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Abstract 

Interfacial Reactions and Transport Behaviors of CO2 and Emerging Contaminants for the 

Investigation of Water-Energy-Environment (WEE) Nexus  

 

Soyoung Choi 

 

 Since the Industrial Revolution, human society has rapidly developed and flourished. 

Meanwhile, some interconnected side effects, particularly in realms of water, energy, food and 

environment, are tackling the sustainability of society. These grand challenges are intricately 

interconnected, underscoring the importance of addressing these problems through the lens of the 

water-energy-environment (WEE) nexus, which emphasizes the interlinkages between these 

sectors. For instance, the unprecedented scale of CO2 has accumulated in the atmosphere, and it 

has accelerated global warming and the chained environmental problems, such as droughts and 

floods. This insecurity for water resources has encouraged water recycling. At the same time, a 

new class of anthropogenic contaminants, including pharmaceutical and personal care products 

(PPCP), heavy metals, herbicides or pesticides, and per-fluoroalkyl substances (PFAS), have been 

accumulated in natural water bodies. These contaminants are called emerging contaminants, and 

these can potentially cause severe problems in ecology and human health. Thus, this thesis aimed 

to tackle these multifaceted issues by investigating the interfacial chemistries between the natural 

or engineered solids and aqueous phases, particularly in the context of in-situ carbon 

mineralization and water remediation. 

To mitigate climate change, we should not only reduce CO2 emissions but also remove the 

previously emitted CO2 from the air. In-situ carbon mineralization is a critical technology to meet 



 

 

the agenda of carbon dioxide removal from the air (CDR) as the potential capacity and offer a 

thermodynamically downhill reaction to store CO2 permanently in solid form. During the in-situ 

carbon mineralization, water plays a pivotal role in the interactions at Rock-H2O-CO2 interfaces. 

However, the kinetics and mechanisms of interfacial reactions in the mineral-aqueous phases with 

various compositions still need to be fully understood. Additionally, in-situ carbon mineralization 

demands substantial water usage; therefore, addressing water security become imperative. 

However, during the water usage and recycling process, the accumulation of ions, including heavy 

metals, and the spreading of organic pollutants can intensify the concerns about water security.  

Thus, this thesisôs objectives are to focus on a fundamental understanding of reaction 

kinetics and mechanisms occurring at the interested interfaces to address these challenges. At the 

mineral-aqueous phase for in-situ carbon mineralization, the effect of parameters, such as 

temperature, pH, and mineralogy has been assessed for mineral dissolution in the aqueous phase, 

and both basalt and peridotite were investigated. Related to the dissolution kinetics, this thesis 

discussed the frameworks for determining the dissolution rate, which can affect our understanding 

of experimental results. The dissolution studies exploring the effect of various parameters related 

to the in-situ carbon mineralization provided valuable insights into the reactivity of feedstock and 

morphological alterations that can be utilized for reactive-transportation modeling. Also, the 

experiment results may suggest the system boundary to engineer the geological CO2 storage 

process. 

Also, carbonation behaviors were studied in terms of direct carbonation and nucleation. 

For the direct carbonation, olivine mineral and peridotite rock retrieved from a potential CO2 

storage site were tested, and the effects of parameters including pH, additives, and temperature 

were discussed. During the in-situ carbon mineralization, dissolved cations and dissolved CO2 can 



 

 

be nucleated and precipitated on the different types of mineral surfaces. Therefore, this study 

investigated the interfacial interactions with different types of mineral surfaces and containing ions 

in the aqueous phase. These studies provide the fundamental understanding of the thermodynamics 

and kinetics of carbonation during in-situ carbon mineralization. 

Lastly, this study explored the kinetics and mechanisms of adsorption at adsorbentï

emerging contaminant containing fluid interfaces in regard to water remediation and recycling. In 

this study, biochar from waste streams and MOFs with different modifications were used for the 

strategical development of adsorbents, while spectroscopic analysis methods were adopted to 

elucidate the mechanisms. Also, the effect of coexisting ions or reusability was discussed. Further, 

the results and insights from this investigation can be utilized for developing future generations of 

adsorbents and designing the remediation process.  

Consequently, through understanding the various regimes of interfaces, this study may 

contribute to the advancement of strategic approaches for addressing the complex challenges 

within the WEE nexus, particularly related to sustainable in-situ carbon mineralization. 
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Introduction  

 Since the Industrial Revolution, human society has rapidly developed and flourished. 

Meanwhile, some interconnected side effects, particularly in realms of water, energy, food and 

environment, are tackling the sustainability of society.(Chacón, Reyes, Rivera-Montero, & 

Barrantes, 2022; I. IPCC, 2014) These grand challenges are intricately interconnected, 

underscoring the importance of addressing these problems through the lens of the water-energy-

environment (WEE) nexus, which emphasizes the interlinkages between these sectors. For 

instance, the unprecedented scale of CO2 has accumulated in the atmosphere, and it has accelerated 

global warming and the chained environmental problems, such as droughts and floods.(Masson-

Delmotte et al., 2018; Rothausen & Conway, 2011) This insecurity for water resources has 

encouraged water recycling. At the same time, a new class of anthropogenic contaminants, 

including pharmaceutical and personal care products (PPCP), heavy metals, herbicides or 

pesticides, and per-fluoroalkyl substances (PFAS), have been accumulated in natural water 

bodies.(Sauvé & Desrosiers, 2014; Sophia A & Lima, 2018) These contaminants are called 

emerging contaminants, and these can potentially cause severe problems in ecology and human 

health. Thus, this thesis aimed to tackle these multifaceted issues by investigating the interfacial 

chemistries between the natural or engineered solids and aqueous phases, particularly in the 

context of in-situ carbon mineralization and water remediation. 

To mitigate climate change, we should not only reduce CO2 emissions but also remove the 

previously emitted CO2 from the air.(IEA, 2024; Innovation, 2019) In-situ carbon mineralization 

is a critical technology to meet the agenda of carbon dioxide removal from the air (CDR) as the 

potential capacity and offer a thermodynamically downhill reaction to store CO2 permanently in 

solid form.(P. B. Kelemen et al., 2020; Jürg M. Matter & Kelemen, 2009) During the in-situ carbon 
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mineralization, water plays a pivotal role in the interactions at Rock-H2O-CO2 

interfaces.(Abdolhosseini Qomi et al., 2022; Dong et al., 2023) However, the kinetics and 

mechanisms of interfacial reactions in the mineral-aqueous phases with various compositions still 

need to be fully understood. Additionally, in-situ carbon mineralization demands substantial water 

usage; therefore, addressing water security become imperative. However, during the water usage 

and recycling process, the accumulation of ions, including heavy metals, and the spreading of 

organic pollutants can intensify the concerns about water security.(Snæbjörnsdóttir et al., 2020) 

Hence, this thesis aims to achieve fundamental understanding of reaction kinetics and 

mechanisms occurring at the interfaces of interest to tackle these challenges in the context of WEE 

nexus, especially related to geological CO2 storage. 

In chapter 1, literature was reviewed to understand the backgrounds related to the research 

problems stated for this thesis, and the scientific and engineering questions related to the research 

objectives were examined.  

In chapter 2, the dissolution behavior of basalt rocks was investigated in a mimicked in-

situ carbon mineralization related condition at far-from equilibrium to understand the parameters 

that affect to the dissolution behavior. Also, the properties that determine the dissolution rates were 

reviewed to provide the insights for more accurate and precise rate determination and modeling 

the geological storage potential. 

In chapter 3, the dissolution and carbonation behavior of peridotite rock was also 

investigated, while this study was more focused on assessing the effect of parameters such as 

temperature, and pH to provide insights on in-situ carbon mineralization process. The impact of 

mineralogy and its alteration was discussed to understand the system boundary. Direct carbon 

mineralization behavior was also studied in this chapter. This study compared the reaction 
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temperature, and additives, and assess which parameter has more impact on extent of carbonation 

enhancement. 

Chapter 4 aims to understand the fundamental interaction behaviors during the hydrated 

MgCO3, nesquehonite (MgCO3·3H2O) heterogeneous nucleation and growth. This study explored 

the effects of different mineral surface and tried to understand results in terms of the differences 

in substrate wettability. Also, the effect of different background ions was investigated to get 

valuable implications on how the pore network or mineral surfaces evolve. 

