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ABSTRACT 

Exploring the use of Mineral carbonation and Alkali activation for the valorization of Mg-

rich mine tailings 

Prince Noble Allah 

University of Oulu, Mining Engineering and Mineral Processing 

Master’s thesis 2022, 61 pp. + 3 appendixes 

Supervisor(s): Prof. Saija Luukanen, Prof. Elisa Koivuranta, Dr. Sumit Srivastava 

 

CO2 levels in the atmosphere has raised concerns about its influence on climate change. 

At the same time, mine tailings present a significant environmental problem for the 

mining industry. In the existing literature, two environmentally friendly technologies, 

CO2 sequestration and Alkali activation are widely employed to solve these challenges. 

The technologies are however decoupled. Thus, this study explores the simultaneous use 

of both methods to solve both environmental problems: first through CO2 sequestration 

using mineral carbonation of mine tailings, and then the valorization of CO2-treated mine 

tailings using alkali activation. Batch experiments were first conducted to determine the 

leachability of Mg–rich tailings to extract Mg and Ca for carbonation. The residues of the 

batch experiments were dissolved in strong alkaline solution to determine their reactivity. 

The results indicated that the Mg-rich tailings can serve as good feedstock for Mg and Ca 

cations for carbonation. The Si-rich residues obtained can be activated to form a 

geopolymer, according to activation test. This study reveals that alkali activation and 

mineral carbonation can be coupled to solve both environmental problems presented by 

CO2 and mine tailings. Thus, after leaching several tons of magnesium or calcium silicates 

from tailing, their residues can be utilized for the formation of alkali activated products 

Keywords: Mineral carbonation, Alkali activation, Valorization 
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 1 
INTRODUCTION 

1.1 BACKGROUND 

Among various environmental problems faced by the world today, climate change and 

industrial side streams have gained significant attention. The mining industry is one of 

the largest generators of industrial side streams in the form of tailings and waste rocks. 

Mining generates about 5 to 7 billion tons of tailings stored in tailings dams (Kinnunen 

et al., 2018; Lottermoser, 2010). Economical mineral deposits have reduced in grade 

because easier deposits have already been mined out. This means that the quantities of 

the gangue materials per unit metals have also increased markedly. As such, for every ore 

treated, even more waste is generated, and with the increasing production capacity and 

improvements in extraction technology, waste generated by the mines will increase 

further. The tailings produced by the mines have different mineralogical, physical, and 

chemical properties which depend on ore and processing technology (Kiventerä et al., 

2020). These factors determine the nature of the management of the tailings (Kiventerä 

et al., 2020). The environmental effects of mine tailings are significant and have raised 

concerns, resulting in a bad reputation for the mining industry. Environmental effects 

associated with sulfidic rocks leading to acid mine drainage have been studied over the 

years. Mine tailings dams require large land space, cover otherwise habitable or arable 

lands, or pose a threat to nearby communities, flora, and fauna and in some cases have 

resulted in conflicts (Martins et al., 2021). Tailings dam failures and their catastrophic 

effects have been observed. Legislative directives have put pressure on the industry to 

find alternatives to current disposal methods that safeguard the environment and reduce 

waste generation or find alternative uses for the waste generated (Kinnunen et al., 2018). 

The reuse of mine tailings has generated significant attention especially with alkali 

activation technology. Most tailings contain aluminosilicates which can serve as raw 

materials for alkali activation (Kiventerä et al., 2020). Alkali-activated materials can 

restrict harmful sulfides, heavy metals due to their high mechanical strength and can be 

used for backfilling in mining operations (Kiventerä et al., 2020). 

On the other hand, a high amount of anthropogenic CO2 emission into the atmosphere has  

raised concerns about its influence on climate change (IPCC, 2019). The increased 

amount of CO2 in the atmosphere has been linked to global warming (Sipilä et al., 2008) 

and requires measures to reduce the emission of CO2. Industrialization is a major cause 
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of CO2 emission, with several industries emitting CO2 as part of effluents. The amount of 

CO2 in the atmosphere is estimated to be 308 parts per million(ppm), and is increasing 

further (Lackner et al., 1995; Sipilä et al., 2008). To reduce this phenomenon carbon 

capture and storage (CCS) has been developed as a solution. There are different 

techniques and classifications under CCS. Among these technologies, carbon capture 

through mineral carbonation has been described as highly advantageous (Li et al., 2018). 

The abundance of suitable minerals for carbonation using a technology based on the 

natural weathering phenomenon makes mineral carbonation an environmentally friendly 

technique to deal with rising CO2 (Sanna et al., 2014). The leachate residue from 

carbonation contains significant amounts of silica and trace amounts of other elements 

(M. Rozalen et al., 2014; Teir et al., 2007). Due to the formation of a silica layer during 

dissolution, the silica and other trace elements left behind can serve as a raw material for 

alkali activation. Since the purpose of mineral carbonation is to capture significant 

amounts of CO2, and high amounts of solids are involved, high amounts of Si–rich 

residues will be available, and their use should be explored. Thus, mineral carbonation 

coupled with alkali activation results in full cycle use of tailings. Currently mineral 

carbonation and alkali activation are decoupled. Even though mineral carbonation aims 

to reduce CO2 in the atmosphere, it may create a problem of significant amounts of Si-

rich residues to be discarded. Alkali activation may solve this problem through 

valorization of the residues. Therefore, both mineral carbonation and alkali activation can 

be harnessed to reduce the amount of CO2 in the atmosphere and create new products. 

The potential of alkali-activated binders to reduce cement and emissions related to it 

coupled with the direct CO2-capture potential of mineral can offer a more efficient 

pathway and/or methods to address the environmental problems caused by mining and 

CO2 emission. This review is done with the aim of combining both methods where 

possible. 

1.1.1 OBJECTIVES 

The main goals of the experiments are: 

1. To determine the suitability of the material to act as a raw material for leaching 

cations necessary for carbonation 

 

2. To determine the reactivity of residue after leaching for alkali activation 
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LITERATURE REVIEW 

1.2 Mineral Carbonation 

Mineral carbonation is a process of capturing atmospheric carbon dioxide and storing in 

the form of a mineral carbonate by utilizing the natural weathering process of  

magnesium, calcium and iron oxide bearing silicate minerals (Lackner, 2003; Li et al., 

2018). The process can be summarized by equation 1 (Li et al., 2018) below 

(Mg,Ca,Fe)SiO4(s) + CO2(g) →MgCO3(s) + SiO2(s)   (1) 

MgO + CO2→MgCO3     +118kJ/mol     (2) 

 

Among the carbon capture and storage technologies, mineral carbonation has a huge 

potential since it does not require monitoring, unlike underground storage and can be 

applied at both small and large scales (Li et al., 2018). The carbonation products are stable 

and the overall reaction releases energy (exothermic), that can further be utilized in the 

carbonation process such as the mineral dissolution process (Li et al., 2018). There is 

abundant availability of Mg and Ca silicates as mineral components in rock and in 

industrial waste containing significant amounts of magnesium, calcium and iron silicates 

including ultramafic mine waste, fly ash, cement kiln dust and steel slags (Bobicki et al., 

2012; Li et al., 2018). Mineral carbonation is either performed in situ; in which the carbon 

dioxide is pumped into ultramafic rock deposits within the earth or ex-situ where the 

reactions are controlled by chemical reactors within which reaction parameters can be 

controlled (Li et al., 2018). Ex–situ mineral carbonation consists of two main routes (Li 

et al., 2018; W. K. O’Connor et al., 2001) direct route and indirect route. Direct mineral 

carbonation occurs in a single step whereas indirect mineral carbonation has intermediate 

steps including separate mineral dissolution. Both processes can occur via dry or aqueous 

route: the dry process occurs by the solid-gas reaction between the mineral surface and 

the gas through chemisorption or physisorption. The aqueous route involves the 

dissolution of carbon dioxide into a liquid phase and the reaction of the liquid phase with 

the sorbent mineral (Li et al., 2018). Both mineral carbonation technologies (MCT) are 

further described below. Ex-situ carbonation is discussed in relation to the treatment of 

mine tailings. 
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1.2.1 Ex Situ Carbonation   

To produce Mg2+ and Ca2+ cations for carbonation, the mineral can be leached in strong 

acids, leaving behind a SiO2 rich layer (M. Rozalen et al., 2014; Teir et al., 2007). The 

suitability of mine tailings as sources for Mg2+ ions needed for carbonation can be 

determined by leaching studies. Several magnesium silicate mineral dissolution studies 

have been performed to understand the dissolution of magnesium-containing minerals 

and rocks. The aim of these studies is to enhance the feedstocks for carbonation by 

optimizing magnesium extraction. (McCutcheon et al., 2015) produced magnesium-rich 

solution from ultramafic mine tailings rich in chrysotile as feedstock for carbonation. 

Their study demonstrated that mine tailings containing chrysotile are an excellent 

resource to produce Mg2+ ions. To enhance the extraction of magnesium from feedstocks, 

(Rashid et al., 2020) studied heat activation and the effect of particle size on the 

leachability of dunites. Their results indicated that heat activation and particle size 

reduction increased the extent of magnesium leaching. This is due to the presence of 

amorphous phases and an increase in surface area due to particle size reduction which 

increased the dissolution of magnesium. Dunites or Peridotites are sources of metals such 

as chromium, nickel, and platinum, thus are mined in significant quantities. Platinum-

group element (PGE) mines, where these rocks are common have a high capacity to offset 

global CO2 emissions by 1.5% (Li et al., 2018) and are abundant worldwide.  Peridotite 

tailings can be heat-activated and used as a precursor for Mg leaching solutions (Rashid 

et al., 2020). A significant problem noted by (styles et al) is that different Mg feedstocks 

like ultramafic rocks contain different mineralogical and chemical compositions. As such 

the properties of the feed material must be properly studied to determine their suitability 

as sources of magnesium for carbonation. In the geological classification of rocks, the 

mineral content by weight percent of ultramafic minerals is used in identification or 

naming (Styles el al). For Mg feedstocks, rocks abundant in olivine are the most suitable 

since they contain the highest Mg and Ca and less Si (Styles et al). The hydrous alteration 

of parent anhydrous mafic minerals–Orthopyroxene, Clinopyroxene, and Olivine of 

parent rock results in the formation of hydrous Mg silicates. (Styles et al) note that in 

terms of mineral carbonation, orthopyroxenes and clinopyroxenes have significantly less 

potential than olivine, while amphiboles have less potential than serpentines. They, 

therefore, divided Mg feedstock sources into mineralogical compositions of Mg minerals 

by volume in the spectrum of Mg silicate minerals.  Therefore, it is easier to estimate by 

mineralogical information, the potential of an Mg-bearing mineral/rock to be used in 
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mineral carbonation. However, in their experiments, it was found that serpentine leached 

more Mg than Olivine, due to the precipitation of secondary boussingaultite. Therefore, 

the use of mineralogical compositions alone may be unreliable in determining potential 

feedstock sources. 

1.2.2 Limitations of Ex-Situ Mineral Carbonation 

Ex situ mineral carbonation technologies are developed according to the main process 

routes: direct and indirect mineral carbonation. The barriers to the wide adoption of 

mineral carbonation technologies are high energy intensity, slow kinetics, and low 

conversion rate (Sanna et al., 2014). To ensure process efficiency, process parameters 

such as liquid to solid ratio(L/S), temperature, pressure, and stirring rate need to be set at 

optimum levels (Sanna et al., 2014). It is noted that CO2 dissolution decreases with 

increasing temperature, but Mg and Ca leaching increases with increasing temperature 

(Sanna et al., 2014). High pressure increases CO2 diffusion in aqueous solution and 

through solid pores (Sanna et al., 2014). The liquid/solid (L/S) ratio is an important 

parameter because carbonation requires specific L/S ratios to be efficient (Sanna et al., 

2014).  

 

Figure 1 Ex-situ MCT process modified after(Olajire, 2013; Sipilä et al., 2008) 
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In situ Carbonation 

In situ carbonation process involves capturing CO2 and storing permanently in mafic and 

ultramafic rock deposits in the earth’s crust in the form of carbonates. Mafic and 

Ultramafic deposits, for example, basalts and peridotites, are abundant in the earth's crust 

as the oceanic crust (Wang et al., 2018). Basalts are generally present at the top part of 

the oceanic crust and as large exposures in the continental crust (Sanna et al., 2014 

according to Dessert et al., 2003). Basalts have been studied as a potential candidate for 

carbon sinking by injection of CO2. The presence of high amounts of easily leached 

divalent cations such as Mg and Ca in these rocks make them important targets for in-situ 

carbonation. Underground geological formations of these rocks or depleted oil reservoirs 

are considered as suitable for in-situ carbonation. In situ carbonation overcomes the need 

to transport reactants and products and provide heat for the carbonation process (Olajire, 

2013). The process however requires suitable storage sites with host rock that has the 

critical properties to ensure the feasibility of in-situ carbonation. The porosity of the host 

rock, presence of easily leached metal cations and permeability are important parameters 

affecting the feasibility of in-situ carbonation (Olajire, 2013).An advantage of in-situ 

carbonation over ex situ carbonation is that this route does not require mining, transport 

and particle size reduction (Oelkers & Cole, 2008; Olajire, 2013), thus the cost associated 

with these processes are foregone. However challenges relating to availability of water 

for CO2 injection and suitable cap rocks on ultramafic formations exist (Olajire, 2013). 

