence of particle size distribution on surface area evolution with conversion

two common distribution functions as initial condition (with arbitrary average diameter

Dµ and varying Coefficient of variation CV ). Numerical results are shown in Figure A.1.

Normal distribution: P (D, 0) = 1
Dσ
√

2π
e
− (D−Dmu)2

2D2
σ

where, Dσ = CV ×Dµ

Log-normal distribution: P (D, 0) = 1
lnD×Dσ

√
2π
e
− (lnD−Dmu)2

2D2
σ

The results shown in Figure A.1 suggest that surface area evolution of wide particle

size distribution is better described by volumetric model, where surface area change is

proportional to volume change (also conversion).
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Appendix B

Slag aqueous Chemistry

B.1 Leaching reactions

3 CaO · SiO2 + 6 H+ −−→ 3 Ca+2 + H4SiO4 + H2O

2 CaO · SiO2 + 4 H+ −−→ 2 Ca+2 + H4SiO4

xFeO · yMgO + 2 (x+y)H+ −−→ xFe+2 + yMg+2 + (x+y)H2O

B.2 Oxidation reaction

Fe+2 + 1
4

O2 + 5
2

H2O −−→ Fe(OH)3 + 2 H+

B.3 Speciation reactions

H+ + OH– Kw←−→ H2O Kw = 10−14

Fe+3 + OH– Keq←−→ Fe(OH)+2 Keq = 1011.30

Fe(OH)+2 + OH– Keq←−→ Fe(OH)2
+ Keq = 109.965

Fe(OH)2
+ + OH– Keq←−→ Fe(OH)3 Keq = 106.808

Fe(OH)3
Ksp←−→ FeOOHppt Ksp = 10−13.581

LogK values for Fe(III) speciation were taken from Hydra database(Puigdomenech,

2004).

B.4 In CO2 environment

CO2(gas)
kH−−→←−− CO2(aq) kH = 0.035× e2400×( 1

T
− 1

298.15
)mol/L/bar (Sander, 2015)
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CO2(aq) · + H2O
Ka1,app−−−−→←−−−− HCO3

– + H+ Ka1,app = 4.448 × 10−7 estimated from Plummer

and Busenberg (1982)

HCO3

Ka2−−→←−− CO3
–2 + H+ Ka2 = 4.69 × 10−11 estimated from (Plummer and Busenberg,

1982)

B.5 CaCO3 precipitation

Ca+2 + CO3
–2 Ksp←−→ CaCO3

Ksp, calcite = 3.90×10−09;Ksp, aragonite = 4.61×10−09;Ksp, vaterite = 1.22×10−08;Ksp, amorphous =

4.00× 10−07 (Brečević and Nielsen, 1989)

† All the equilibrium constants are at 25◦C.
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