In chapter 6 and 7, emerging contaminant removal technology was investigated using 

biochar and MOFs. From this study, we examine their emerging contaminant removal 

performance, and determined the reaction mechanisms. This study explored the relationship 

between the surface functionality of adsorbents and their performances, including removal 

efficiency and selectivity. Also, the effect of different background ions, such as alkali and alkaline 

earth metals, sulfate, and nitrate, on adsorption kinetics were assessed as these ions can be easily 

dissolved from the rock matrix and during the in-situ carbon mineralization.  
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Chapter 1: Background and Motivation 

1.1. Carbon storage and utilization via carbon mineralization 

As addressed, Carbon mineralization is a promising approach to mitigate climate change via 

fixing CO2 as thermodynamically stable solids, such as calcium carbonate (CaCO3), and 

hydrous/anhydrous magnesium carbonates (nH2OĀMgCO3). Ca and Mg can be resourced from 

natural silicate minerals and industrial wastes, such as fly ash, construction and demolition wastes, 

and their CO2 storage and utilization potential is enough to deal with the global annual energy-

related CO2 emission, which was measured at 37.4 Gt in 2023.(IEA, 2024) The Mission Innovation 

Carbon Capture, Utilization and Storage Experts' Workshop report highlights mineralization as a 

technology with great potential, given its market size in the building materials sector and the ease 

of retrofitting existing industrial plants to reduce CO2 emissions.(Innovation, 2019)  

 

 

Figure 1.1.1. Annual industrial waste production and total reserves compared to U.S CO2 

emission.(G. Rim et al., 2021) 
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Mineralization is a chemical process that involves the reaction of divalent ions like Ca, Mg, 

and Fe with CO2 to form solid carbonates. This concept was initially introduced by 

Seifritz(Seifritz, 1990) and further developed by Lackner.(Lackner, Wendt, Butt, Joyce Jr, & 

Sharp, 1995) The mineralization reactions are thermodynamically favored, indicated by the 

negative Gibbs free energy, allowing the process to occur spontaneously without additional energy 

input. Mg/Ca bearing minerals such as serpentine (Mg3Si2O5(OH)4), olivine (Mg2SiO4) and 

wollastonite (CaSiO3) can be used to imitate  natural weathering, and industrial wastes (steel slag, 

fly ash, waste concrete, red mud, etc.) emerge as a promising alternative feedstock due to their 

abundance as shown in Figure 1.1.1.(Gadikota, Fricker, Jang, & Park, 2015; G. Rim et al., 2021)  

Mineralization can be classified into two primary categories: ex-situ and in-situ. 

(Gerdemann et al., 2007; P. Kelemen et al., 2019) Ex-situ mineralization involves the extraction 

of minerals from their original source and subsequent reaction with CO2 to produce stable 

carbonates.(Gadikota et al., 2015; Gadikota & Park, 2015) The rapid and efficient carbonation 

reaction makes it an economic friendly favored approach. Moreover, the availability of feedstock 

is abundant, including mineral waste, mine tailings, coal ashes, steel slags, red mud and 

construction and demolition materials.(Renforth, 2019) The annual production rates of these 

minerals and industrial wastes increase over the years due to the demand of commodities.(Bullock, 

James, Matter, Renforth, & Teagle, 2021; Campbell et al., 2022) The potential of capturing CO2 

(Epot) depends on mineralsô compositions of Mg or Ca rich minerals, for instance, olivine 

(forsterite) ranges from 789 to 938 kg CO2/t, wollastonite has 568 kg CO2/t and serpentine 

(lizardite, antigorite and chrysotile) has between 494-715 kg CO2/t.(Bullock et al., 2021; Renforth, 

2019) Consequently, the total CO2 removal potential via mineralization is substantial, especially 

when the reaction rate is enhanced through engineered routes.   
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Ex-situ mineralization can be implemented through various operational processes, 

including single-step (direct gas-solid reaction) or two-step (indirect gas-liquid-solid reaction) 

approaches.(Gadikota & Park, 2015) In the single-step process, a combined dissolution and 

carbonation process is employed,(Gadikota et al., 2015; G. Rim et al., 2021) which simplifies the 

CO2 fixation. This single-step process may represent the in-situ carbon mineralization as well. 

However, this method may result in mixed solid residues, preventing the attainment of high-purity 

carbonates. Therefore, a two-step mineralization (i.e. dissolution and carbonation) is economically 

favored, and produced carbonates and separated solid residues can be utilized in different 

industries to offset the associated cost.(Guanhe Rim, Wang, Rayson, Brent, & Park, 2020)  

CO2+H2O ź H2CO3 ź H
++HCO3

-
 ź 2H

+
+CO3

2-
     (1)

  

CaMgϳ SixOyOHz + nH
+ Ÿ CaMgϳ 2+

+ ὼSiOH4 + mH2O        (2) 

CaMgϳ 2+
+ CO3

2-
 ź CaMgϳ CO

3
                                    (3) 

Moreover, feedstocks used in ex-situ mineralization not only contains alkaline metal 

cations, but also critical minerals those for clean energy technologies, such as copper, nickel, 

cobalt, rare earth elements, etc.(Whitworth et al., 2022) By incorporating carbon mineralization 

techniques into metal recovery processes via hydrometallurgical approaches, we can 

simultaneously address carbon emissions and ensure a sustainable supply of critical metals.  

 

1.2. Physical and chemical enhancement for natural silicate mineral dissolution 

The natural silicate minerals are good sources for the carbon mineralization. However, 

relatively slow reaction rates and the formation of a Si-rich passivation layer kinetically limit the 

reaction, and require raw materials pretreatment for ex-situ mineralization, and high chemical 



7 

 

consumption to enhance the reactivity.(A. Sanna, Uibu, Caramanna, Kuusik, & Maroto-Valer, 

2014) Thus, various approaches have been conducted to enhance the dissolution and carbonation 

efficiency. During the dissolution, a Si-rich passivation layer forms and inhibit the further 

dissolution. Park and Fan developed an internal (in-situ) grinding technique that demonstrated 

lower energy consumption compare to external grinding during ex-situ process.(A.-H. A. Park & 

Fan, 2004) Moreover, they incorporated a fluidized bed reactor to enhance the interaction between 

mineral particles and grinding media. The results revealed that the utilization of 2mm glass beads 

(50 vol.%) in the fluidized bed effectively eliminated the SiO2 layer from the surface of the 

serpentine by fracturing it into smaller fragments, as confirmed by particle size distribution 

analysis and SEM images.(A.-H. A. Park & Fan, 2004) The utilization of acidic solvents during 

the leaching process in in-situ grinding (20 vol.%) can significantly enhance the efficiency of Mg 

conversion by accelerating the dissolution rate of serpentine.(A.-H. A. Park & Fan, 2004) 

Various studies have suggested methods to eliminate the established passivation layer in 

order to overcome the limitation of achieving a high level of carbonation.(Julcour et al., 2015; A.-

H. A. Park & Fan, 2004) However, this research did not elucidate the mechanisms through which 

different media (e.g. glass beads, zirconia beads, alumina beads, etc.) remove the Si-rich layer, 

whether through abrasion (i.e. achieving larger particles mixed with ultrafine particles) or 

fragmentation (i.e. achieving very fine particles).(Guanhe Rim, Marchese, Stallworth, Greenbaum, 

& Park, 2020) Hence, Rim et al. designed an internal grinding reaction system to comprehensively 

investigate the effects, of grinding loadings, agitation speed, temperature and pressure of reaction, 

in order to provide insights for designing the process.(M. Becker, Kwade, & Schwedes, 2001; 

Guanhe Rim, Wang, et al., 2020) The findings indicate that the performance of physical activation 

during the grinding process is determined by the stress intensity of the grinding media which is 
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related to its size, density and Youngôs module, and is proportional to the kinetic energy of grinding 

media.(Guanhe Rim, Wang, et al., 2020) It was observed that fragmentation/pulverization 

performed better in removing the passivation layer compared to abrasion, thereby enhancing the 

efficiency of metal extraction. This was attributed to its ability to break particles into smaller sizes, 

resulting in a larger reactive surface area being exposed and preventing the growth of newly 

generated precipitates.(Guanhe Rim, Wang, et al., 2020) An increased stress intensity of the 

grinding media leads to a pulverization mode, and the optimal range for this intensity is between 

10-5 to 10-4 N·m for heat-treated serpentine, with performance decreasing beyond this 

range.(Guanhe Rim, Wang, et al., 2020) The mechanisms of in-situ grinding was identified 

through 29Si MAS NMR analysis, and results indicated that the passivation layer was dramatically 

removed in the presence of 0.1 M of citrate solution along with 2.25 mm zirconia beads, by 

exposing a more soluble and reactive Q2 (enstatite) structure and distorting crystalline Q3 

strucutre.(Guanhe Rim, Marchese, et al., 2020)  

In addition to these physical approaches, chemical enhancement methods have also been 

investigated to further enhance carbonation reactions. Numerous studies pertain to heat treatment 

to activate Mg-bearing minerals to promote the dissolution process and further increase the overall 

carbonation rate.(Farhang et al., 2017) Thermal activation (<700 ̄C) of serpentine prior to the 

leaching process can increase the initial Mg dissolution rate due to the formation of a more reactive 

intermediate, Mg3Si2O7, and the enhancement level depends on the applied solvents and follows 

the order as hydrolyzing salt (NH4Cl) > weak acid (CH3COOH) > strong acid (HCl).(Raschman, 

Fedoroļkov§, & Suļik, 2013) This technique is promising for removing bound hydroxyl groups, 

reorganizing the mineral structure, and increasing mineral porosity. In our research group, we have 

also employed heat pretreatment to serpentine to enhance the reactivity for dissolution.(Guanhe 
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Rim, Marchese, et al., 2020) However, the high energy consumption associated with heating 

samples to such high temperatures is a concern. Therefore, developing greener ligands to enhance 

dissolution process under mild conditions could be promising.  