 

 

Figure 2  In-situ MCT route modified after (Olajire, 2013) 
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1.2.3 Direct and Indirect Carbonation 

Direct mineral carbonation occurs in a single step (Huijgen and Comans, 2003). There 

are two main ways of direct mineral carbonation; direct aqueous carbonation, and direct 

gas-solid carbonation. The two processes are further discussed below. 

1.2.4 Direct Aqueous Carbonation  

Direct aqueous carbonation was developed at NETL (National Energy Technology 

Laboratory) formerly known as the Albany Research Center (S. P. Veetil & Hitch, 2020), 

and has been the front runner towards the development of an economically feasible 

aqueous mineral carbonation process. Direct aqueous carbonation is considered quite 

promising (Sanna et al., 2014). The kinetics of aqueous mineral carbonation is an essential 

topic that is discussed in detail later in this review. In the direct aqueous mineral 

carbonation, the dissolution of the metal cation and its subsequent carbonate precipitation 

occurs in one step. The dissolution is controlled by three main steps (Sanna et al., 2014) 

which are:(1) Diffusion of dissolved elements through a fluid forming a film around the 

dissolving particle. (2) Diffusion of dissolved elements through a precipitated solid 

product on the dissolving mineral surface and (3) chemical reaction at the particle surface. 

The slowest of these steps controls the overall process kinetics and is known as the rate-

limiting step. (Sanna et al., 2014) notes that in the direct aqueous mineral carbonation, 

the dissolution of the mineral is the rate-limiting step followed by the diffusion control 

by the precipitated product on the mineral surface. Depending on the system being used, 

the rate-limiting step may change. For example, in water–CO2–solid systems, the rate-

limiting step is the dissolution of the CO2 into the film liquid (Daval et al., 2009; Sanna 

et al., 2014). The aqueous carbonation route begins with the formation of carbonic acid 

by dissolving CO2 in an aqueous solution containing the mineral feedstock, usually under 

high pressure (Sanna et al., 2014 according to W. O’Connor et al., 2001; W. K. O’Connor 

et al., 2000) . The equation of the reaction is presented as 

𝐶𝑂!(") + 𝐻!𝑂(#) → 𝐻!𝐶𝑂%($%) → 𝐻(&')
( + 𝐻𝐶𝑂%(&')

)  (3)	

The carbonic acid dissociates into bicarbonate ions and proton (H+). The magnesium or 

calcium ions in the mineral crystal are liberated by proton–metal exchange according to 

the equation (4) 

𝑀𝑔!𝑆𝑖𝑂*(&) + 4𝐻(&')
( → 2𝑀𝑔!+(&') + 𝑆𝑖𝑂!(&) + 2𝐻!𝑂(#) (4) 
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The liberated cations then react with the bicarbonate ions or carbonate ions to form metal 

carbonate as shown in equation 5 below 

𝑀𝑔(&')
!( + 𝐻𝐶𝑂(&')

%) → 𝑀𝑔𝐶𝑂%(+) + 𝐻(&')
(     (5) 

Mg!( + CO%!) → MgCO%                                             (6) 

Direct aqueous mineral carbonation is a straightforward process. However, the kinetics 

are still slow and several pretreatment methods have been coupled with aqueous 

carbonation to improve the kinetics of the process (Sanna et al., 2014) 

 
Figure 3 Process flow diagram for direct MCT of serpentine(W. K. O’Connor et al., 2001) 

1.2.5 Direct Gas-solid Carbonation 

The direct dry gas carbonation process utilizes pressured CO2 to react with the mineral, 

forming a carbonate. CO2 pressures in the range of 100–150 bar are necessary to obtain 

good reaction rates (Sanna et al., 2014). The process is exothermic, and the heat can be 

reused in the design of the carbonation system (Huijgen and Comans, 2003), however 

direct gas carbonation has been reported to be slow (Sanoopkumar Puthiya Veetil et al., 

2015). Thus, some modifications have been made to improve the kinetics of the process. 

These include the addition of a small amount of water to increase the rate of carbonation, 

and the development of different multistep gas-solid carbonation processes 
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(Sanoopkumar Puthiya Veetil et al., 2015). The source of CO2 for carbonation has also 

been explored under direct gas-solid carbonation such as the CO2 removal efficiency from 

flue gas (Sanoopkumar Puthiya Veetil et al., 2015). Due to its slow kinetics, aqueous 

route is usually preferred. 

 

1.2.6 Indirect Carbonation 

Indirect carbonation is a process in which mineral carbonation occurs in more than one 

step (Sanna et al., 2014). In this method, the first step involves the process of leaching 

Mg or Ca cations with acids or other solvents into a solution followed by a second step 

of reacting the solution with either aqueous CO2 or gas phase CO2 to form the Mg or Ca 

carbonate (Sanna et al., 2014). To leach the cations from silicates, commonly used acids 

include HNO3, HCl, and H2SO4. Different indirect processes developed for leaching the 

cations vary and have produced variable results among researchers. For example, a 

process described by Lin et al, (see Sanna et al., 2014) involves the decomposition of 

serpentine into magnesium hydroxide using HCl at 150oC and subsequently carbonated 

at 325oC  at fixed bed atmospheric pressure. However, this approach presently has limited 

applicability as it does not offer pathways for efficient recovery of chemicals used in the 

process. Another process involves the chemical activation of serpentine to form 

magnesium sulfate (MgSO4), which is subsequently carbonated to form magnesium 

carbonate and sulfuric acid regenerated in the process. This process, described by Maroto-

Valer (see Sanna et al., 2014) leached 55% magnesium from the precursor material, 

however chemical regeneration was found to be inadequate. Several indirect carbonation 

processes, reviewed by (Sanna et al., 2014) show different approaches to improve the 

carbonation process by reducing energy costs, recovering reacting chemicals, and 

increasing the rate of carbonation. Indirect carbonation methods have also been developed 

for waste products, which are less stable than geological materials and can easily serve as 

raw materials for carbonation using CO2 generated by industry (Sanna et al., 2014). These 

waste materials have less cost for pretreatments and less energy cost for the carbonation 

processes and the end product of carbonation may be useful in other industrial 

applications such as mine fills, road base, and construction. From the viewpoint of 

carbonation kinetics, the multistep gas-solid route could be attractive through conversion 

of Ca/Mg silicates into hydroxides and direct dry gas carbonation afterward (Olajire, 

2013). 
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1.2.7 Passive Carbonation 

Passive carbonation refers to the carbonation of minerals that occur naturally, by 

weathering of rocks exposed to the atmosphere. Passive carbonation occurs by the natural 

bonding of free magnesium cations to atmospheric CO2 without any human aids (Li et 

al., 2018). The rate of passive carbonation in mine tailings is limited by factors such as: 

tailings mineralogy and physical properties; mineral processing and mine design, tailings 

handling and storage method, and local climate (Li et al., 2018). The dissolution of 

minerals from mine tailings is limited by the relative amounts of reactive silicate minerals. 

The effectiveness of Passive carbonation may also be limited by the availability of CO2, 

mineral dissolution, and carbonate precipitation (Li et al., 2018).  Passive carbonation can 

be enhanced by microbial activity, where microbes induce saturation of carbonate 

minerals by increasing pH through the concentration of OH– ions. The hydroxyl ions react 

with available bicarbonate to form water and carbonate ions which can react with 

magnesium cations to form carbonate minerals (McCutcheon et al., 2015). Passive 

carbonation has been documented in several mine tailings, in which there was 

precipitation of hydrated magnesium carbonates. It may be substantial in larger timescales 

for tailings when natural carbonation is sought after if the tailings are put in appropriate 

condition to enable the process to operate. For accelerated carbonation and production of 

feedstock, the use of passive carbonation may be possible by providing a direct source of 

CO2, preferably as by-product of industrial application or mining equipment gas burning 

to feed magnesium tailings and increase the rate of carbonation. 

1.3 Pretreatment of Feedstock 

To improve the kinetics of carbonation, pretreatment of the silicates is beneficial. 

Common pretreatment techniques can be grouped into chemical, mechanical, and 

thermal. The pretreatments are further discussed below. 

1.3.1 Thermal Activation 

Thermal activation occurs by heating the precursor mineral to remove chemically bound 

water molecules, referred to as dihydroxylation. Dihydroxylation causes breakdown of 

the crystal structure of minerals in the tailings, making them amorphous. Thermal 

activation has been used by several researchers to improve the reactivity of mine tailings. 
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For example (Kiventerä et al., 2018 according to Kiventerä et al., 2020) heated sulfidic 

tailings at 600oC and  resulted in the reduction of the dolomite phase. According to 

(Kiventerä et al., 2020), the most effective method for increasing reactivity of kaolinite 

bearing tailings is calcination. Serpentine (Mg3Si2O5(OH)4) is estimated to contain  

13wt% of chemically bound water (Huijgen & Comans, 2003). Thermal activation can 

increase the surface area and porosity of the mineral (Li et al., 2018). This is due to the 

removal of water and the creation of open channels in the mineral structure (Huijgen and 

Comans, 2003 according to O'Connor et al., 2000). However, heat treatment is energy-

intensive (approximately 200–300 kWh/ton serpentine) (Huijgen and Comans, 2003)) 

and may negate the carbonation sequestration idea if more CO2 is released in the process 

of generating heat (Huijgen and Comans, 2003 according to O'Connor et al., 2000). The 

energy demand and cost associated with heat treatment coupled with the huge amount of 

feedstock to be preheated makes thermal activation a relatively uneconomical process. 

1.3.2 Chemical Activation 

Chemical activation is used to polarize the cations and weaken the chemical bonds 

enabling easy dissolution of cations from the silicate which increases the reaction kinetics 

(Li et al., 2018). Chemical activation also increases the surface area, however it comes 

with cost and leaching of cations since inorganic acids are used in the process (Huijgen 

and Comans, 2003). An important chemical activation method in mineral carbonation 

involves the leaching of magnesium cations from the feedstock. Chemicals commonly 

used for extracting magnesium or calcium from silicate minerals include inorganic acids 

(HCl, H2SO4, and H3PO3), organic acids (HCOOH, CH3COOH, and CH3COOH), bases 

(NaOH and KOH), and salts (NH4Cl, (NH4)2SO4, and NH4NO3)(Li et al., 2018). Among 

the acids generally studied, sulfuric acid has been regarded as the most effective 

extraction agent, capable of extracting over 70% of magnesium from Serpentine(Li et al., 

2018). For selective leaching (Li et al., 2018) notes that ammonium salts have performed 

better than sulfuric acid.  

1.4 Carbonation of Ultramafic Mine Wastes 

Mineral carbonation requires a large feedstock to provide cations for carbon dioxide 

sequestration (Styles & Lacinska, n.d.). Limited amount of feed material is provided by 

waste from other industries, however the bulk feedstock comes from rocks. Ultramafic 
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rocks contain an abundance of magnesium needed for mineral carbonation and are 

accessible in several mines as host rocks of Cu-Ni and PGE mineralization. However, 

magnesium cations are bound in chemical combinations in silicate minerals and the 

natural processes of the release of Mg cations are significantly slow (Lackner, 2003; Li 

et al., 2018). Therefore, ultramafic mine tailings may be excellent resources for 

magnesium extraction when the kinetics of dissolution is improved artificially. The 

tailings have already been reduced by metallurgical processes offsetting the cost of size 

reduction (McCutcheon et al., 2015) to increase surface area for reaction.  Due to the fast 

weathering of magnesium silicates under acidic conditions, the production of magnesium 

cations with acids from ultramafic mine tailings has been considered as a suitable option 

for carbon storage by leaching magnesium cations and carbonating to form magnesium 

carbonate (McCutcheon et al., 2015). 

1.4.1 Kinetics of dissolution  

The rate of dissolution of minerals in rock water systems is based on chemical reactions 

occurring at the solid-solution interface (lasaga,1988). Since the natural weathering of Ca 

and Mg containing silicates withdraws CO2 from the atmosphere (S.L. Brantley & Chen, 

2018), the dissolution rates of these silicates have attracted enormous interest. To quantify 

the rates of dissolution of minerals, experiments are performed under controlled 

conditions of temperature, pH, and solution composition (S.L. Brantley & Chen, 2018). 

Among the different types of reactors, batch reactors allow to observe the progress of a 

closed system reaction in which solution chemistry varies with time due to the 

accumulation of reaction products (S.L. Brantley & Chen, 2018). These are agitated or 

stirred tanks set up closed or open to the atmosphere with mineral sample and solution 

and allow monitoring the concentration of dissolution products as a function of time. The 

observations can be corrected for removal of the sample during monitoring, and the 

reaction rate can be calculated as change in concentration with time. The experiments 

must ensure to prevent unwanted interferences to the dissolution process. This is to 

prevent precipitation of dissolution products and reduce the variability of critical factors 

such as pH and temperature, as these have direct effect on dissolution rates.  

In the case of constant pH, it is noted that buffer solutions are used to reduce pH variability 

during dissolution. However, even at constant pH, the presence of other cations or anions 

influences the rate and mechanism of dissolution (S.L. Brantley & Chen, 2018). The 

dissolution kinetics of tremolite and anthophyllite, two common amphiboles have been 
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studied by (Rozalen et al., 2014). Amphiboles are rock-forming minerals formed at high 

temperatures in igneous and metamorphic rocks (M. Rozalen et al., 2014). Amphiboles 

are unstable on the earth’s surface thus, they are primary sources of magnesium and 

calcium to surface waters, especially in areas where weathering rates are low (M. Rozalen 

et al., 2014). Most of the studies on potential feedstocks of Mg have used olivine and 

serpentines, given their relatively high dissolution rates. The study of the dissolution rate 

of amphibole tremolite has been undertaken by (Diedrich et al., 2014) to determine if they 

can be a good feedstock for mineral carbonation. They concluded that tremolite will be 

less efficient for carbonation compared with other silicates and observed that tremolite 

released calcium preferentially. Their study is part of relatively few studies on the 

dissolution of tremolite (Diedrich et al., 2014). There is a preferential release of 

magnesium from amphiboles as documented by several researchers. Preferential release 

of magnesium during incongruent or unsteady dissolution is because of differences in 

Madelung site energies. These amphiboles when they occur in fibrous habit pose a health 

risk to the populace because they can be easily broken down into inhalable forms through 

weathering and industrial activities. The dissolution mechanism of other magnesium 

silicates such as forsterite, enstatite and serpentine has also been studied eg (forsterite, 

enstatite, and serpentine: Luce et al., 1972; bronzite: Grandstaff, 1977; hypersthene: 

Siever and Woodford, 1979; enstatite, diopside and tremolite: Schott et al., 1981). Their 

results describe an incongruent dissolution mechanism that results in a magnesium 

deficient layer and inhibits the dissolution reaction (M. Rozalen et al., 2014). Dissolution 

kinetic data of amphiboles have been reported by (schott et al., 1981) ,(Mast and Drever 

1987), (Brandtley and Chen 2018) however their results were inconsistent. Moreover, the 

dissolution mechanism was not well understood. (Rozalen et al., 2014) studied the 

dissolution reaction of tremolite and anthophyllite at a wide range of pH(1–13) to 

determine pH dependence on dissolution and obtained some insights about the 

mechanism of dissolution. Their experiments were carried out for 30–35 days. In their 

experiment, they observed from tremolite that Si concentration increases with time at 

pH<5, however the Si dissolution increased significantly at the beginning and stabilized 

with time for pH > 5. At pH 2 Mg dissolution progressed with time linearly until the end 

of the experiment. Above pH 3 the release of magnesium was very fast in the first few 

days of the experiments but stabilized as the solution became more saturated. They also 

noted that Mg was preferentially released over Si. Regarding pH, at acidic medium, high 

Mg/Si and Ca/Si ratios at the beginning followed by a decrease in those ratios signify 

incongruent dissolution and agree with the observed behavior of chain silicates (M. 
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Rozalen et al., 2014). Most studies on tremolite by previous workers also note the 

preferential release of the divalent metal ions over Si in the sequence Ca2+>Mg2+>Si4+ in 

acidic conditions (Alisa Mast & Drever, 1987). 

1.4.2 Effect of acids on tremolite dissolution 

Oxalate has been found to increase the dissolution rate of aluminum oxides (Alisa Mast 

& Drever, 1987) due to the formation of the surface complex which weaken the Al–O 

bonds. This process however was not found to be involved in the dissolution of tremolite 

by experiments performed by (Alisa Mast & Drever, 1987). They observed that the rate-

limiting step in their experiment was the release of Si into solution and oxalate had little 

influence on the process. The pH dependence of the release of magnesium and silicon 

from tremolite was studied by varying solution pH as dissolution proceeded. They 

concluded that the dissolution rate of tremolite is independent of pH within the range 2–

5. However, the concentration of oxalate used in their experiment was extremely low. 

Oxalic acid is however considered a very effective ligand for iron dissolution (Salmani 

Nuri et al., 2019) and thus may increase dissolution of iron-bearing tremolite. Sulfuric 

acid leaching of magnesium from other magnesium silicates are commonly reported in 

literature. However, the effect sulfuric acid on leaching of magnesium from tremolite has 

not been reported, even though sulfuric acid is reported as one of the best leaching agents 

for serpentines(Li et al., 2018). Phosphoric acid effects on tremolite have also not been 

reported. 

1.4.3 Dissolution stoichiometry 

Due to the composite reaction nature of silicate dissolution, i.e, the reactions consist of 

several steps, their rates of release of elements vary significantly (Susan L Brantley, 

1997). If the ratio of release rate is different from the stoichiometry of the mineral, the 

dissolution is termed as non-stoichiometric or incongruent. Incongruent dissolution may 

be the result of the dissolution of impure phases, precipitation of reaction products or 

preferential leaching of elements from the mineral, driven by differences in site energies 

for cations in the mineral structure (Susan L Brantley, 1997). A problem presented by 

non-stoichiometric dissolution is that for silicates that do not dissolve stoichiometrically, 

the calculation of dissolution rates must be based on the release of Si. However, it is noted 

that many silicates show non–stoichiometric dissolution initially but revert to 

stoichiometric dissolution with time. The most common way used to measure mineral 
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dissolution is by measuring the rate of increase in the concentration of solutes as a 

function of time (Susan L Brantley, 1997). Most published mineral dissolution 

experiments report area and time normalized dissolution rates. In mineral dissolution 

experiments, the rates must be expressed as a function of the total mineral surface area 

since the rate of dissolution may be limited by a reaction at the solid-liquid interface. As 

such, the dissolution of a mineral will depend on the reactive mineral surface area (S.L. 

Brantley & Chen, 2018). This is achieved by measuring the total surface area of the 

mineral using different methods, like the BET method. By normalizing dissolution with 

surface area measurements, interfacial effects are thereby taken into consideration.  

1.4.4 Steady and unsteady state dissolution 

Steady state dissolution refers to a dissolution where the rate does not change with time. 

Steady-state dissolution rates have been confirmed to occur after several hours of mineral 

dissolution in long-term experiments. Initial experiments however revealed what is 

termed parabolic kinetics. Parabolic kinetics refers to an initial increase and unsteady rate 

in the beginning of the experiment before a steady state is reached. (Luce et al., 1972) 

reported parabolic kinetics for the dissolution of enstatite. The parabolic kinetics is related 

to incongruent dissolution at initial stages due to Mg ion exchange with hydrogen from 

the aqueous solution. However, parabolic kinetics have been attributed to the dissolution 

of ultrafine particles from grinding and other reactive features such as sharp edges and 

high surface energy areas on the mineral surface (Brantley and Chen, 2018 according to 

Petrovich 1981). To attain steady-state dissolution the reaction mostly takes place for 

several hours to months. For example, Schott and Berner (1983) reported steady-state 

dissolution of pre-cleaned bronzite after 600h. Incongruent dissolution also occurs at 

lower pH (Brantley and Chen, 2018) due to high preferential release of elements, 

dissolution of ultrafines, and reactive surfaces. Because  steady-state dissolution is 

unlikely to be achieved in short experiments, the dissolution rate depends on which 

element is released into the solution used in its determination. Mostly, due to the 

preferential release of Mg and Ca cations, Si release can be used to estimate the rate of 

dissolution in unsteady state conditions for minerals whose stocihiometry is known. 
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1.4.5 Mechanism of dissolution 

During the dissolution of the mineral, two main processes are occurring. A  product layer 

or interface is formed around the mineral. When the reaction is controlled by transport; 

i.e. the rate of dissolution of the mineral is fast and transport from the interface is slow, 

reaction products or solutes become concentrated in the thin layer surrounding the solid  

and equilibrium is established between the mineral surface and the interface. In this 

instance, the overall process or rate of mineral dissolution is controlled by 

transport/diffusion. On the other hand is a process in which the transport or diffusion of 

solutes from the interface into the bulk solution is faster than the rate of dissolution of the 

mineral. In this case, the concentration of solutes in the bulk solution approaches 

equilibrium with the concentration of products in the interface layer. In this case, 

dissolution becomes dependent on the solution chemistry (Brantley and Chen, 2018). It 

is important to study which of the mechanisms is dominant in the dissoliution process, so 

that it can be optimized to increase dissolution and /or the parameters controlling the 

dominant mechanism can be controlled to increase the dissolution rate 

1.5 Alkali activation 

Alkali activation is a frontline technique of dealing with industrial wastes including mine 

tailings. The potential of alkaline activation to immobilize harmful chemicals(Kiventerä 

et al., 2020) in mine tailings and their ability to turn the tailings into useful products has 

attracted significant attention. Alkali activation is explored in this review to determine its 

use in the valorization of residue obtained after leaching ultramafic tailings, which leaves 

behind significant amounts of residues abundant in silica and other elements. Alkali 

activation is a synthesis reaction in which silicon and aluminum bearing materials are 

mixed with highly alkaline solution (Kiventerä et al., 2020). Al and Si ions are released 

into the alkaline solution and form a three-dimensional network by sharing oxygen atoms. 

Other cations including Fe, Mg and Ca take part in the reaction, and the result is the 

formation of calcium–sodium aluminosilicate gel (Ca(N)ASH) or Mg–Al layered double 

hydroxide. Alkali activate materials (AAM) can assume several desirable properties 

including high mechanical strength, high thermal strength, and acid corrosion 

resistance.(Provis, 2014). Another added benefit of alkali activated material include low 

energy consumption and low to net negative CO2 emission during their synthesis.(Habert 

et al., 2008). These properties make alkali activated materials a highly desirable 
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construction material (Komnitsas & Zaharaki, 2007). The raw materials needed for 

(AAM) formation are simple aluminosilicates that are abundant in minerals or industrial 

wastes such as slag, fly ash and waste glass (Komnitsas & Zaharaki, 2007). The main 

ingredients for the preparation of a (AAM)  are AAM solution and silicate raw material 

(Ikedda 1998 see Komnitsas & Zaharaki, 2007). An inactive filler may also be the source 

of Al for the formation of the geopolymer. The geopolymer solution is a highly alkaline 

solution such as NaOH that dissolves Si and Al. A binder, which is sodium silicate or 

potassium silicate acts as the activator. To understand the geopolymer preparation process 

the main ingredients representing the bolts and nuts of the build process ought to be well 

known. The main parts of a geopolymer are 1) Inert filler 2) Geopolymer solution and 3) 

Binder or co-binder. The inert filler material is a material that has a low reactivity and 

cannot provide Al and Si enough to form a gel. Inert fillers require a co binder such as 

metakaolin or kaolin to form a geopolymer. The amount of inert filler needed and its 

effect on the co–binder must be considered carefully. The amount of inert material used 

affects the overall mechanical strength of the product. For example it is reported by 

Jaarsveld et al (see Kiventerä et al., 2020), that when the proportion of their filler material 

exceeded 70wt%, the mechanical strength of the geopolymer matrix started to decrease. 

Common materials that can be used as filler material include mine tailings and 

construction waste materials and industrial waste such as blast furnace slag and fly ash. 

The geopolymer solution or activator is the solution that leaches the reaction species, Si 

and Al into solution. A highly alkaline solution is needed to break the aluminosilicate 

structure of silicates and initiate the reaction leading to the formation of a gel. Another 

purpose of the activator is to supply cations Na+ or K+ that balances the charges in the 

solid produced (Kinnunen et al., 2018). It is worthy to note that  high amount of Ca2+ in 

the gel will result in the formation of hydrated product of calcium similar to ordinary 

Portland cement where water plays a major role in the structure of the geopolymer formed 

(Kinnunen et al., 2018). High amount of calcium leads to a structure that is susceptible to 

acid corrosion and short lifetime. The binder or co–binder is a material that mostly 

provides Al and Si into solution. The co-binder is a reactive material that facilitates the 

formation of a gel with the filler. Common co-binders include metakaolin and kaolin 

which are used together with right proportions of the filler material results in a durable 

geopolymer with high mechanical strength.  

A good geopolymer may be achieved from alkali activation when all parameters affecting 

its formation is considered. Important parameters to consider includes the type and dose 

of activator, curing temperature, slag specific surface area, modulus ratio and slag 
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characteristics (Saedi et al., 2020). For example, (Saedi et al., 2020) notes that increasing 

the activator concentration increases the rate of hydration or dissolution of pozzolans and 

the effect of activator concentration depends on the type of activator and the 

characteristics of the pozzolan. Alkaline activators of low concentration slows the 

activation process, while the use of high concentrations could cause problems such as 

dandruff and brittleness, which cause the contraction to be increased(Saedi et al., 

2020).Extremely high concentration of alkaline activator in activated cement could also 

reduce strength(Saedi et al., 2020). Thus the properties of the precursor material such as 

slag and the activator have effect on alkali activated cement (Cihangir et al., 2015).  