Park et al. discovered that a mixture of 1 vol.% orthophosphoric acid, 0.9 wt.% of oxalic 

acid and 0.1 wt.% EDTA can significantly enhance the Mg leaching efficiency by 1.5 times higher 

than that of 0.1M HCl. Additionally, the reaction rate was fast, with 80% of Mg dissolving within 

10 minutes.(A. H. A. Park, Jadhav, & Fan, 2003) The dissolved Fe2+/Fe3+ can reprecipitate on the 

surface of serpentine to slow down the reaction. However, it was observed that ligands (e.g. EDTA, 

oxalate and citric acid) can form complex ions with Fe, rendering it soluble and preventing the 

precipitation of iron on the reactive sites of serpentine.(A. H. A. Park et al., 2003) The iron 

complex extracted from the solution can be further processed to iron oxide as a value added 

products, which can have applications as chemical looping sorbents.(H. R. Kim, Lee, Fan, & Park, 2009)  

Parkôs group also conducted experiments using various chelating agents (e.g. acetate, 

oxalate, citrate, gluconate) for enhancing the dissolution rate of Ca-bearing minerals (wollastonite) 

by forming a more stable metal-chelate complex to enhance mineral dissolution among the 

mineralization process.(H. Zhao, Park, Lee, & Park, 2013) The experiments were conducted with 

a DBR under far-from-equilibrium conditions, and different concentrations of chelating agents and 

associated pH impacts were investigated. The results showed that higher concentrations of ligands 

significantly improved calcium extraction, except for oxalic acid due to the low solubility of 

calcium oxalate.(H. Zhao et al., 2013) The pH values had an impact on the activities of the ligands, 

consequently affecting their affinities towards calcium. It shows that more stable complexes are 

formed between EDTA4- and Ca when the activity of EDTA4- is low at a pH of 2.8, while the 

bonding between acetate and Ca is weak even the activity of acetate is higher at a pH of 3.5 
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according to the simulation results from Visual Minteq(H. Zhao et al., 2013)A proper ligand should 

be designed to enhance mineral dissolution without interfering with the subsequent formation of 

magnesium and calcium carbonates.(Gadikota, Swanson, Zhao, & Park, 2014) Therefore, acetate 

is preferable for extracting Ca for carbonation purposes rather than EDTA due to difficulty in 

liberating Ca for carbonates formation.  

Various biogenic organic acids (e.g. acetic acid, propionic acid, butyric acid and valeric 

acid) were also explored to extract metal ions from steel slags with a fixed pH of 3.(Hong, Huang, 

Rim, Park, & Park, 2020) Compared to the inorganic acid (HCl or HNO3), all organic acids 

performed much better in Ca, Mg and Si dissolution due to the formation of a more stable complex 

between metal ions and ligands.(Gadikota, Swanson, et al., 2014) As the alkyl groups of biogenic 

organic acids increase, the electronegativity of the ligand strengthens, leading to a high binding 

stability between ligands and metal ions.(Gadikota, Swanson, et al., 2014) 

 

 

Figure 1.2.1.  Various approaches to enhance dissolution rate of divalent cations from 

natural silicate minerals 
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1.3. Physical and chemical enhancement for carbonation 

The accelerated carbonation reaction kinetics enables more efficient carbon mineralization, 

and Parkôs group utilized different additives to enhance the CO2 hydration, crystal nucleation, and 

reaction with a carbonate/bicarbonate source in the liquid phase. CO2 hydration is considered the 

rate-limiting step in CO2 dissolution reaction. Carbonic anhydrase (CA) is an efficient catalyst to 

enhance CO2 hydration by transferring CO2 into bicarbonate (HCO3
-) and further accelerate carbon 

mineralization. The core active site is zinc (Zn) in the CA, and it is located in the center of the 

metalloenzymes.(Patel, Park, & Banta, 2013) The mechanism can be illustrated in Figure 1.2.2: 

Zn2+ acts as a Lewis acid facilitating the water deprotonation by forming Zn-OH, which binds CO2 

to generate a zinc bicarbonate.(Chegwidden & Carter, 2000) Bicarbonate ions are released from 

the site of CA which is regenerated by binding with another water molecule to restart the 

cycle.(Chegwidden & Carter, 2000) Patel, et al. developed a method to immobilize CA as a whole 

cell which can eliminate the need for enzyme purification, reducing the cost and facilitating the 

recycling and separation.(Patel et al., 2013) Although the catalytic activity of the immobilized CA 

was lower compared to the free enzyme, its introduction still resulted in over a 50% increase in 

CaCO3 precipitation compared to the uncatalyzed reaction.(Patel et al., 2013) Moreover, the 

thermal stability was significantly enhanced for this whole-cell catalyst.(Patel et al., 2013) 

Furthermore, authors modified the enzyme with addition of a GPA peptide (PEVPEGAFDTAI, 

derived from the calcium-binding site of glycophorin A), which can accelerate the calcite 

formation by enhancing the nucleation due to the increase interaction between calcium and 

peptide.(Patel, Park, & Banta, 2014) To overcome the challenge associated with immobilizing CA, 

the SARS coronavirus small envelope protein was introduced by generating more small pores on 

the membrane to assist the transfer of CA.(Patel et al., 2013) 
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Parkôs lab investigated Mg(OH)2 carbonation processes with water vapor as an 

additive.(Fricker & Park, 2013) A high CO2 pressure was applied to enhance the carbonation since 

very little carbonates were formed under ambient pressure. At zero pressure of H2O, carbonation 

will not occur until the temperature reaches 400 , and only 17.6% conversion efficiency was 

achieved.(Fricker & Park, 2013) However, Mg(OH)2 carbonation was significantly improved after 

increasing vapor pressure. At temperatures of 200  and 300 , the carbonation was enhanced 

by 33 and 58 times, respectively.(Fricker & Park, 2013) A higher H2O pressure facilitates 

predominate products shifting from hydrated magnesium carbonates (hydromagnesite and 

nesquehonite) to anhydrous carbonates with increasing temperature.(Fricker & Park, 2013) 

Furthermore, we continuously investigated introducing more water into Mg(OH)2 forming slurry 

to proceed carbonation and it showed similar results to those in previous high H2O pressure 

carbonation. Nevertheless, the reaction time increased due to the limitation of heat transfer 

compared to gas-solid reactions.(Fricker & Park, 2013)  

The kinetics had been studied for the carbonation of Mg(OH)2 slurry.(Fricker & Park, 

2014) It was noted that various metastable carbonates phases were generated at different 

temperatures following Oswaldôs rules. The dominant product under 30  was nesquehonite, 

while hydromagnesite was favored at 150 , and 200  favored magnesite. Nesquehonite is 

formed more slowly compared to the other phases, and its solubility is high in the carbonated 

solution.(Fricker & Park, 2014) Additives were introduced to enhance the kinetics of carbonation 

and improve the transformation from hydrated magnesium carbonates to anhydrous carbonates 

under 150 .(Fricker & Park, 2014; Hºvelmann, Putnis, Ruiz-Agudo, & Austrheim, 2012) 
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Figure 1.3.1. Physical and Chemical approaches to enhance the carbonation process 

 

1.4. Importance of geological CO2 storage and related challenges 

Despite efforts to enhance the ex-situ carbon mineralization process, however, the resource 

treatment related to transportation, grinding, and high consumption of the chemical additives limit 

the efficacy of the ex-situ carbon mineralization process. One study in 2005 indicated that ex-situ 

carbon mineralization may nearly double the cost of a typical fossil fuel power plant, per unit of 

usable energy produced.(Metz, Davidson, De Coninck, Loos, & Meyer, 2005) Thus, it is required 

to implement in-situ carbon mineralization, where direct injection of CO2 either in the form of 

carbonated water or supercritical CO2 to react with minerals underground. In contrast ex-situ 

carbon mineralization, in-situ carbon mineralization does not require the resource pretreatment 

process, or multi-step processes to complete the reaction, and its potential capacity is several 

gigatons of CO2.(A. Sanna et al., 2014) Previous pilot-scale works, such as CarbFixôs project in 

Iceland and Pacific Northwest National Laboratoryôs (PNNL) Wallula Basalt Project in 

Washington, U.S.A., indicated that more than 95 % and 60 % of injected CO2 were safely mineral 

trapped as carbonates in two years, respectively.(Gislason et al., 2010; White et al., 2020) This 

suggests that large amounts of CO2 can be securely stored via accelerated in-situ carbon 
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mineralization. In addition, atmospheric CO2 keeps increasing, and the global temperature has 

risen 1.1 °C higher than pre-industrial values despite significant decarbonization efforts. (IEA, 2024; 

IPCC, 2022; I. IPCC, 2014) This urgency of climate change underscores the need of CO2 removal from the 

air (CDR) and permanent storage at a competitive cost. (P. B. Kelemen et al., 2020; Masson-

Delmotte et al., 2018; National Academies of Sciences & Medicine, 2019; UNEP, 2017) In this 

regards, geological CO2 storage is essential and should be accompanied by different technologies, 

such as decarbonization and renewable energy technologies, for the 2°C scenario or net-zero 

emission.  

However, there are several challenges to conduct in-situ carbon mineralization stemming 

from the varied reactivity of reservoirs and complex reaction mechanisms. For the reactivity and 

mechanisms, various physical and chemical properties of the reservoir are contributing, such as 

mineralogy, porosity, permeability, wettability, and surrounding conditions like ionic strength, pH, 

and dissolved CO2.(Liang, Tsuji, Jia, Tsuji, & Matsuoka, 2017), (S. Zhang & DePaolo, 2017) For 

instance, the rock reservoir is a mixed matrix with different mineral content, while each mineral 

has a wide range of dissolution rates as shown in Figure 1.4.1.(P. Kelemen et al., 2019) This 

implies the reactivity of each site varies and need to be assessed. Further, the porosity, permeability 

and wettability can alter the accessible area for the reaction, adding another layer for assessing the 

potential of in-situ carbon mineralization. In additions, multistep reactions occur simultaneously 

during the in-situ carbonation, which makes the reaction complex and still controversial, and hard 

to decouple the parameters for engineering the geological CO2 storage. It is due to the alteration 

of both mineralogy and fluid chemistry, and these ultimately determine the rate of mineralization. 

Therefore, understanding both dissolution and carbonation behaviors at rock-water interface with 

different aquatic chemistry is necessary to project the reaction progress and assess the CO2 storage 
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potential of different locations of in-situ carbon mineralization, especially by adopting the 

modelling works. 

  

 

So far, numerous studies have studied direct carbon mineralization of olivine 

((Mg,Fe)2SiO4) examining the influences of 0 , temperature, and additives.(Chizmeshya, 

McKelvy, Squires, Carpenter, & Béarat, 2007; Gadikota, Matter, et al., 2014; Jiajie Li, Jacobs, & 

Hitch, 2019; OôConnor et al., 2005; F. Wang et al., 2019) These studies indicate enhanced 

carbonation with higher 0 , optimized around 185°C, and with the addition of bicarbonate ion 

sources, such as NaHCO3 or KHCO3.(Chizmeshya et al., 2007; Gadikota, Matter, Kelemen, Brady, 

& Park, 2020; Gadikota, Matter, et al., 2014; Jiajie Li et al., 2019; OôConnor et al., 2005; F. Wang 

et al., 2019) Gadikota et al. conducted carbonation with olivine in the presence of NaCl and 

NaHCO3 at 185 °C.(Gadikota, Matter, et al., 2014) A mixture of 0.64 M NaHCO3 and 1.0 M NaCl 

has been reported to significantly enhance the mineralization process of olivine.(Gadikota, Matter, 

Figure 1.4.1. Dissolution rates of Mg- and Ca- bearing minerals (P. Kelemen, Benson, 

Pilorgé, Psarras, & Wilcox, 2019) 
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et al., 2014) The results showed that NaHCO3 acts as a buffer agent to prevent pH decreasing when 

reacting with CO2.(Gadikota, Matter, et al., 2014) This is an important finding, as it suggestd 

carbonation behavior can be enhanced by using less environmentally impactful chemicals, like 

NaHCO3. However, the reaction parameters are not yet fully explored in terms of their role their 

importance. Particularly, role of pH for direct carbonation is essential to elucidate as it is deeply 

related to dissolution and carbonation kinetics and mechanisms. 

 

 

Figure 1.4.2. Schematics for CO2 injection approaches of (a) CarbFix, and (b) Wallula 

Basalt Project by PNNL  

 

As mentioned, two different pilot scale works for in-situ carbon mineralization have been 

demonstrated with basalt rock: one by CarbFix in Iceland, and the other by PNNL in Washington. 

The two projects have used two different strategies for injecting CO2, which are injecting CO2-

dissolved water (CarbFix) and water-bearing supercritical CO2 (Wallula) (see Figure 1.4.2). Both 

approaches successfully stored CO2 at the subsurface, while CarbFix showed enhanced CO2 
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storage kinetics compared to the Wallula Basalt project by PNNL.(Gunnarsson et al., 2018; 

McGrail et al., 2017; White et al., 2020) This behavior is attributed to bypassing of the water-

trapping step of CarbFix project as they inject the CO2-dissolved water. However, this approach 

requires an intensive amount of water, approximately 25 times the amount of water relative to CO2 

by weight.(Abdolhosseini Qomi et al., 2022; Dong et al., 2023; Snæbjörnsdóttir et al., 2020) For 

that, the formation water and/or water bodies nearby, such as sea water, treated wastewater and/or 

surface water can be utilized, and a part of the used injection water can be recycled, in regard of 

the water scarcity. Therefore, it is important to determine the fluid chemistry evolution during the 

in-situ carbon mineralization, and the effects of altered fluid chemistry on carbon mineralization 

as means of recycling the water and reducing the water footprint. Moreover, we also have to 

consider the possible contaminants from the water sources and the carbon mineralization 

operations, which can impact the ecosystem or surrounding water bodies that can be utilized for 

agriculture or drinking water near the injection sites.(Bexfield, Toccalino, Belitz, Foreman, & 

Furlong, 2019) 

 

1.5. Water related challenge during in-situ carbon mineralization ï emerging 

contaminants 

As mentioned, an immense amount of water is required in CarbFixôs model, as water plays 

a critical role during carbonation.(Abdolhosseini Qomi et al., 2022; Dong et al., 2023) Societal 

demand for water has increased due to population growth and urbanization, while climate change 

has caused water insecurity, and more frequent droughts and floods.(Boretti & Rosa, 2019; 

Masson-Delmotte et al., 2018) Therefore, the immense water foot-print for in-situ carbon 

mineralization led to concerns about the water resource. In this regard, several studies have 
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explored utilizing sea water in in-situ carbon mineralization, though this option is unavailable in 

the continent reservoirs that are not near the ocean.(Voigt et al., 2021; Wolff-Boenisch, Wenau, 

Gislason, & Oelkers, 2011) This indicates that the huge water footprint for the continent in-situ 

carbon mineralization is still challenging, and it emphasizes the need to utilize the unconventional 

water resources, such as various wastewater stream, including agricultural runoff, treated or non-

treated wastewater, or the landfill leachate. However, these wastewater streams are not pure, and 

containing various inorganic and organic contaminants.(Bolyard, Motlagh, Lozinski, & Reinhart, 

2019; Lam, Yang, Ergas, & Arias, 2023; Santos, Anjos, de Medeiros, & Montagner, 2022; Teng, 

Zhou, Peng, & Chen, 2021) In particular, a new class of contaminants, called emerging 

contaminants, have been detected in water bodies including wastewater, groundwater, surface 

water, and even in drinking water, while wastewater has the higher concentration of the emerging 

contaminants.(Bexfield et al., 2019; Chacón et al., 2022; L. Lin, Yang, & Xu, 2022; Rout, Zhang, 

Bhunia, & Surampalli, 2021) The emerging contaminants refers to low-concentration pollutants 

including heavy metals, pharmaceuticals and personal care products (PPCP), pesticides, and per-

fluoroalkyl substances (PFAS).(Bao, Wei, Yao, Ruan, & Zeng, 2015; Luo et al., 2014; Podder, 

Sadmani, Reinhart, Chang, & Goel, 2021) These compounds are generally not effectively 

eliminated during the traditional wastewater treatment plants (WWTPs); thus, the accumulations 

of these pollutants in biosphere, hydrosphere, and geosphere has been detected. (Chacón et al., 

2022; Rout et al., 2021) Especially, the landfill leachates can directly emit the pollutants with high 

concentration into nature without the treatment system, and therefore, researches on landfill 

leachate treatment is critical to meet the water security and sustainable society. (Gripa, Daflon, de 

Almeida, da Fonseca, & Campos, 2023; Teng et al., 2021) The emerging contaminants are known 

to potentially cause issues for human health and ecological systems.(Bao et al., 2015; Luo et al., 
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2014; Podder et al., 2021) Therefore, if the emerging contaminants are injected during the in-situ 

carbon mineralization without a treatment process, they can potentially cause unexpected 

environmental risks, including effects on microbes in the subsurface and a higher concentration of 

emerging contaminants in groundwater that might be penetrate to drinking water.(Bexfield et al., 

2019) In addition, the emerging contaminants have the variety of functionality and ionization state, 

and these properties can alter the in-situ carbon mineralization reactions occurring at the rock and 

fluid interface. In order to minimize these unexpected environmental impacts, we need to 

investigate the fate of these emerging contaminants and develop a method to remove them from 

environment. 