 

1.5.1 Reaction mechanisms 

There are two main mechanisms of alkaline activation generally for alkali activated 

binders(A. Abdullah, 2012; Palomo et al., 1999; Saedi et al., 2020).The first mechanism 

involves high Ca, Al and Si containing precursor such as blast furnace slag. The activation 

of this type of material requires moderately alkaline solutions and results in the formation 

of C-S-H phases as products (Saedi et al., 2020). The second mechanism involves 

activation of calcium free to low calicum precursor material with moderate to high 

alkaline activators resulting in the formation of polymeric network of high mechanical 

strength similar to amorpous zeolite phases (Saedi et al., 2020). The reaction mechanism 

involved in the setting and hardening of a geopolymer is still not very clear to researchers 

i.e. it is postulated as depending on the material and the activator (Pacheco-Torgal et al., 

2008).The alkali activation mechanism was studied by Glukhovsky (see Pacheco-Torgal 

et al., 2008), who determined that the mechanism starts with the breakdown of the 

material into stable structural units, followed by condensation. Simply, the reaction 

consists of the breakdown of Si–O–Si and Al–O–Si bonds in highly alkaline conditions. 

The accumulation and coagulation of the liberated structures leads to the formation of a 

condensed structure with high mechanical strength (Pacheco-Torgal et al., 2008). 

(Jaarsveld & Deventer., 1999) proposed a similar mechanism in which the mechanism 

occurs in three steps which are (a) dissolution due to OH– ions; (b) Orientation of the 

dissolved species; (c) condensation and hardening of the structure in an inorganic 

polymeric system. 
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1.5.2 Alkali activation of mine tailings 

Mining waste produced by the extractive industry is currently one of the largest waste 

streams in the world (Kinnunen et al., 2018). Mine tailings are impounded either in 

tailings dam along with the waste water from processing or as  pastes in piles usually near 

the mine sites (Kinnunen et al., 2018). The tailings dam cover very large areas of land 

that must be cleared and the effect of tailings dam failures and their implications have 

been documented.  Worldwide, very high volumes of mining waste are generated 

estimated to be 5–7 billion tons (Obenaus-Emler et al., 2020). The environmental effects 

of large amounts of mining waste are well known. For example, it is known that sulfide 

bearing waste are environmentally undesirable due to their ability cause acid mine 

drainage (AMD). Acid mine drainage occurs because of dissolution of sulfides from 

waste rock which increases pH of the dissolving solution by formation of sulfuric acids. 

An increase in pH result in dissolution of harmful metals which are toxic to aquatic 

systems and human health. The environmental, social and governance regulations 

surrounding the management of waste in the extractive industry is a driver in the search 

for alternative use of mining side streams. Alkali activation technology has been one of 

the most important solutions to the environmental problem posed by high amounts of 

mining waste. Assessment of suitability of mine tailings as precursors for alkali activation 

have been extensively reviewed by (Obenaus-Emler et al., 2020),(Kiventerä et al., 

2020),(Perumal et al., 2020) among others. Alkali activation technology can be used to 

turn mining sidestreams into useful products which have cementitious properties 

comparable to ordinary Portland cement (OPC) (Obenaus-Emler et al., 2020). The 

advantages of these products obtained from alkali activation are their properties such as 

high mechanical strength, low carbon footprint, low energy costs, high acid resistance, 

immobilization of harmful materials and their potential to replace ordinary portland 

cement (Obenaus-Emler et al., 2020). Aluminosilicates can be found in significant 

quantities in the tailings and  thus can be used as precursor for alkali activated materials. 

The alkali activated material can be used directly at the mine site as backfill, or as raw 

materials for construction leading to reduction in the amount of tailing that has to be 

impounded in dams (Obenaus-Emler et al., 2020). In producing alkali activated materials 

from mine tailings, the reactivity of the tailings is one of the major factors affecting its 

usability. Mine tailings are not very reactive due to their crystallinity (Kiventerä et al., 

2020), thus requiring methods to increase their reactivity. However the tailings materials 

are already ground into small particle sizes, desirable or requiring less expensive 
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pretreatment processes that markedly increase their reactivity. To determine the reactivity 

of tailings solubility test can be carried out to determine the extent of leaching of reactive 

species. The reactivity of the material can be also estimated by investigating its crystalline 

structure  using X-ray diffraction (XRD) and scanning electron microscopy 

(SEM)(Kiventerä et al., 2020). Another route often utilized in using tailings precursors is 

by combining them with reactive co–binder such as metakaolin or blast furnace slag. 

Unreactive mine tailings can be used as inert fillers in alkali activated materials, thereby 

immobizing harmful tailings metals and chemical reagents.  

 

1.5.3 Reactivity of mine tailings 

The reactivity of the raw material depends on its mineralogy and crystallinity, thus a 

determination of these properties and their effect on reactivity helps to develop 

pretreatment techniques. Studies on the reactivity of mine tailings can be done by leaching 

the precursor material in alkaline solutions and determining the extent of leaching of the 

relevant species using advanced analytical tecniques such as induced coupled plasma 

spectrometry (ICP- MS). The reactivity of four different mine tailings were studied by 

(Obenaus-Emler et al., 2020) to determine their application as precursors for alkali 

activation. Their process involved leaching tests of the mine tailing to determine the 

extent of leaching of the relevant species needed for the formation of a gel using strong 

NaOH to determine which material responded well to the leaching process. The leaching 

process indicated low reactivity of the mine tailings.  

 

1.6 Other activation methods on mine tailings 

Activation methods are categorized into four main groups under which there are different 

methods or combined methods, adapted to suit the material used in alkali activation. 

These methods are: chemical activation, compound activation, physical activation and 

thermal activation. 
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1.6.1 Activation using Sulfates 

Calcium sulfate and sodium sulfate are common compounds used in alkali activation 

processes (Saedi et al., 2020). The principle of activation, according to (Saedi et al., 2020) 

involved the breakdown of the silica structure due to the addition of CaSO4.2H2O to 

pozzolanic materials, inducing SO4– ions to react with aluminates. (Saedi et al., 2020) 

notes that the dissolution of the cations from slag ash is due to high alkaline conditions, 

leading to a breakdown of the aluminosilicate or silicate structures. As a result, 

monosilicate is dissolved in the solution, and the aluminate solution reacts with Ca2+ ions, 

resulting in the formation of calcium aluminate hydrate and C–S–H. By introducing 

sulfate ions into the system through the addition of Na2SO4 or SO4– into the system, the 

SO4– ions react with calcium and aluminates to form ettringite, a needle-like product 

resulting from the reaction between sulfate ions, activator solution, and aluminosilicates. 
Activation using sulfates is one of the methods to consider for improving the reactivity 

of mine tailings, when the mineralogy is suitable and other methods have not yielded 

good reactivity. 

 

1.6.2 Compound activation 

Compound activation refers to a process in which two activators are combined such that 

their combined effect is greater than each of the activators used alone in the process (Saedi 

et al., 2020; Sahoo, 2016; Sajedi & Razak, 2011). The use of compound activation in 

alkali activation has been studied by (Antiohos & Tsimas, 2004) who used raw lime to 

activate slag ash cement system (Saedi et al., 2020). Their study revealed an improvement 

in the strength of the mortars containing 3 and 6% raw lime compared to slag ash without 

raw lime (Cihangir & Akyol, 2018). In the mixing process enhancing agents such as 

triethanolamine and triisopropanolamine are used to increase the mechanical strength of 

the final product (Allahverdi et al., 2018). These two accelerators are organic  

alkalonamines which are commonly used in Portland cement clinker processes (Saedi et 

al., 2020).  

1.6.3 Mechanical Activation 

The  main goal of mechanical activation is to increase the reactivity of a solid material or 

physical and chemical properties of a solid material that increases its reactivity (Saedi et 
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al., 2020). The principle of mechanical activation  is mainly applied through grinding of 

the materials to increase the  surface area which also increases the rate of hydration. This 

is achieved by reducing the particle sizes through grinding. Mechanical processes or a 

combination of mechanical and chemical energy through abrasion, cutting, and crushing  

is used to achieve particle size reduction(Saedi et al., 2020). Structural changes also 

occurs in mechanical activation causing defects in the crystalline structure (Saedi et al., 

2020). Mechanical activation produces new surfaces and defects in the crystalline 

structure of the solid precursor (Saedi et al., 2020). Among all the pretreatments, 

mechanical activation through grinding is the most economical in mine tailings since it 

forms part of ore treatment processes. The cost of size reduction is already covered by the 

earlier industrial processes in mining industry. Where further grinding is required, the 

cost is small fraction of the sequestration cost. To optimize mechanical treatment, the 

grinding time is the most important parameter for each material to make the process cheap 

and sustainable (Kiventerä et al., 2020). Mechanical treatment has been used to improve 

the reactivity of vanadium tailings(Jiao et al., 2013), which produced more solubility for 

Al and Si (Kiventerä et al., 2020). During mechanical treatment, changes in particle 

morphology and increase in amorphous content has been observed. 

 Mechanical activation is classified into two main categories based on process cycle. The 

first activation category includes early stage processes including increasing specific 

surface area and internal energy and decreasing bond energy, which increase the activity 

of materials (Saedi et al., 2020). Secondary or late stage processes include: 

agglomeration, surface adsorption and recrystallization that occur during or after grinding 

process (Pourghahramani, 2006; Saedi et al., 2020). Mechanical activation can be energy 

intensive and time consuming depending on the degree of finess required for the particular 

material. It is also noted, that excessive fine grinding of tailings when using in 

cementitiious application may require high amounts of water and lead to a reduction in 

ultimate strength of cement (Saedi et al., 2020). Overall, mechanical activation leads to 

higher reactivity and improvement in strength of activated products. Grinding increases 

the surface area, creates weaknesses in the crystal structure of the mineral, and produces 

amorphous phases which are easily soluble (Li et al., 2018). The critical parameter to 

optimize is the grinding time needed for each kind of material to ensure the most 

economical and sustainable process (Kiventerä et al., 2020). Important parameters used 

to measure the effectiveness of mechanical activation include amorphous content, 

solubility of the different elements, particle size distribution, and mineral phase 

composition,which are analysed after before and after grinding (Kiventerä et al., 2020). 
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1.6.4 Thermal Activation 

Heat treatment is one of the methods used to increase the reactivity of precursor materials 

for alkaline activation. When used, heat treatment mostly precedes alkali activation to 

breakdown the crystalline structure of the minerals and facilitate dissolution in the 

alkaline solutions. In case of minerals containing water molecules, heat treatment 

removes chemically bounded hydroxyl groups and water from the starting material 

(Kiventerä et al., 2020). Elements needed for forming a three dimensional gel such as Si 

and Al become more soluble after heat treatment of mine tailings, depending on the heat 

resistance of the tailings material. (Kiventerä et al., 2020) notes that the amorphous 

content in mineral tailings increase with thermal pretreatment before alkali activation.  

1.7 Zeta potential in Alkali Activation 

Zeta potential is the potential difference between the slipping plane or the hydrodynamic 

shear with the diffuse layer of ions surrounding a charged particle. As illustrated in the 

figure below, for a particle in a suspension, there exist a surface charge on the particle 

attracting opposite charges as it moves within the suspension. The charge on the particle 

exerts a zone of influence in the form of an electrical double layer. The electrical double 

layers consist of an inner layer where charges are strongly attracted to the particle surface, 

called the stern layer, and a loosely attracted region of ions (diffuse layer). At a certain 

distance from the particle, ions do not move with the particle because the force of 

attraction is too weak, known as the slipping plane or hydrodynamic shear which can be 

found in the diffuse layer. The potential across the slipping layer is known as the zeta 

potential. All particles dispersed in aqueous solutions attain a surface charge and in 

cementitious systems the surface charge, and the ensuing double layer have effects on 

inter particle interactions (Lowke & Gehlen, 2017). The interparticle interactions have 

effects on properties such as coagulation, thixotropy, structural build-up, rheology, 

sedimentation, bleeding or the adsorption of superplasticizer polymers (Lowke & Gehlen, 

2017). The zeta potential therefore can give valuable information about the state of the 

surface charge and can be used to model the interparticle interactions in cementitious 

suspensions (Lowke & Gehlen, 2017). The zeta potential of a colloidal system determines 

its stability, as more positive or negative values indicate increased dispersion of particles. 