Among the treatment methods, adsorption technology is a promising candidate to treat the 

unconventional water resources, as it can be implemented with low cost in both centralized and 

decentralized processes, and easy to operate compare to other technologies, such as nanofiltration, 

reverse osmosis and/or advanced oxidation processes which required specific conditions for the 

operation.(Dhaka et al., 2019; Rathi & Kumar, 2021; Sophia A & Lima, 2018) One of the 

advantages of adsorption technology is the availability of low-cost adsorbents, such as biochar or 

activated carbon. Further, the adsorbents can be produced via utilizing the waste stream, such as 

agricultural wastes that are continuously produced during anthropogenic activities. Thus, assessing 

the potential of the adsorbents from the waste stream to treat the emerging contaminants of 

concerns in the wastewater can be a huge opportunity to enhance water security and sustainable 

development. 

On the other hand, the traditional adsorbents, such as activated carbon and biochar, are 

showing relatively good adsorption properties at a cheap price; however, it has disadvantages in 

its diversity of chemical and physical properties due to its dependency on feedstock, and limited 
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methods for regeneration, which can result in secondary contaminations.(Fan et al., 2023; Larasati, 

Fowler, & Graham, 2021; Samonin et al., 2013) This suggests the need to develop engineered 

materials, such as Metal-Organic-Frameworks (MOFs). MOFs are a novel platform for removing 

contaminants as they have high specific surface area, and various physicochemical properties such 

as their high tunability in metal and ligand structure and stability over multiple cycles.(Dhaka et 

al., 2019) Especially, zirconium-based MOFs, such as UiO and MIL classes, are well known to be 

stable for long periods in aqueous phase with wide pH conditions.(Ahmadijokani et al., 2022; 

Dhaka et al., 2019) Based on these properties, several studies utilized MOFs as appended materials 

or catalysts for emerging contaminant removal.(Dhaka et al., 2019) Moreover, studies have 

examined methods of developing modified MOFs as adsorbents, such as physical modification via 

defect controlling, and chemical modifications via changing the organic linkers into with different 

functional groups or doping different metals.(Y. Cao, Mi, Li, & Wang, 2021; Fan et al., 2023; H.-

G. Kim et al., 2021) However, modification methods have not yet been comprehensively studied, 

and the primary interaction mechanism that can enhance the adsorption performance should be 

elucidated as it is important for the innovative development on advanced adsorbents. Moreover, it 

is important to examine the effects of coexisting ions or other emerging contaminants as the 

presence of other substance can interfere the adsorption mechanisms.(Ma et al., 2020; Nguyen et 

al., 2021; Yan et al., 2024; Y. Zhao, Gu, Gao, Geng, & Wang, 2012) The obtained relationships 

can be utilized to elucidate the fate of the emerging contaminants during the in-situ carbon 

mineralization and provide insights for the process design during the adsorption water treatment 

process.  
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1.6. Research objectives 

Based on the backgrounds and challenges, the ultimate goal of this thesis is to understand 

the essential interfacial reaction mechanisms and transport behavior of CO2 and emerging 

contaminants removal at various solid-fluid interfaces, with the appropriate framework to develop 

comprehensive technologies for the WEE nexus. In order to achieve these goals, the following 

research aims have been studied with detailed scientific and engineering questions, which are: 

Aim 1 ï Investigate the parameters and frameworks for accurate study on dissolution kinetics and 

mechanisms of basalt rock at far-from-equilibrium. 

¶ How does the mineralogy affect dissolution kinetics? 

¶ How to design the framework to investigate the precise and accurate dissolution behaviors 

at far-from-equilibrium and geological CO2 storage-relevant conditions? 

 

Aim 2 ï Investigate the impacts of temperature, pH, and chemical additives on peridotite rock 

reactivity at rock-fluid interface and far-from-equilibrium for potential geological CO2 storage. 

¶ How does temperature, pH, and CO2 bubbling affect dissolution kinetics? 

¶ How does the morphology of the rock particles evolve during the dissolution, and how 

does it affect dissolution behavior? 

¶ What are the important parameters to enhance direct carbonation behavior, and how do the 

parameters affect the kinetics and mechanisms? 

¶ How does the fluid chemistry evolve during the direct carbonation? 

 

Aim 3 ï Investigate the mechanisms and kinetics of olivine from near- to far-from-equilibrium at 

the interfaces of mineral and fluid relevant to peridotite rock-hosted reservoir condition. 
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¶ How does the pH affect mineral morphology and mineral carbonation kinetics? 

¶ What is the driving mechanism of the direct carbonation and what is the potential capacity 

to store CO2? 

¶ What are the effects of co-existing ions on the direct carbonation behavior? 

 

Aim 4 ï Understand the hydrate magnesium carbonate nucleation behavior at various surfaces-

fluid interfaces to provide insight on in-situ carbon mineralization reservoir evolution 

¶ How do minerals with different wettability affect nucleation kinetics? 

¶ How do co-existing ions affect nucleation behavior? 

 

Aim 5 ï To enhance the emerging contaminants removal from wastewater and understand the 

interaction mechanisms at water-adsorbent interfaces via spectroscopic analysis. 

¶ What modification method can enhance the removal of emerging contaminants from the 

wastewater? 

¶ What are the possible interaction mechanisms for adsorbing the emerging contaminants? 

¶ What factors should be considered to develop the following generation of adsorbent? 

 

Aim 6 ï To develop the engineered emerging contaminant adsorbent and understand the 

fundamentals of interactions at the engineered material-water interfaces. 

¶ How will the chemistry of the aqueous phase affect the interaction between the emerging 

contaminants and adsorbent? 

¶ Which interaction mechanism is dominant to remove the emerging contaminants and how 

does it affect the selectivity? 
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¶ Which modification strategy is preferred to enhance the emerging contaminant adsorption? 

¶ What is the re-usability of the engineered material? 

 

Through answering the questions above, this thesis ultimately aims to provide the scientific 

and engineering insights to address sustainability and climate-related crises. 
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Figure 1.5.1. Schematic diagram of research domains 
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Chapter 2: Investigate the parameters and frameworks for accurate 

study on dissolution kinetics and mechanisms of basalt rock at far-

from-equilibrium   

This chapter is based on the following manuscript to be submitted, and data analysis and 

discussion in this chapter is based on data collected by former student, Dr. Emily Hsu: 

ñCO2 reaction rates in sub-seafloor basalt: implications for geologic carbon sequestration at 

offshore Washington State and British Columbiaò 

 

 

2.1. Introduction  

With the urgency related to the climate change crisis, the need to capture carbon emissions 

from point sources and air, and then store the carbon safely and permanently, has been 

emphasized.(IPCC, 2022; National Academies of Sciences & Medicine, 2019) Geological CO2 storage is a promising 

option, as it can store CO2 with security as it is thermodynamically favored, and has large capacity 

globally.(Gadikota, 2021; Lackner et al., 1995; Juerg M. Matter et al., 2016; Seifritz, 1990) Also, 

sub-seafloor basalt has advantages for injecting and storing CO2 as it can utilize seawater during 

the injection and minimize social concerns, such as land use and water contamination. Basalt rock 

is the most abundant rock in the Earthôs crust, and consists of pyroxene, plagioclase feldspar, and 

low content of olivine. Therefore, it contains divalent cations such as calcium, iron, and 

magnesium, which react with CO2 to form thermodynamically stable carbonate minerals.(Baines 

& Worden, 2004; Dave Goldberg, 1999; Seifritz, 1990) So far, two-pilot scale field studies have 

been performed for basalt formations, which are CarbFixôs project at Iceland, and PNNLôs Wallula 
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project at Washington state, USA.(Battu, Miller, Cao, Owen, & Schaef, 2024; Gislason Sigurdur 

& Oelkers Eric, 2014; Lahiri, Miller, Cao, Depp, & Schaef, 2023; McGrail et al., 2017; 

Snæbjörnsdóttir et al., 2017; Snæbjörnsdóttir et al., 2020) Interestingly, these projects have 

realized rapid carbon mineralization rate in reservoir, as most of the injected CO2 converted into 

solid carbonate within two years, which is much faster than the originally estimated 8ï12 years. 

Based on these previous investigations, it has been revealed that basalt is a critical reservoir for 

geological CO2 storage, and for that, it is necessary to explore the various basalt rocksô reactivity. 

Thus, in this study, we aimed to explore the reactivity of basalt rock collected from sub-seafloor, 

especially for its kinetics.  

The Cascadia Basin consists of an igneous basement which has been covered by thick 

sediments, and this geological feature can be found at oceanic ridge flanks.(E. E. Davis et al., 

1992) This structure is advantageous for geological CO2 storage as the covering sediment can 

prevent injected CO2 leakage due to its low permeability. Also, this basin is widely spread; 

therefore, a large area is accessible from the existing ocean drilling expeditions.(A. Fisher, Urabe, 

& Klaus, 2004) Figure 2.1.1 illustrates the cross-section of the region noted in the map, and 

indicating the seismic data, seafloor bathymetry, and existing drill core.  