The large zeta potential values mean there is strong repulsive forces that prevent 

formation of flocs leading to flocculation, coagulation, and sedimentation. Low zeta 
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potential values indicate instability in the colloidal system, whereby there isn’t enough 

repulsive force to prevent coagulation and sedimentation. The zeta potential of a particle 

is affected by factors such as pH of the medium, conductivity and the concentration of 

the formulation component(Limited, 2011).The zeta potential plays a key role in binder 

formation and mechanical properties of activated materials. In highly alkaline medium, 

charged surfaces become more negative as surface sites are deprotonated. The 

deprotonated surface will then attract counter ions present in cementitious systems such 

as Ca2+, Na+, Mg2+ depending on the ions present. This is confirmed by studies done by 

(Lowke & Gehlen, 2017), in which they studied the  zeta potential of cement suspension 

and mineral additions. They revealed that, the zeta potential of ground quartz in water 

was strongly negative ( −45.9 ± 1.8 mV) at the beginning and upon addition of NaOH, 

the zeta potential decreased further (-78.4mV). The figure below shows the evolution of 

zeta potential of ground quartz suspension as various cations are added in the form of 

basic solutions of Na+, K+, and Ca2+. 

 

 

Figure 4  Zeta potential of ground quartz versus molar charge concentration of the cations with pH values .Reprinted 

from Cement and Concrete Research, Vol 95, (Lowke & Gehlen, 2017), The zeta potential of cement and additions in 

cementitious suspensions with high solid fraction, Pages 195–204., May 2017 with permission from Elsevier 

 

As the molar charge concentration of the cation species increases, it can be seen that the 

zeta potential begin to increase. (Lowke & Gehlen, 2017) concludes that this is due to the 

increasing concentration of the cations, which are attracted to the negative surface sites 

of the surface site. Addition of Ca both in the form of Ca(OH)2 and CaSO4 resulted in an 

increase in zeta potential. Thus, among the cations, there’s high affinity for adsorption of 

Ca than the other ions. The results of (Lowke & Gehlen, 2017) are very important in 
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leaching studies. In leaching studies, these cations are abundant for mineral carbonation 

and their zeta potential effects may determine which cation will be adsorbed on particle 

surface causing flocculation or coagulation. The adsorption may also limit the dissolution 

process if the pH of the medium is static. Thus, it is important to study the zeta potential 

of these cations and their relationship with the surface site during dissolution or alkali 

activation. 
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METHODOLOGY 

1.8 Material Characterization 

Magnesium rich mine tailing was obtained from Boliden Kevitsa mine, Finland. The 

material was ground into powder using a laboratory-scale mill as described by (Perumal 

et al., 2020). Initial material characterization and chemical composition test had been 

carried out by (Perumal et al., 2020) and the data therein is added to this work. BET 

(Brunauer, Emmett and Teller) was done on the powdered material to determine the 

specific surface area using N2 gas adsorption and degassing was done at 300oC for 2 

hours. The BET test was done prior to dissolution. The chemical composition of the 

magnesium rich tailings in weight percentage. The oxide composition of tailings was 

determined by X-ray fluorescence spectroscopy (XRF, Axios mAX; Malvern 

PANalytical, UK) and is shown in table 1 below. 

 
Figure 5 mineral phases present after 16mins grinding 

Table 1 Chemical composition of Mg-rich mine tailings (Perumal et al., 2020) 

Oxide Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO2 Cr2O3 MnO Fe2O3 

% 0.4 22.9 2.3 47 0.3 0.1 12.8 0.3 0.5 0.2 13.3 

  

1.9 Leachability Test 

Leachability of the material is necessary to determine if the raw material, that is the 

tailings can provide enough magnesium cations for carbonation. This method has been 

demonstrated by (McCutcheon et al., 2015) in producing magnesium stock solution from 

chrysotile. A similar approach is used in this experiment, but the pH of the system was 

kept constant in this experiment. The starting material was leached in sulfuric acid 
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(H2SO4), phosphoric acid (H3PO4), and oxalic acid of concentrations 0.0001M, 0.0001M 

and 0.001M respectively at liquid to solid ratio (l/s) 400 at static pH of 3, 4 and 5 for each 

acid for 240 minutes. Most leaching or dissolution experiments are done in several hours 

to determine stoichiometric dissolution. In this experiment however, a 4-hr time limit was 

used to determine the feasibility of dissolution in industrial scale application. The 

leaching experiment was done in a Mettler Toledo titrator with agitator and 100ml sample 

holder system that has a pH sensor, a conductivity meter, and a sample draw point. The 

pH of the solutions was kept constant by attaching same solutions of equal or stronger 

molarity respectively, that is added when the pH of the leachate increases. A sample of 

5ml was taken at 30, 60, 120 and 240 minutes with a syringe and filtered with a 0.45 

micrometer cellulose acetate filter into a centrifuge tube and 5M HNO3 is added in equal 

amount to prevent precipitation of solutes for Inductively coupled Plasma Optical 

Emission Spectrometry (ICP–OES) determination of Ca, Mg, Si, Al, and Fe. The ICP-

OES-determinations of Al, Ca, Fe, Mg and Si were carried out with an Agilent 5110 VDV 

ICP-OES, equipped with a SPS 4 autosampler, an U-series concentric glass nebulizer, a 

cyclonic glass double pass spray chamber and an 1.8 mm semi-demountable torch. 

Measurement parameters used in the ICP-OES analyses are presented in table 2. The 

emission lines used for each element are listed in table 3. Scandium (wavelength 361.383) 

and Yttrium (wavelength 371.029) were used as internal standards to correct for 

sensitivity drift and matrix effects in the measurements. The calibration standards used 

for the ICP-OES determinations were prepared by diluting from 1000 mg/L single 

element standards. A 2 % (v/v) concentration of nitric acid (Honeywell Fluka, puriss. p.a., 

ACS reagent, ≥ 69%) was added to each calibration standard. Quality control standard 

samples and blank samples were measured for quality assurance purposes. A baseline 

leaching was done with deionized water for 240 minutes. Slurries of liquid to solid ratio 

(l/s) of 10 was prepared using the same acids and leached with the same experimental 

system and pH kept constant, and the sampling is repeated as discussed earlier and a 

baseline leaching was done with deionized water of pH 7 for 240 minutes. The leached 

solid material from the slurry was recovered using 0.45 micrometer polypropylene filter 

placed between a collector flask and intake flask with a vacuum suction applied to 

enhance filtration. The solid residue is oven dried at 105 degrees Celsius for 36 hours and 

used in alkali activation experiments.  
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Table 2. ICP-OES measurement parameters 

Pump speed 12 rpm 

Uptake delay 25 s 

Rinse time 30 s 

Read time 5 s 

Stabilization time 23 s 

RF power 1200 W 

Viewing height 8 mm 

Nebulizer gas flow 0.70 L/min 

Plasma gas flow 12.0 L/min 

Auxiliary gas flow 1.00 L/min 

 

 

1.10 Alkali Activation experiment 

In alkali activation experiment, the solid residue obtained from the slurry test was leached 

in 12M NaOH solution for 240 minutes. A liquid to solid ratio of 400 was used by 

measuring 0.125g of solute and dispersing in 50ml of NaOH solution into 100ml plastic 

bottles. The bottles were placed on a Brunswick shaker and set at 100rpm for 240 minutes. 

After 240 minutes, a sample is drawn using a syringe and filtered with a 0.45 micrometer 

cellulose acetate filter into a centrifuge tube. To prevent precipitation, 5M HNO3 is added 

to the filtrate before ICP-OES test.  

1.11 Zeta Potential 

To determine the particle surface properties during alkali activation a zeta potential test 

was performed on all samples after acid leaching and drying on mavern zetasizer. Small 

amount of solutes was taken from the leached residue and dispersed in deionized water 

for each sample.  

Table 3. Emission lines used in the ICP-OES 

measurements 

Element Emission line (nm) 

Al 396.152 

Ca 396.847 

Fe 238.204 

Mg 280.270 

Si 288.158 
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RESULTS 

1.12 Elemental leaching and release in dilute acidic solutions and in 

slurry 

The ICP-OES results for the cation leaching experiment are shown in appendix 1 table 1. 

The amount of elements released in dilute solutions was normalized by BET surface area 

division. The volume of titrant consumed to keep the pH constant was recorded, added to 

the table, and used in rate calculations. The concentration of the elements in the slurry 

solutions are mentioned as mg/l, and is discussed to understand the degree of precipitation 

in the slurry solutions compared to the dilute solutions. Fig 6a-d shows the amount of Ca, 

Mg, Si, and Fe released by each acid and at the respective pH in the dilute solutions at 

high l/s (400) after the 4-hr experiment and Fig 7 shows the release of Al in each acid. 

Fig 8a-e shows the dissolution of the elements in slurries produced at low l/s (10). Fig 9, 

10 and 11 shows the evolution of release of element with respect to time points for the 

whole duration of the experiment. 

1.13 Calcium Release 

The concentration of elements released in dilute solutions is shown in fig 6a-d below. The 

starting material has 12.8wt% CaO, as shown in table 1 above (Methodology section). 

The concentrations of  Ca released in deionized water was found to be 5.76 mg/l and is 

used as a benchmark. The amount of calcium released varied among all acids and pH 

ranges (fig 6a). H3PO4 at pH 3 leached calcium most effectively among all the acids in 

the batch experiment at high liquid to solid ratio. The results generally indicate that 

calcium release increases with decreasing pH of the acid solution, rising from 0.707 

mmol/m2 to almost 1 mmol/m2  as pH reduces from 5 to 3 in H3PO4 leachate in batch 

experiment performed at (l/s) of 400. H3PO4 acid at pH 3 leached the most calcium from 

the tailings material after 4hrs of leaching, producing 1.4x10–4mol/m2 of calcium solutes 

at high liquid to solid ratio of 400. Sulfuric acid at pH 3 produced more calcium than 

phosporic acid at pH 4 and pH 5, but less than H3PO4 at pH 3 even though sulfuric acid 

is a stronger acid than phosporic acid. Oxalic acid released the lowest amount of calcium 

in the experiment.  
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In the slurry test, H3PO4 exhibits the most calcium leaching, however the highest calcium 

leaching can be observed at pH 4, 426 mg/l calcium after 4 hours, followed by pH 3 at 

364 mg/l (fig 8a). Fig 8a shows the dissolution of Ca from the tailings in slurry solutions. 

For oxalic acid, the trend observed in dilute solutions is consistent with  the slurry test in 

which low liquid to solid ratio ratio was used. It must, however, be noted that in case of 

slurry test, precipitation of the dissolved elements must also be considered, as it can lead 

to the lower observed element concentrations. This also justifies the importance of 

studying dissolution at high l/s. 

1.14 Magnesium Release 

Mg-release in dilute solutions can be observed from fig 6b. The tailings contain 22.9 wt% 

of MgO, one of the main components needed for carbonation. The baseline leaching test 

with deionised water released only 4.4mg/l of magnesium. In the dilute solution, oxalic 

acid leached the most magnesium cations after 4hrs of dissolution at pH 3. At pH 4 and 

5 the cation release was lower, but was still above the amount of magnesium released by 

phosphoric acid and sulfuric acid. The release of magnesium cations was the most optimal 

in oxalic acid leaching as much as 0.0383 mmol/m2 at pH 3 after 240 minutes. At pH 4 

and 5, Mg release at the end of 240 minutes was below 0.0029 mmol/m2. 

 In the low (l/s) slurry test however (fig 8b), the systems prepared with sulphuric acid 

(H2SO4) exhibits more magnesium than oxalic acid and phosphoric acid at pH 3 

respectively: 79.4 mg/l, 68.5 mg/l, 61 mg/l of magnesium was observed in the slurries 

prepared using H2SO4, H3PO4 and oxalic acid at pH 3 respectively after 4hrs. The 

disparity between the dilute solutions and slurries can be attributed to the precipitation of 

the dissolved-Mg in the systems with high Mg-concentrations, thereby justifying the use 

of dilute solutions for this study. The amount of magnesium observed at pH 4 in all acids 

were also appreciable even though they are slightly lower than amounts leached at pH 

3.The lowest amounts of magnesium was leached at pH 5 for the three acids. 

1.15 Iron Release 

The concentration of Fe ions in the dilute solutions can be observed from fig 6(d). 

Baseline test with water showed insignificant release of iron at 0.12mg/l.  The observed 

concentration was greatest in oxalic acid at pH 3 in high (l/s) experiment which is  
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0.002mmol/m2 of Fe released. In the entire pH range Fe concentration was higher for 

oxalic acid than H2SO4 and H3PO4 . Fe concentration in pH 3 H2SO4 and pH 3 H3PO4 was  

almost the same after 4 hours, releasing approximately 1mmol/m2  Fe, but significantly 

less than Fe concentration in oxalic acid at pH 3. Lower amounts of iron was released at  

pH 4 and pH 5f or all acids:oxalic pH 4 and 5 released 1.5mmol/m2 and  1.33mmol/m2 

Fe respectively, H3PO4 pH 4 and 5 released 0.0015mmol/m2 and 0.0014mmol/m2 Fe 

respectively, and H2SO4  pH 4 and 5 released 0.006mmol/m2 and 0.002mol/m2  

respectively .However oxalic acid at pH 4 and 5 showed higher release compared with 

H2SO4 and H3PO4 at the same pH values .  