Previous research modeled the CO2 potential of basalt rock at Washington State and 

British Columbia offshore with accomplished geological data, and the authors suggested that 50 

MMT of CO2 can be potentially stored permanently.(David Goldberg et al., 2018) This study, 

therefore, focused on the laboratory measurements of the reactivity rates in basalt formations, 

particularly investigating the kinetics and reactivity of the Cascadia basalt samples, focusing on 

the Ca extraction.  One of the challenges regarding the geological CO2 storage is related to varied 

reported reaction rates, which can bias the simulations and result in a huge discrepancy after a 
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certain time of injection. Thus, we also explored the effect of parameters for the framework studies 

to assess not only for the feasibility, but also for the sensitivity analysis. To enhance the sensitivity 

and accuracy in our study, we performed initial experimental testing on representative oceanic 

basalt (Caribbean basalt) prior to the Cascadia basalt sample to set the experimental boundary 

conditions. Through this study, we aimed for a thorough understanding of the initial reaction 

kinetics at far-from-equilibrium, which impacts the CO2 storage capacity.  

 

Figure 2.1.1. The proposed storage reservoir is located in permeable pillow lavas, fractured 

and massive flows along a buried basement ridge in the Cascadia Basin 

 

2.2. Materials and Methods 

2.2.1. Sample preparation and characterization 

In this study, we performed the dissolution experiments for basalt from two locations. One of 

them is Caribbean (KN54-26-20, R/V Knorr, 1976) basalt, and it was used as the representative 

sample for oceanic basalt. After setting the system boundary with Caribbean basalt, the 

experiments were done with the basalt from Cascadia Basin, collected from an International Ocean 

Discovery Program drilling site from Hole U1362A (Figure 2.1.1). In this study, we divided the 
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Caribbean basalt into three parts, which are 1) surface/altered, 2) glassy, and 3) non-glassy. This 

was designed to explore the effect of mineral composition on the dissolution kinetics. 

Surface/altered basalt, glass basalt, and non-glassy basalt indicate the degree of expose to 

surroundings. We observed that the sample had different mineralogical property, which will be 

discussed. To set the system boundary for the dissolution, the Caribbean basalt samples were 

ground into fine particles for the dissolution experiment in lab-scale, and Cascadia basalt was also 

ground into 450-650 ɛm-size particles. After the reduction of size, the particle size distribution 

and mean particle size were obtained using a laser particle size analyzer (Beckman Coulter, LS 13 

320, USA). Phase analysis was done by powder X-ray diffraction (PXRD, XPert3, PANalytical). 

Scanning electron microscopy coupled with energy dispersive X-ray spectroscopy (SEM-EDS, 

SIGMA VP, Zeiss) was adopted for morphological and elemental composition analysis. The 

specific surface area of each sample was measured via Brunauer-Emmett-Teller (BET) surface 

analysis (NOVAWin, Quantachrome).  

 

2.2.2. Dissolution experiment 

A Differential Bed Reactor system (DBR) was designed to determine the initial dissolution 

rate at far-from-equilibrium conditions, and the DBR setup used in this study is illustrated in Figure 

2.2.2.1. For the experiment, we prepared a pH 3 solution using nitric acid, and fresh reaction 

solution was injected into the DBR reactor with continuous flow rate (10 mL/min), to maintain the 

pH. 20 mg of finely ground Carribean basalt was consumed, while 50 mg of Cascadia Basin basalt 

was used for the experiments. We used nitric acid to miniThe experiments were performed for 2 

hours at 30 °C and ambient pressure. For the liquid analysis, the collected effluent was filtered 

with 0.22 mm syringe filter and quenched using 2% nitric acid solution to avoid further reaction. 
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The elemental composition analysis of liquid effluents was conducted with ICP-AES (Horiba 

Jobin Yvon, Activa S model). To assess the dissolution rate and its uncertainty, we applied both 

specific surface area (ABET) measured by Brunauer-Emmett-Teller (BET) and specific geometric 

surface area (Ageo) which is calculated with the assumption that the particles are spherical (Eq. 1) 

for dissolution calculation, and compared the results. In Equation 1, d and ɟ are diameter of particle 

and density of the sample, respectively. 

 

═▌▄▫ ▀ ⱬ
          Equation 1. 

 

 

Figure 2.2.2.1. Schematic of Differential Bed Reactor (DBR) with experimental conditions 

 

2.3. Results and Discussions 

2.3.1. Effect of Weathering on Dissolution Kinetics of Basalt 
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To set the experiment boundary conditions, representative Caribbean basalt was first 

characterized and its dissolution behavior was explored. Figure 2.2.3.1 shows the obtained SEM 

images of the surface/altered, glassy, and non-glassy oceanic dredge basalt, as well as the average 

particle size and their X-ray diffraction patterns of each ground basalt sample. According to the 

XRD patterns shown in Figure 3, all samples consist of plagioclase, olivine, enstatite (pyroxene), 

and augite (pyroxene), which are Ca, Mg, and/or Al bearing minerals, as expected. However, 

glassy basalt showed a significant difference from others in terms of the relative intensity for 

plagioclase to pyroxene group, implying that the plagioclase in glassy basalt is less than 

surface/altered basalt and non-glassy basalt. This difference in phase composition also may explain 

the color difference depicted in the pictures of the glassy basalt and non-glassy basalt in Figure 

2.2.3.1. To study how the different rock sample types affect the dissolution kinetics under acidic 

condition, we performed DBR experiments as explained in section 2, and the results are shown in 

Figure 2.2.3.2. Figure 2.2.3.2 illustrates the dissolved Ca concentration as a function of time at pH 

3.  

According to the results, the non-glassy basalt exhibited the highest Ca extraction efficiencies, 

reaching 76% in 2 hours. On the other hand, the glassy basalt and surface/altered basalt showed 

much less extraction compare to the non-glassy basalt. In the previous study, it was revealed that 

the dissolution rate increases according to the anorthite content (CaAl2Si2O8), which is the 

representative mineral for plagioclase.(Gudbrandsson, Wolff -Boenisch, Gislason, & Oelkers, 

2014; Yang, Min, & Jun, 2013) Also, the dissolution rate of anorthite is approximately one-order 

of magnitude faster than enstatite at pH 3, and ambient temperature.(Gudbrandsson et al., 2014; 

Oelkers & Schott, 2001) Thus, the slower Ca extraction kinetics of glassy basalt compared to the 

non-glassy basalt may be anticipated to the relatively low concentration of plagioclase in glassy 
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basalt as indicated in Figure 2.2.3.1. Indeed, the XRD pattern of surface/altered basalt has no 

significant difference with non-glassy basalt as much as glassy basalt, however, their dissolution 

rates were markedly different. One of the possibilities could be a thin passivation layer (rind) that 

may form during the alteration. Rind refers to a Si-rich coating of the surface which is hard to 

detect with XRD, but can be detected with long-wavelength spectroscopy, such as Visible-Near 

Infrared (VNIR).(Minitti, Weitz, Lane, & Bishop, 2007) The coating is also stable under acidic 

condition; thus, it can effectively inhibit the basalt dissolution occurred by proton 

exchange.(Horgan, Smith, Cloutis, Mann, & Christensen, 2017; Minitti et al., 2007) The minor 

differences between surface/altered basalt and non-glassy basalt were observed in XRD patterns 

at 2ɗ values of ~21, 26, 28, 48°, related to quartz which may explain the differences in the 

dissolution rates.(Jiajie Wang, Yagi, Tamagawa, Hirano, & Watanabe, 2024)  
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Figure 2.2.3.1. SEM images (middle) and XRD patterns (bottom) for surface/altered basalt, 

glassy basalt, and non-glassy basalt 
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Figure 2.2.3.2. Extraction behavior of Ca for Non-glassy, glassy, and surface/altered basalts 

at 30 °C 

 

Additionally, we could obtain high extraction efficiency of non-glassy basalts in 2 hours, which 

is extremely enhanced dissolution kinetics. This phenomenon is attributed to a high surface area-

to-volume ratio due to the fine particle size (less than 10 mm). This enhanced dissolution can be 

adopted for ex-situ carbon mineralization that extracts Ca or Mg from a silicate mineral at acidic 

pH and carbonates the leachate at alkaline pH. However, the fast dissolution rate demonstrated in 

Figure 2.2.3.2 is not representative at a geological injection site, where the surface area-to-volume 

ratio is low. Thus, to perform the representative study for in-situ geological CO2 storage, we used 

a larger particle size (450-650 mm) for Cascadia Basin samples. 

 

2.3.2. Mineralogy and Weathering of Cascadia Basalt  
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Following the Caribbean basalt, the characterization and dissolution experiments were then 

performed using the Cascadia Basin basaltic rock samples from IODP Hole U1362A. The XRD 

analysis was performed to determine the mineralogy of Cascadia basalt from different depth. The 

basalt samples could be classified into two groups, flow channel basalt and massive basalt.  

Figure 2.2.3.3. Cascadia basalt samples from IODP Hole U1362A with different depth 

(adopted from Fisher et al., 2011(A. Fisher, Tsuji, & Petronotis, 2011)) and (b) XRD patterns 
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Figure 2.2.3.3 (a) and (b) indicate the collection depth and group of the samples and their XRD 

patterns, respectively. As shown in Figure 2.2.3.3 (b), the mineralogy of the samples was almost 

identical even though the degree of alteration was distinct. Thus, in the following, we would 

investigate the effect of the degree of alteration on the dissolution kinetics, with careful 

considerations of the factors that can significantly affect the calculated dissolution rates.  

 

2.3.3. Factors Affecting the Reactivity of Cascadia Basalt   

Following the investigation of mineralogy and weathering of the samples, a detailed 

investigation of the dissolution rates of Cascadia Basin basalt from IODP Hole 1362A was 

performed, with emphasis on the kinetics of Ca ion extraction. The extent of Ca extraction profiles 

of each Cascadia basalt sample during the 2 h dissolution experiment is shown in Figure 2.2.3.4. 

The initial dissolution rates (mol/m2/s) were obtained for the basalt in terms of Ca extraction. The 

dissolution rates (r) were calculated from equation 1. 

 

ὶ     Equation 1 

 

[Ca], ms, A, and t indicate the extracted concentration of calcium ion during the reaction, mass of 

sample, specific surface area per unit mass of sample, and reaction time, respectively.  

 

In this research, the rates were calculated using two different surface areas, BET surface area 

(ABET) and specific geometric surface area (Ageo) to understand the significance of the surface area 

for determining the reaction rate. Figure 2.2.3.4 shows the two different initial dissolution rates of 

Cascadia basalt samples of different groups. The dissolution rates are varied by almost two orders 
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depending on the surface area decision. The dissolution rates were in the range of 10-11.5 to 10-11
 

molCa/cm2/s, and 10-13.5 to 10-12.5 molCa/cm2/s when we adopt the geometric surface area and 

specific surface area from BET analysis, respectively.  

 

 

Between the two surface areas, the Ageo is generally considered for the calculation of 

dissolution rate by many other mineral dissolution studies. For example, Marieni et al. 

(2020)(Marieni, Matter, & Teagle, 2020) used the Ageo for the dissolution study of Cascadia Basin 

basaltic rock samples from IODP Hole U1362A (the same basalt samples used in this study) to 

estimate their dissolution rates more appropriately. The range of their initial dissolution rates is 

shown in Figure 2.2.3.4. as a green highlighted box, and it is almost comparable to our data. Thus, 

the Ageo was considered for evaluations of initial dissolution rates in this study. Indeed, it is 

Figure 2.2.3.4. Ca dissolution rates of Cascadia Basalt rock samples at 30 °C, which were 

calculated using two different surface areas 
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important to keep it mind that the dissolution rate is a function of specific surface area, thus 

deciding the effect surface area is essential to minimize the uncertainty for the simulations. Since 

the Ageo assumes a non-porous, and spherical particle, which minimize the available surface area, 

the rate calculated with Ageo can be considered a system boundary for the simulation. 

 

 

Figure 2.2.3.4 also illustrates the measured dissolution rates of Cascadia basin basalt samples 

from IODP Hole 1362A as a function of collection depth.(K. Becker, Fisher, & Tsuji, 2013) The 

lithostratigraphy of the basalts from the Cascadia basin enable the separation of samples from flow 

channel and massive basalt cores, allowing for an analysis based on the degree of alteration, 

indicated as flow channel basalt and massive basalt (Figure 2.2.3.3(a)). Moreover, according to 

Figure 2.2.3.5. Dissolution rates of Cascadia Basin basalt (flow channel vs. massive) as a 

function of % Ca. 
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Figure 2.2.3.3(a), both layers (flow channel and massive basalt) had varied mineralogy as density 

depicted in contrast, and it is particularly noticeable in the flow channels.(A. T. Fisher, Alt, & 

Bach, 2014) The flow channel basalts have been identified as normal mid-ocean-ridge basalt 

containing olivine and pyroxene (Figure 2.2.3.3(b)), which are readily dissolving under acidic 

condition.(A. T. Fisher et al., 2014) The massive basalts, on the other hand, showed less variance in 

contrast, indicating the larger volume portion of the basalt was not exposed to the aqueous phase. 

This structure potentially has an impact on the magnitude of Ca, Mg, and Fe extraction rates. Based 

on the literature, plagioclase grains would yield higher Ca extractions than olivine grains, yielding 

higher Mg and Fe extraction.(Gudbrandsson, Wolff-Boenisch, Gislason, & Oelkers, 2011; Wolff-

Boenisch et al., 2011) However, for these samples, the Ca extractions appear to be fastest, 

interestingly.  

Comparing the massive basalt to the flow channel basalt, we revealed that the massive 

basalt showed more scattered dissolution rates compare to the flow channel basalt (Figure 2.2.3.5). 

This behavior can be related to the degree of alteration, which can change the dissolution kinetics 

of basalts. As discussed with surface/altered Caribbean basalt and non-glassy basalt, in general, 

the dissolution kinetics of non-porous materials, such as silicate minerals can be fitted using the 

shrinking core model.(Pan, Ling, Park, & Chiang, 2018; Safari, Arzpeyma, Rashchi, & Mostoufi, 2009)  In regards to this 

model, the dissolution rate can be slow down when the ash layer (or rind) has formed as the 

diffusion rates of the reactants and products in this layer are much slower than the chemical 

reaction occurring at the surface of unreacted particle core. We speculate that the degree of 

alteration from slight to moderate can change the rate determining step from the chemical reaction 

to altered-layer diffusion which can generate large variation in the dissolution rates consisting with 

the data shown in figure 2.2.3.5. On the other hand, in overall, the flow channel basalts showed 
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slower Ca dissolution rate relatively to the massive basalts, and less scattered. It also could be 

demonstrated by the degree of alteration of basalts. Once the surface of the particle has been altered 

significantly, the dissolution rate control step would be fluid diffusion through the altered layer, 

not chemical reaction at the unreacted core. Since the flow channel basalts were significantly 

altered (moderate to high alteration) already, the degree of alteration may not have significant 

effect on dissolution rate. Thus, the flow channel basalts show relatively uniform and slow reaction 

kinetics when compared to the massive basalts.  

 

2.3.4. Comparison of Ca dissolution rates of basaltic rocks 

Previous studies explored the effect of pH (e.g., pH = 3-12) and temperatures (T = 25ï75 °C) 

on basalt dissolution kinetics.(Gudbrandsson et al., 2011; Marieni et al., 2020; Stockmann, Wolff-

Boenisch, Gislason, & Oelkers, 2011; Todd Schaef & Peter McGrail, 2009) The dissolution step 

has generally been regarded as the rate-determining step of CO2 mineralization. These researches 

used basalt rocks from the Columbia River (Sanchaef and Mcgrail) and Iceland where Wallula and 

CarbFix projects took place, respectively. Under in situ conditions, an injection of supercritical 

CO2 into seawater-saturated formations would create a low pH conditions (pH ~3, 4) by forming 

carbonic acid in the aqueous phase, at least before aqueous phase carbonic acid is neutralized to 

bicarbonate or precipitated as carbonates. Low pH conditions in the laboratory will therefore be 

most representative of the in-situ dissolution rates near the CO2 injection site. As shown in Figure 

2.2.3.6, the dissolution rate of basalts has U shape from low to high pH. Under acidic conditions 

(pH < 7), the dissolution rate decreases with increasing pH since the major mechanism for the 

dissolution is proton exchange. In this paper, the rates were determined at pH 3 and far-from-

equilibrium in regards of dissolution near the injection site, and not yet neutralized. According to 
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the result, the rate was faster than the rates reported from other literatures at the similar temperature 

(Figure 2.2.3.6).  