The concentrations of dissolved Fe observed in the slurry tests is shown in fig 8c.  In 

slurry test, (low l/s) oxalic acid leached more iron than sulfuric acid and phosphoric acid, 

consistent with high(l/s) ratio results, even though the difference was not very much. 

However the effect of precipation of solutes in low liquid to solid ratio has to be taken 

into account. Thus, it is highly neccesary to conduct  high liquid to solid ratio test.    

1.16 Silica Release 

SiO2 formed 47 wt% of the starting material, indicating significant amount of Si available 

for leaching. The Si release in the dilute solutions can be observed from figure 6c. In the 

benchmark system indicating dissolution in water, the Si-dissolution was 1.6mg/l. Oxalic 

acid leached the most silica, producing almost 2.5 x 10–5mol/m2 of Silica into solution at 

pH 3 at high (l/s) ratio. The release of silica in sulfuric acid and phosporic acid was low 

at all three pH ranges, i.e below 1 x10–5mol/mg.  

In slurry test with low liquid to solid ratio (l/s) Oxalic acid leached the most silica, 

consistent with the observations from the dilute solutions (figure 8c). Phosphoric acid at 

pH 3 and pH 4 released almost the same amount of silica together with pH 3 sulphuric 

acid.  

1.17 Aluminium Release 

Al2O3 formed 2.3wt% of the starting material. In the benchmark dilute solution, the 

dissolution was found to be below 1mg/l. The release of aluminium after 4hrs in case of 

low solid to liquid ratio acids is shown in fig.6.  From the figure it can be observed that. 

at pH 3, oxalic acid exhibits the highest degree of Al release followed by phosphoric acid. 
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The least Al release is exhibited by sulfuric acid. In case of all the acid, pH 3 exhibits 

highest Al release.At pH 4 and 5, oxalic acid leached aluminum than sulfuric acid and 

phosphoric acid. The release of aluminum at high l/s ratio compared with the rest of the 

elements is the smallest, partly because aluminum formed only a minor fraction of the 

starting material. 

The Al release observed in the slurry experiments can be observed from figure 8e. Oxalic 

acid at pH 4 leached the most aluminum, at 31.2 mg/l in the slurry test experiment. This 

is observed to be higher than aluminum released at pH 3 of the same acid i.e. 24.4 mg/l, 

but the difference is small. Baseline studies was below detection limit. pH 3 sulfuric acid 

also leached 22.4 mg/l of aluminum while pH 4 of same acid produced 9mg/l of 

aluminum. Phosphoric acid at pH 5 produced 13.3mg/l of aluminium, higher than pH 4 

H2SO4 and pH 3 phosphoric acid.  

 

Figure 6 Amount of element released after 4- hrs in high l/s ratio acid solutions 
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Figure 7 Al release in high l/s ratio solutions after 4hrs 

 

Figure 8 Amount of element released after 4- hrs in low l/s ratio acid solutions 

1.18 Time-evolution of elemental dissolution for kinetic calculations 

In theory, mineral dissolution rate in batch experiments is determined by measuring 

variation of a mineral component with time (M. Rozalen et al., 2014). From the equation 
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below, the rate of dissolution is determined as the change in amount of products with 

time, normalized by the BET surface area. 

𝑟, =
-
.
× /0'

/1
  (7) 

δ𝑛, = 𝐶, × 𝑉  (8) 

Where 𝑟,  is the rate of release of dissolution of component 𝑖 ,A is the measured BET 

surface area, δ𝑛, is the amount of component 𝑖 and /0'
/1

 is the measured slope of released 

amount of component 𝑖 with time and V is volume of solution. For this experiment the 

dissolution rates are calculated using the first three points of the experiment to avoid the 

effect of saturation. Generally, in case of geochemical studies, the dissolution rates are 

measured after several hours of dissolution (Susan L Brantley, 1997). However, the rates 

here are calculated to determine the effect of  dissolution rate in a 4 hour industrial system. 

The dissolution rates obtained from leaching with the three acids at various pH is shown 

in  appendix 3 table 3. The rate was determined by measuring the slope of the line passing 

through the variation of concentration of leached cations with time as shown in fig 5. The 

rate was calculated from the far-from equilibrium test with high liquid to solid ratio of 

400. Fig 6, 7 and 8 shows the evolution of change in concentration of cations released 

into solution. Figure 9, 10 and 11 shows the kinetics of dissolution in the acids used  

 

1.18.1 Dissolution in Sulfuric acid 

The evolution of change in concentration of elements released into solution in sulfuric 

acid at pH 3, 4 and 5 are shown in fig 9a–c respectively. Due to high amounts of calcium 

leaching, Ca is shown separately in fig 9d. The release of magnesium increases sharply 

in the first 120 minutes and falls slightly at 240 minutes in sulfuric acid at pH 3 (fig 9a). 

Iron and silica follow a similar trend at pH 3, but the rise in concentrations is not as sharp 

as magnesium. The release of aluminum is almost constant after a small rise in the first 

30 minutes. At pH 4 magnesium release follows a similar trend as in pH 3, however the 

observed concentration increased further at 240 minutes (fig 9b). A similar trend was 

observed for iron and silica at the same ph. There is a linear increase in concentration 

with time except for aluminum where the change in concentration is not noticeable. At 

pH 5 (fig 8c), a linear increase in concentration is observed for all elements, however 

there is a slight decrease in concentration as observed in pH 3. Fig 9d shows the 

concentrations of calcium in solution with time at all pH ranges, separated because the 

release of calcium is significantly higher than the rest of the elements. There is a general 

d 
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linear increase in concentration as time evolves. The slope of the lines passing through 

the points was used to estimate the rate of release of each specie into solution. The rate 

calculated for all pH ranges in sulfuric acid is shown in appendix 1 table 1 

 

Figure 9 evolution of release of elements with time 

 

1.18.2 Dissolution in phosphoric acid 

The evolution in concentration of elements with time, using phosphoric acid is shown in 

fig 10. The trend of release of elements in phosphoric acid at pH 3 is markedly like pH 3 

sulfuric acid. Magnesium released rose sharply in 120 minutes and reduces at 240 

minutes. The dip in concentration may be due to pH adjustments in the system, or due to 

the precipitation of Mg due to supersaturation of Mg in the solution. As the pH increases 

the system is designed to add more acid to keep the pH constant. Iron, silica, and 

aluminum showed a similar trend, and their corresponding rates are shown in in appendix 

1 table 1 At pH 4, a similar trend is observed, where there’s a sharp rise followed by a dip 

in the concentration at the end, however the dip in pH 4 was significant than in pH 3. Fig 

10h shows release of calcium in all pH ranges. A linear trend is observed for pH 3 and 4, 

but pH 5 shows less noticeable change in slope.  
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Figure 10 Evolution of release of elements with time in H3PO4 

1.18.3 Dissolution in Oxalic acid 

Fig 11 shows the evolution of concentration of cations with time. The trend of cation 

released is consistent with results of sulfuric acid and phosphoric acid. There’s a general 

increase in concentration as leaching occurs. At pH 3, magnesium increases very sharply 

in 60 minutes and tapers off at 120 minutes. The sharp increase is also observed for silica, 

iron, and aluminum at the same time. The calculated rate of release of each element at the 

corresponding pH is shown in table 2. At pH 4 and 5 the sharp increase at 60 minutes is 

not observed, however a general linear increase in concentration with time is clear. Fig 

7d shows release of calcium in all pH ranges of oxalic acid. The release of calcium in 

oxalic acid did not show any correlation with time at pH 3 and 5. At pH 4 a correlation is 

observed, in which calcium released rose gently for 120 minutes and fell sharply at 240 

minutes. 
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Figure 11 evolution of release of elements in oxalic acid 

 

1.19  Dissolution of acid treated tailings in dilute alkaline solution 

ICP-OES results for the dissolution in dilute alkaline solution (l/s:400) of the leachate 

residue obtained after acid treatment of the slurries is shown in appendix 2. Based on 

these results, the dissolution of the residue in deionized water after 4 hours is plotted in 

fig.12. From the figure, it can be observed that calcium was release increased sharply in 

the beginning and fell gradually towards the end of 4 hours. Silica followed similar trend 

but was released in less amounts. Magnesium and aluminum release was insignificant. 

Fig 13a–c shows concentration of Al, Si, Mg and Fe released by leaching the residue in 

strong NaOH solution for 4 hours. The main alkali activation elements, aluminum and 

silicon are dissolved more than magnesium. The highest amount of the released element 

is calcium. 
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Figure 12 Evolution of release of elements from residues in deionized water 

 

1.19.1 Alkaline dissolution of sulfuric acid leached residue 

The alkaline dissolution of the residue obtained after leaching the tailings material in 

sulfuric acid slurries is shown in fig 13a–c. There is a sharp increase in dissolution of 

elements in the first 60 minutes of leaching, followed by gradual tapering of the 

concentration with time. After 120 minutes the change in concentration of elements is not 

significant. In all the residues treated at the different pH ranges, calcium is released at the 

highest amounts and rate, followed by silicon, iron and aluminum. The amount of 

magnesium released is below 0.5mg/l from all residues treated with sulfuric acid. The 

release of aluminum and silicon follow a general increasing trend with time and peaks at 

120 minutes. Residues of material treated with pH 4 sulfuric acid produced more silicon 

and aluminum than pH 3 residue. An observed trend is residues from high pH range acid 

treatments produce more silicon and aluminum than low pH treated residues. 
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Figure 13 Dissolution of elements from residues in NaOH 

 

1.19.2 Alkaline dissolution of Phosphoric acid leach residue 

The response of residues obtained from leached tailings with phosphoric acid is shown in 

fig. 14. The residue obtained from the treatment of the tailings with pH 3 phosphoric acid 

produced more silicon and iron than calcium indicating the high availability of silicon 

due to effective stripping of Mg and Ca from the material treated at pH 3. pH 4 phosphoric 

acid shows similar result as pH 3 except with slightly increased calcium content. The 

amount of magnesium leached from pH 3 and pH 4 residue is insignificant. The amount 

of aluminium released from all residues was slightly higher but still below 0.5mg/l. 

Calcium was high in residue treated with pH 5 phosphoric acid than pH 3 and 4. There is 

a close correlation however between iron and silicon release in pH 4 and pH 5 activation. 



 40 

 

Figure 14 Dissolution of element from H3PO4 residues in NaOH 

 

 

1.19.3 Alkaline dissolution of oxalic acid leached residue 

The alkaline dissolutions of the residue from the slurries resulting from oxalic acid 

leaching is shown in fig. 15. The release of silicon and aluminum follows a similar trend 

as other residues used for activation using sulfuric and phosphoric acid. The result 

indicates high amount of calcium left in the residue, after leaching with oxalic acid. In 

the leaching of cations from the starting material, calcium released from the slurry using 

oxalic acid was insignificant. Fe, Mg and Si released during slurry test was high under 

pH 3 and pH 4. Thus, the availability of these elements was low, consistent with observed 

behavior in slurry test. 
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Figure 15 Dissolution of elements from oxalic acid residues in NaOH 

.  

1.20 Zeta potential  

Table 3 shows the zeta potential obtained after dispersing various residues from the 

different slurry treatments in water. The surface charge of the different residue particles 

is within the range of –19 to –26. The magnitude of the zeta potential values is less than 

the normally required range to be effective in creating repulsive forces, thus in alkali 

activation coagulation can easily occur leading to more gel formation. 
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Table 2. Zeta potential of residues after leaching 

pH Solution Zeta potential 

7 H2O baseline -21.38 

3 H2SO4 -21.59 

3 H3PO4 -25.96 

3 Oxalic acid -22.29 

4 H2SO4 -25.37 

4 H3PO4 -21.77 

4 Oxalic acid -21.15 

5 H2SO4 -22.55 

5 H3PO4 -19.14 

5 Oxalic acid -21.4 
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DISCUSSION 

1.21  Dissolution in dilute acid solutions and slurry 

The dissolution of minerals in dilute acids at far from equilibrium conditions are 

necessary to obtain the true dissolution rates of the elements. The chemical reactions that 

occur during mineral dissolutions can quickly approach equilibrium between reactants, 

and products resulting in precipitation of reactants or products which will interfere with 

rates of reaction and affect overall dissolution data. As such high liquid to solid ratios are 

employed to ensure that equilibrium is not reached or takes a significantly long time to 

reach. Dilute aqueous solutions provide the right conditions for dissolution at far from 

equilibrium conditions. On the other hand slurry test at high low liquid to solid ratio 

shows the amounts of the element leached in a slurry system and the effect of saturation 

on leaching of elements. The study of both systems allows for the analysis of the effect 

of saturation on leachability of the magnesium silicates, and effect of saturation allows to 

choose the best leaching medium 

1.21.1 Dissolution in Sulfuric acid 

The tailings material shows a higher magnesium oxide composition than calcium oxide, 

however the dissolution shows higher release of calcium, followed by magnesium in 

acidic medium (fig 6). Release of the elements vary in amounts among the various acids. 

The preferential release of the cations, i.e.  Ca and/or Mg over silica is related to the 

deprotonation or rapid exchange of H+ ions with calcium and/or magnesium at the particle 

surface(Luce et al., 1972). This is in general agreement with postulates related to  site 

energies of Ca and Mg in the crystal structure of calcium bearing magnesium silicates 

(Schott et al., 1981),(M. Rozalen et al., 2014). (Schott et al., 1981) showed that the 

dissolution of uncleaned ground magnesium silicate(enstatite) results in parabolic 

kinetics, where the shape of the curve indicates a fast dissolution in the initial stages of 

dissolution, followed by gradual linear tapering. The structure of amphiboles consists of 

double chain SiO4 tetrahedra linked together by cations located at discrete sites. In 

tremolite, the Ca occupies the M4 site, which is easily removed due to its low site energy. 

(Schott et al., 1981) calculated the Madelung site energies for M4 site and revealed that 

Ca in the M4 site is less strongly bonded than magnesium in M1, M2 and M3 sites. Thus, 
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preferential release of Ca over Mg in the starting material can be attributed the site energy 

of the cations since tremolite forms about 70% of the starting tailings material and will 

contribute the bulk of calcium and magnesium even though these postulates were made 

for pure minerals. In this study, one of the main aims is to determine the suitability of the 

starting material to act as a feedstock to produce magnesium, acknowledging the likely 

occurrence of other mineral phases, but with magnesium being the most abundant. Thus, 

the rates obtained from this study is related to how fast Ca, Mg, and Si, may be obtained 

into stock solution. 

 

1.21.2 Incongruent Dissolution of Cations in Sulfuric acid 

The starting material, based on Ca/Si and Mg/Si ratio with time shows a non-

stoichiometric dissolution at the high liquid to solid ratio in sulfuric acid at pH 3 (fig 16a). 

The congruency or incongruency of mineral dissolution can be determined by cation to 

silica ratios over long periods of time. For example, (Schott et al., 1981) determined 

congruent and incongruent dissolution of magnesium and calcium from diopside and 

enstatite over several hours. Fig 16a–b shows Ca/Si and Mg/Si molar ratio of the solution 

in the experiment with time in the leaching with sulfuric acid at pH 3. This Table 3 shows 

the evolution of Ca/Si and Mg/Si with time for all three pH ranges in sulfuric acid. 

 

Figure 16 evolution of Ca/Si and Mg ratios in pH 3 sulfuric acid 
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Figure 17 evolution of Ca/Si and Mg/Si ratios in pH 4 sulfuric acid 

  

 

Table 3 Evolution of Ca/Si and Mg/Si ratio at pH 3, 4 and 5 in sulfuric acid 

pH Time/mins Ca/Si Mg/Si 

 

3 

240 

120 

60 

30 

8.591 

9.410 

9.696 

10.639 
 

2.273 

2.325 

2.244 

2.167 
 

 

4 

240 

120 

60 

30 

11.414 

11.046 

11.893 

12.615 
 

2.543 

2.364 

2.364 

2.331 
 

 

5 

240 

120 

60 

30 

20.073 

21.768 

20.664 

25.735 
 

3.616 

3.672 

3.188 

3.607 
 

 

 

The Ca/Si ratio and Mg/Si ratios are increasing with the pH of the sulfuric acid solution. 

This can be because of depletion of more calcium and magnesium over silicon at a higher 

pH, an indication that silica is released along with Ca and Mg at lower pH. The amounts 

of Ca leached by pH 3 sulfuric acid in the slurry test experiment were not significantly 

different from pH 4 and 5, but the amounts of silica differed markedly. pH 3 sulfuric acid 

leached significant amount of silica than pH 4 and pH 5 sulfuric acid. This may be because 

of non-uniform leaching from the surface of the mineral particles, surface etching and 

contribution from other mineral phases present in the starting material. The presence of 
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excess energy sites leads to the formation of etch pits when amphiboles are subjected to 

continuous dissolution (Schott et al., 1981). As a result, the Mg/Si ratios are less for a  

more acidic sulfuric acid leachate. The strong concentration of pH 3 sulfuric acid may 

also be a factor causing higher dissolution of silica, because the dissolution rate calculated 

for pH 3 sulfuric acid is higher than pH 4 and 5. The amount of iron released into solution 

in the slurry test with pH 3 sulfuric acid was high (fig 8c). Table 4 shows the Fe/Si ratios 

with time in sulfuric acid leachate. The release of Fe closely follows the release of silica 

from the material surface. In pH 3 leachate from slurry test the high silica released from 

the slurry test corroborates the high amount of Fe released, since their release is closely 

associated. 

 

Table 4 Fe/Si evolution in sulfuric acid 

pH Time/mins Fe/Si 
 

3 

240.00 

120.00 

60.00 

30.00 
 

1.01 

1.02 

0.96 

0.92 
 

 

4 

240.00 

120.00 

60.00 

30.00 
 

0.88 

0.82 

0.78 

0.76 
 

 

5 

240.00 

120.00 

60.00 

30.00 
 

0.76 

0.75 

0.67 

0.76 
 

1.21.3 Incongruent dissolution in Phosphoric Acid 

The Ca/Si and Mg/Si ratios evolution with time is shown in fig 18a–b for pH 3 phosphoric 

acid and pH 4 phosphoric acid respectively. The dissolution of Ca and Mg at pH 3 are 

non-stoichiometric and follows a similar trend as in sulfuric acid. In pH 4 however, the  
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Figure 18 evolution of Ca/Si and Mg/Si ratios in pH 3 phosphoric acid 

  

 

 

Figure 19 Evolution of Ca/Si and Mg/Si ratios in pH 4 phosphoric acid  

Table 5 Evolution of Ca/Si and Mg/Si in phosphoric acid 

pH Time Ca/Si Mg/Si 

 

 

3 

240.00 

120.00 

60.00 

30.00 
 

11.38 

11.55 

13.78 

14.55 
 

2.07 

2.04 

2.17 

1.98 
 

 

 

4 

240.00 

120.00 

60.00 

30.00 
 

16.23 

15.09 

16.37 

15.46 
 

2.70 

3.00 

2.95 

2.53 
 

 

5 

240.00 

120.00 

60.00 

30.00 
 

16.23 

19.61 

20.09 

21.21 
 

2.71 

3.03 

2.89 

2.96 
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Table 6 Evolution of Fe/Si ratio in phosphoric acid 

pH Time Fe/Si 

 

 

3 

240.00 

120.00 

60.00 

30.00 
 

0.84 

0.81 

0.82 

0.80 
 

 

 

4 

240.00 

120.00 

60.00 

30.00 
 

0.40 

0.74 

0.72 

0.63 
 

 

 

5 

240.00 

120.00 

60.00 

30.00 
 

0.40 

0.46 

0.46 

0.47 
 

 

 Ca/Si ratio acid does not show a decreasing trend with time. Mg/Si ratio increased 

sharply and fell after 120 minutes. The release of Ca in pH 4 phosphoric acid is higher 

than in all acids. The incongruent dissolution of Ca in pH 4 may be explained by the 

presence of more calcium surfaces in the starting material. Since the material contains 

other mineral impurities such as potassium calcium carbonate, their presence in leaching 

in unequal amounts in the starting material have a significant effect on leaching. Thus, 

the release of calcium in pH 4 does not correlate with the release of magnesium. Ca/Si, 

and Mg/Si ratios determined from leaching with phosphoric acid is presented in table 5 

and 6. Ca/Si and Mg/Si increases with pH because the dissolution at high pH favors easily 

removable cations, thus less silica is dissolved. In the slurry test, the release of Fe is very 

low at pH 3 and 4. There was insignificant release of Fe at pH 5. The amounts of Fe 

released for pH 3 and 4 was the same, probably because of low amounts of Fe present in 

the portion of starting material used for leaching in pH 4 and surface etching at sites on 

the mineral surfaces that expose more silica. 

 

1.21.4 Incongruent dissolution in Oxalic Acid 

The Ca/Si and Mg/Si ratio evolution with time at pH 3 and pH 4 is shown in fig 20 and 

21 respectively. The amount of calcium released in the slurry test was negligible at all pH 

ranges. The Ca/Si ratio however from high liquid to solid ratio at pH 3 test shows a spike 
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in dissolution in the beginning and a gradual reduction over the entire duration of the test. 

In the slurry test oxalic acid leached significant amount of magnesium and iron, but 

negligible amount of calcium. This is probably due to favorable complexation of the 

oxalate anion with magnesium over calcium. The inhibiting effects of magnesium ions in 

the formation of calcium oxalate precipitate has been widely documented. (Marisa 

Rozalen & Huertas, 2013) found the formation of magnesium oxalate precipitate, during 

the leaching of chrysotile. The complete dissolution of the brucite layer of chrysotile in 

oxalic acid, leading to the formation of glushinskite suggests that oxalic acid is very 

effective in leaching magnesium. (Marisa Rozalen & Huertas, 2013) concluded that 

oxalic acid is more effective in leaching both magnesium and silica than sulfuric acid. 

This is partially consistent with the slurry test result in which oxalic acid leached 

significant amount of magnesium and highest amount silica from the tailings. The release 

of magnesium and silica in oxalic acid further agrees with observations of (Marisa 

Rozalen & Huertas, 2013) and (Alisa Mast & Drever, 1987).   

 

 

Figure 20 evolution of Ca/Si and Mg/Si ratios in pH 3 oxalic acid 

 

 

Figure 21 evolution of Ca/Si and Mg/Si ratio in pH 4 oxalic acid 
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1.22 Producing magnesium feedstock for carbonation: Effect of pH on 

rate of dissolution 

Fig 22a–c shows the variation of rate of dissolution of the cations with pH of the acids. 

The  variations observed in sulfuric and phosphoric acids are consistent with observed 

variations in other mineral dissolution studies involving magnesium silicates and other 

silicates–the dissolution rate decreases with an increasing pH in the acid range(M. 

Rozalen et al., 2014). The rate of dissolution of the major cations in the starting material 

reduces towards pH 5 for sulfuric and phosphoric acids, thus explaining the differences 

in the amounts of ions released into solution during the slurry test. Fig 22c shows the plot 

of log of rate against pH in oxalic acid. Release of ions into solution in oxalic did not 

show dependence on pH, even though the slurry test result showed significant release of 

silica and magnesium. This observation is in resonance with the observations of (Alisa 

Mast & Drever, 1987) in their experiments on tremolite. The release of magnesium and 

silica in oxalic acid further agrees with observations of (Marisa Rozalen & Huertas, 2013) 

who concluded that the oxalic acid is very effective in leaching magnesium and iron.  This 

study also finds that oxalic acid is very effective in leaching silica, magnesium, and iron. 

The number of cations released in the control solution–deionized water, further shows 

that pH influences the release of cations in mineral acids, but not all organic acids. The 

release of cations in deionized water was limited to calcium and magnesium which can 

relatively be removed by H+ exchange with Ca2+ and Mg2+. This reaction quickly slows 

down with increase in pH of water which becomes increasingly saturated with ions. 

Furthermore, observations with log rate plots against pH show that rates reach a lowest 

value around neutral pH.  
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Figure 22 variation of rate of dissolution with pH of acid solution 

 

1.23 Producing Magnesium Feedstock: effect of leaching medium 

The type of acid has effect on the amounts of leachable magnesium from silicates. In this 

study, the magnesium produced in the slurry test shows that sulfuric acid produced the 

largest amount of magnesium. The result is in agreement with (Teir et al., 2007) in which 

H2SO4 also leached the most amount of magnesium from serpentinite. Oxalic acid and 

phosphoric acid also leached significant amount of magnesium, but their efficiency was 

lower. The resulting leachate solutions contained different amounts of iron and calcium 

depending on the acid used. The highest amount of calcium and iron were leached by 

phosphoric acid and oxalic acid respectively. The feedstock produced with oxalic acid 

would contain very small amount of calcium according to the results, whilst sulfuric acid 

and phosphoric acid would contain high amounts of calcium. To produce magnesium 

carbonate, sulfuric acid would produce considerable amount of magnesium, but the 

calcium and iron content in the starting material will interfere with the carbonation 

process. Carbonates of iron and calcium may form by– products of the carbonation 

process and their effects on the process will require studies through carbonation 

experiments.  
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1.24 Alkali Dissolution  

The alkali dissolution tests were performed at high liquid to solid ratio using residues 

from acid leaching. Residues of sulfuric acid showed Ca, Si and Fe as the main cations 

leached by 12M NaOH solution. Magnesium was insignificant in the solution because it 

had been depleted sufficiently from the particles. All pH ranges of sulfuric acid showed 

these cations as the major elements in the leachate solution. Aluminum was not 

significantly released probably because it formed a minor fraction of the starting material. 

pH 3 and pH 4 phosphoric acid residues showed a deviation, i.e., Si and Fe were released 

much higher than calcium. This is because of very high amounts of calcium leached in 

phosphoric acid during leaching. This observation suggests that the surfaces of residues 

from phosphoric acid has more silica and iron and confirms the close association of iron 

and silicon during acid dissolution. Aluminum in solution is also elevated in pH 3 and 4 

activated phosphoric residues. Residues from pH 3 and pH 4 phosphoric acid showed 

good activation potential due to good reactivity of leached particles. Oxalic acid leached 

the most amount of silica in acid leaching thus pH 3 oxalic acid showed low amount of 

silica removed into solution in activation. Thus, the amount of gel forming silica will 

simply not be enough to form a good binder. The alkali activation results show that the 

residue from magnesium leaching can serve as a good precursor for alkali activation with 

the added advantage of immobilizing the harmful asbestiform habit of the residue after 

leaching. It also shows that most silicates used in mineral carbonation can be further 

consumed as precursors for alkali activation in industrial process, after leaching millions 

of tons of magnesium for carbonation. In terms of gel formation, calcium–sodium 

aluminosilicate hydrate (CNASH) is the gel more likely to be formed during activation 

of the residue with iron forming part of the reaction however further studies is required 

to ascertain the binder formation process, kinetics, and properties.  

1.25 Zeta potential  

The zeta potential of the residues obtained from acid leaching were all negative. The 

negative values indicate well deprotonated surface sites with silicate anions. The values 

ranged between –19mV to –26 mV, which are small. This is probably due to the 

accumulation of Na+ and Ca2+ ions on the electrical double layer formed by reaction of 

the silica and aluminate functional groups with the sodium hydroxide solution 
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(Gunasekara et al., 2015). Calcium ions are known to be a charge-switching when they 

react with aluminate and silicate anions to cause a positive zeta potential. However, even 

with the presence of significant amount of calcium in the activated residues, their surface 

charges are still negative. This is probably because the initial charges of the potentials 

were very high and has been reduced by interaction of the calcium and sodium charges 

on the particle surfaces during the formation of the double layer.  The negative zeta 

potential values means that the residues are reactive and can easily form a gel layer, since 

the resisting forces are too weak to prevent coagulation. This is in agreement with  

(Gunasekara et al., 2015) who observed that small zeta potential of a low calcium 

geopolymer increased gel formation. The zeta potential of the residues in this test suggests 

that residues can form a good geopolymer 
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CONCLUSION 

Mg-rich tailings have been tested to determine its carbonation potential by acid leaching 

to produce Mg feedstock. The residues after acid leaching have also been tested to 

determine if they can serve as a precursor for use as geopolymer. The acid leaching results 

with three acids revealed that high amounts of magnesium can be leached with all three 

acids at pH 3. Sulfuric acid leached the highest amount of magnesium (79.4mg/l), 

followed by oxalic (68.5) acid and phosphoric acid (61mg/l). Calcium was significantly 

leached into solution, more than magnesium, iron and silica when using sulfuric and 

phosphoric acid. Thus, the resulting feedstock solution would contain significant amounts 

of calcium and iron. Since the carbonates of Ca, Mg, and Fe are isomorphous, their mixed 

carbonates can also form in addition to their individual carbonates(Srivastava et al., 

2021). To selectively extract magnesium, oxalic acid would produce the best route since 

it leached only small amount of calcium. The Mg-rich tailings therefore, according to this 

study is a good precursor to serve as feedstock for both magnesium and calcium for 

mineral carbonation. The residues obtained after leaching the cations from the material 

showed excellent alkali activation potential. However further studies are required to 

determine the economic feasibility of a 4 hour or less industrial leaching system. Instead 

of being discarded, these residues can be used to form alkali activated products for 

construction and other uses. The study also shows the potential of coupling mineral 

carbonation and alkali activation as a means of consuming mineral wastes, thereby 

eliminating their environmental footprint whilst reducing anthropogenic CO2 emission.  

 

1.26 Summary 

Mineral carbonation and alkali activation are two methods of dealing with environmental 

problems presented by anthropogenic CO2 emission and industrial waste streams 

respectively. Currently, both methods are decoupled to solve their respective problems. 

Mineral carbonation is based on the natural weathering phenomenon of silicates, which 

results in the trapping carbon dioxide into mineral phases. This process can be enhanced 

and utilized to store anthropogenic CO2 into minerals, mostly magnesium silicates. 

Mineral carbonation can be performed in-situ, by pumping CO2 into underground rock 
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formations containing suitable silicates. Another method is known as ex-situ, where the 

silicates are transported to a location where they are processed and carbonated.  

Alkali activation, on the other hand is a technology that utilizes the reactive nature of 

aluminosilicates in strong alkaline solutions. In strong solutions, the aluminosilicates 

dissolve and form a gel which can immobilize harmful chemicals and/or harden to form 

new building products that can be useful in industry. Alkali activation has been studied 

for the valorization of mine tailings. The two methods of dealing with the environmental 

problems is coupled to explore their ability to valorize Mg-rich mine tailings in this study. 

Mg-rich tailings were leached in acidic solutions to determine their suitability to serve as 

feedstocks for ex-situ mineral carbonation using sulfuric, phosphoric, and oxalic acids in 

batch experiments. The residues of the leachates were activated using strong NaOH 

solution to determine their reactivity to form a binder. The results indicated that the Mg-

rich tailings can provide enough Mg and Ca cations for carbonation, and their residues 

can be activated to form an alkali activated material. However further studies are required 

to determine the economic feasibility of this process in a 4–hour or less industrial system. 

The study also revealed that mineral carbonation and alkali activation can be coupled, 

resulting in full cycle consumption the industrial waste. 
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APPENDICES. 

APPENDIX 1. Table 1 Leachability test result 

Sample name Time/mins Al (mg/l) Ca (mg/l) Fe (mg/l) Mg (mg/l) Si (mg/l) 

pH 4 H2SO4 240 0.12 11.40 1.23 1.54 0.70 
 

120 0.12 10.56 1.09 1.37 0.67 
 

60 0.12 11.20 1.03 1.35 0.66 
 

30 0.13 10.98 0.92 1.23 0.61 

pH 5 H2SO4 240 < 0,05 11.17 0.59 1.22 0.39 
 

120 < 0,05 10.56 0.51 1.08 0.34 
 

60 < 0,05 9.73 0.44 0.91 0.33 
 

30 < 0,05 9.18 0.38 0.78 0.25 

pH 3 H3PO4 240 0.549 18.7 1.91 2.06 1.15 
 

120 0.52 18.8 1.83 2.01 1.14 
 

60 0.426 17.3 1.44 1.65 0.88 
 

30 0.366 16.0 1.23 1.33 0.77 

pH4 H3PO4 240 0.060 10.2 0.350 1.03 0.44 
 

120 0.173 12.7 0.870 1.53 0.59 
 

60 0.172 12.6 0.770 1.38 0.54 
 

30 0.164 11.7 0.660 1.16 0.53 

pH5 H3PO4 240 0.060 10.19 0.350 1.03 0.44 
 

120 0.051 10.35 0.340 0.970 0.37 
 

60 0.050 10.32 0.330 0.900 0.36 
 

30 0.060 10.29 0.320 0.870 0.34 

pH3 H2SO4 240 0.386 10.910 1.800 1.750 0.890 
 

120 0.397 11.950 1.810 1.790 0.890 
 

60 0.354 11.760 1.630 1.650 0.850 
 

30 0.328 10.930 1.310 1.350 0.720 

pH3 Oxalic 240 1.142 5.700 2.880 2.300 1.670 
 

120 1.053 7.200 2.690 2.230 1.600 
 

60 1.040 12.790 2.760 2.420 1.730 
 

30 0.802 9.190 2.110 1.880 1.420 

pH 4 Oxalic 240 0.800 3.640 2.090 1.720 1.270 
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120 0.887 9.770 2.370 2.150 1.420 
 

60 0.793 6.640 2.090 1.870 1.270 
 

30 0.773 8.320 2.030 1.860 1.320 

pH 5 Oxalic 240 0.711 6.060 1.840 1.750 1.140 
 

120 0.712 8.810 1.910 1.810 1.130 
 

60 0.635 8.480 1.670 1.630 1.030 
 

30 0.557 7.790 1.460 1.400 0.880 
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APPENDIX 2. Table 2 ICP-OES result of alkali activation 

Sample name Time/mins Al(mg/l) Ca(mg/l) Fe (mg/l) Mg(mg/l) Si (mg/l) 

H2O 240 0.16 4.46 1.02 0.076 1.07 
 

120 0.18 5.08 1.13 0.044 1.16 
 

60 0.31 5.82 1.26 0.038 1.60 
 

30 0.24 5.11 1.15 0.043 1.31 

H2SO4 pH 3 240 0.17 2.54 1.15 0.023 1.59 
 

120 0.16 2.70 0.95 0.028 1.55 
 

60 0.16 2.59 0.79 0.029 1.53 
 

30 0.14 2.37 0.68 0.032 1.33 

H2SO4 pH 4 240 0.31 3.22 1.39 0.036 1.69 
 

120 0.29 3.35 1.22 0.027 1.66 
 

60 0.23 3.01 1.07 0.03 1.39 
 

30 0.20 2.77 0.74 0.027 1.24 

H2SO4 pH 5 240 0.33 2.44 1.75 0.043 1.60 
 

120 0.32 2.40 1.69 0.046 1.47 
 

60 0.28 2.45 1.51 0.052 1.40 
 

30 0.21 2.08 1.09 0.043 1.07 

H3PO4 pH 3 240 0.38 0.58 2.24 0.025 2.04 
 

120 0.40 0.57 1.97 0.035 1.98 
 

60 0.43 0.53 2.04 0.046 2.02 
 

30 0.40 0.46 1.48 0.037 1.74 

H3PO4 pH 4 240 0.46 0.96 2.07 0.031 1.80 
 

120 0.49 0.84 1.88 0.029 1.68 
 

60 0.54 0.83 2.00 0.032 1.90 
 

30 0.49 0.70 1.51 0.037 1.56 

H3PO4 pH 5 240 0.39 3.96 1.96 0.030 1.82 
 

120 0.41 3.65 1.75 0.032 1.73 
 

60 0.39 3.30 1.66 0.033 1.68 
 

30 0.33 2.60 1.43 0.031 1.32 

Oxalic pH 3 240 0.09 5.79 1.12 0.037 1.57 
 

120 0.13 5.59 1.09 0.081 1.64 
 

60 0.09 5.21 0.85 0.042 1.38 
 

30 0.07 4.73 0.61 0.033 1.08 

Oxalic pH 4 240 0.11 5.31 1.10 0.033 1.52 
 

120 0.20 4.99 1.10 0.15 1.64 
 

60 0.10 4.71 0.81 0.039 1.28 
 

30 0.08 4.74 0.63 0.035 1.19 

Oxalic pH 5 240 0.15 4.94 1.22 0.034 1.48 
 

120 0.14 5.18 1.17 0.042 1.48 
 

60 0.17 5.28 1.03 0.08 1.50 
 

30 0.12 5.04 0.73 0.042 1.20 
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APPENDIX 3 Table 3 Calculated rates of dissolution of Elements in Acids 

leaching 

medium 

Element pH Rate log rate 

H2SO4 Mg 3 1E-09 -9.00 
  

4 3.3333E-10 -9.48 
  

5 3.3333E-10 -9.48 
 

Si 3 3.3333E-10 -9.48 
  

4 8.3333E-11 -10.08 
  

5 8.3333E-11 -10.08 
 

Fe 3 5E-10 -9.30 
  

4 1.1667E-10 -9.93 
  

5 8.3333E-11 -10.08 
 

Al 3 5E-11 -10.30 
  

4 8.33E-13 -12.08 
  

5 - - 

H3PO4 Mg 3 6.6667E-10 -9.18 
  

4 6.6667E-10 -9.18 
  

5 1.3333E-10 -9.88 
 

Si 3 3.3333E-10 -9.48 
  

4 1.1667E-10 -9.93 
  

5 6.6667E-11 -10.18 
 

Fe 3 3.3333E-10 -9.48 
  

4 1.6667E-10 -9.78 
  

5 1.1667E-11 -10.93 
 

Al 3 1.5E-10 -9.82 
  

4 1.6667E-11 -10.78 
  

5 3.3333E-12 -11.48 

Oxalic acid Mg 3 8.3333E-10 -9.08 
  

4 1E-09 -9.00 
  

5 3.3333E-10 -9.48 
 

Si 3 3.3333E-10 -9.48 
  

4 3.3333E-10 -9.48 
  

5 3.3333E-10 -9.48 
 

Fe 3 6.6667E-10 -9.18 
  

4 5E-10 -9.30 
  

5 6.6667E-10 -9.18 
 

Al 3 5E-10 -9.30 
  

4 3.3333E-10 -9.48 
  

5 5E-10 -9.30 

 