 

 

Figure 2.2.3.6. Ca dissolution rates of basaltic rocks including the data from this study. Data 

adopted from Gundrandsson et al. (2011)(Gudbrandsson et al., 2011), Stockmann et al., 

(2011)(Stockmann et al., 2011), Schaef and Mcgrail (2009)(Todd Schaef & Peter McGrail, 

2009), and Marieni et al. (2020)(Marieni et al., 2020) 

 

Table 2.2.3.1. Table for basalt dissolution conditions and type of basalt in this study and in 

the literature 
 

Particle 

size, 

ɛm 

T, 

[ ] 

Pco
2
, 

[bar] 

pH 

control 

pH Reactor 

type 

Materials  

This study 450 ï 

650 

30 ï 10% 

HNO
3
 

3 Differential 

bed 

crystalline 

basalt 

Gudbrandsson et 

al., 

2011(Gudbrandsson 

et al., 2011) 

45 ï 125 5 ï 

75 

ï NH
4
Cl, 

HCl, 

NH
4
OH 

2 ï 

11 

Mixed flow crystalline 

basalt 
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Stockmann et al., 

2011(Stockmann et 

al., 2011) 

45 ï 125 25 ï 

70 

ï NaHCO
3
, 

CaCl
2
, 

NaOH, 

HCl 

6.8 

ï 10 

Mixed flow basaltic 

glass 

Schaef and 

Mcgrail., 2009 

(Todd Schaef & 

Peter McGrail, 

2009) 

420 ï 

2000 

25 ï 

90 

ï HNO
3
, 

LiOH 

3 ï 

7 

Mixed flow flow 

top/interior 
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Interestingly, our dissolution rates at pH 3, projecting far-from equilibrium condition and 

initial dissolution, are around 100 times faster than Gubrandsson et al. (2011)ôs 

measurement(Gudbrandsson et al., 2011), which were measured at the identical temperature and 

pH, and also under far-from-equilibrium condition. This difference could be due to a different rate 

measurement method. Gudbrandsson et al. (2011)(Gudbrandsson et al., 2011) measured the rates 

at steady-state after long reaction time (several hundred hours), while the initial dissolution state 

was measured with short reaction time (2 h) in this paper. Therefore, the rate measurement in the 

study by Gudbrandsson et al., may include the diffusion-controlled regime, which can decrease 

the overall dissolution rate. Similar observation of the order of magnitude faster initial dissolution 

rates was also found in Marieni et al.ôs work.(Marieni et al., 2020) This behavior implies that we 

should be considerate when estimating the dissolution rate for the real system as the geological 

storage takes place over geological time frame. To be more specific, the differences such as surface 

area determination, time frame for the kinetics experiments, and/or reactor type can cause huge 

discrepancy of result compared to expectation. In this regard, it is essential to be considerate when 

applying the rates measured in the laboratory to the field injection. During the field-scale work, 
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the flowrate of injection fluid and reservoir temperature can be varied; therefore, there is need to 

determine which dissolution rate (i.e. initial or steady-state rate), can represent the site 

appropriately and reactive-transport behavior, while the laboratory experiments conducted in this 

study can provide an upper bound of in-situ dissolution rate of basalt samples from the Cascadia 

basin. 

 

2.4. Conclusions 

The mineralization of CO2 in basalt offers the advantage of safe, long-term carbon storage 

in the form of thermodynamically stable solid carbonates. However, important factors, such as the 

specific chemistry of the basalt, the degree of alteration, and effective surface area can influence 

the rate of the dissolution/carbonation reactions. Therefore, laboratory measurements of the 

specific reservoir properties and dissolution kinetics are essential inputs for effective modeling of 

the in-situ mineralization process, the evolution of the basalt reservoir over time, and the CO2 

storage efficiency in these environments.  

This study used core samples from the Cascadia Basin to measure the dissolution rates with 

mimicking CO2ïbasaltïseawater system to determine the effect of the degree of alteration, which 

was uncertain from XRD measurements. Experiments were conducted using a differential bed 

reactor system to measure dissolution rates at pH 3 and 30 °C, simulating far-from-equilibrium 

conditions. The laboratory results for the Cascadia samples indicated that the massive basalt 

appears to be more reactive than flow channel basalt, potentially due to the prior hydrothermal 

alteration in flow channel units. These results confirmed that the mineralogy, and the degree of 

alteration is one of the most important factors that determining the rockôs reactivity and the CO2 

storage potential. 
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Moreover, we compared the results with prior kinetic data from the literature. From the 

comparison, the dissolution rates measured in this study were found to be faster than the previously 

measured in basalt samples from the identical sites of Wallula(Todd Schaef & Peter McGrail, 

2009) and CarbFix(Stockmann et al., 2011) CO2 sequestration projects measured under steady-

state conditions, but were relatively similar to the data from Marieni, et al than measured initial 

dissolution rate before the steady-state dissolution.(Marieni et al., 2020) These results may 

attribute to the different framework of rate measurement setup, where we measured the dissolution 

rate for the initial-state representing the fast injection flowrate, and fresh surface, and far-from 

equilibrium.  

From these studies, it was found that there is large variability in reaction rates with the 

potential for complete mineralization, emphasizing the importance of choosing appropriate 

effective surface area, degree of alteration, and timeframe for measuring the dissolution rates, 

which need to be considered from an engineering perspective.  
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Chapter 3: Investigate the impacts of temperature, pH, chemical 

additive on peridotite rock reactivity at rock-fluid interface and far-

from-equilibrium for potential geological CO2 storage  

 

 

3.1.  Introduction  

Climate change and its impacts on sustainability have been widely recognized as major 

pressing challenges for human society. To address the climate crisis, it is imperative to decarbonize 

and limit  global warming below 1.5 or 2 °C compared to the pre-industrial level.(Allen et al., 2018; 

Rogelj et al., 2016; UNFCCC, 2015) Despite the efforts reduce CO2 emissions, atmospheric CO2 

levels have increased, with temperature already approximately 1.1 °C above pre-industrial 

level.(Lan, 2023; Lenssen et al., 2019; Team, 2023) Moreover, CO2 emissions are still projected 

to be over gigatons every year.(Friedlingstein et al., 2023) This current situation emphasizes the 

needs to facilitate not only decarbonization, but also the technologies capable of removing CO2 

from the air in a timely manner.(Masson-Delmotte et al., 2018; National Academies of Sciences & Medicine, 2019; UNEP, 2017) 

For CDR, in addition to direct air capture (DAC), storing in permanent forms is essential, 

underscoring the importance of geological CO2 storage via carbon mineralization. Carbon 

mineralization has been regarded as a promising method as it offers huge capacity and is 

thermodynamically stable enough to offset some energy input during the DAC process.(P. B. 

Kelemen et al., 2020; Lackner et al., 1995; Juerg M. Matter et al., 2016; Seifritz, 1990) So far, 

pilot-scale in-situ carbon mineralization studies have preliminarily focused on basalt reservoirs, 

and the previous studies have demonstrated higher conversion of injected CO2 into solid 
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carbonates than their expection.(Gislason Sigurdur & Oelkers Eric, 2014; Juerg M. Matter et al., 

2016; McGrail et al., 2006; McGrail et al., 2017; Snæbjörnsdóttir, Gislason, Galeczka, & Oelkers, 

2018; Snæbjörnsdóttir et al., 2017; Snæbjörnsdóttir et al., 2020) On the other hand, peridotite rock-

host reservoirs have not yet been explored as the pilot-scale CO2 injection site. Peridotite rock is 

the major composition of the upper mantle, and is exposed to the Earthôs crust via tectonic motions. 

Peridotite is primarily composed of olivine ((Mg,Fe)2SiO4), which reacts rapidly with CO2, as it is 

far-from-equilibrium with CO2 in air or fluid containing CO2.
(P. Kelemen et al., 2019; P. B. Kelemen & Matter, 

2008) Various researches have investigated the geological carbon storage potential in peridotite rock 

at Samail ophiolite in Oman and United Arab Emirates, and other locations.(Corre et al., 2023; P. 

B. Kelemen & Matter, 2008; Mervine, Humphris, Sims, Kelemen, & Jenkins, 2014) The Samail 

ophiolite in Oman and United Arab Emirates is the most representative peridotite massif, and at 

Samail ophiolite, researchers revealed that fast carbon mineralization was expected in peridotite 

rock with reasonable storage process cost.(P. Kelemen et al., 2019)  

In the U.S., there are several smaller peridotite rock reservoirs than Oman. The Tamarack 

intrusion in Minnesota is one of the unaltered peridotite rock intrusions, and has a ñbowlò shape 

that capped with low permeability gabbro caprock.(Taranovic, Ripley, Li, & Rossell, 2015) These 

geological features allow the Tamarack bowl shape intrusion to stand out as a potential site for 

CO2 storage. In this regard, assessing the reactivity and reaction mechanisms (i.e. dissolution and 

carbonation) of Tamarack are important to gain insights into how much CO2 can be stored. Yet, 

the heterogeneity of the rock mineral composition and physiochemical properties should be 

addressed for the accurate and precise determination of dissolution kinetics and mechanisms, as 

well as carbonation potential. 
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Thus, this study aimed to investigate the dissolution kinetics of historic Tamarack fine 

grained sample under the conditions relevant to geological CO2 storage, focusing on pH, 

temperatures effect on kinetics. In this study, the dissolution behavior was determined by analyzing 

the morphological and chemical changes in both rock and fluid during experiment. Also, we 

targeted estimation of the system boundaries for geological CO2 storage.  

Furthermore, the study explored the direct carbonation behavior of Tamarack peridotite 

rock. This is because that in-situ carbon mineralization is characterized by one-step carbonation, 

in which dissolution and carbonation occur simultaneously. Thus, it is necessary to understand the 

direct carbonation behavior to fully assess the in-situ carbon mineralization potential in Tamarack, 

even though the dissolution has often been regarded as the rate-limiting step for carbon 

mineralization. For example, some previous studies indicated that carbonation can be the rate-

determining step for the overall reaction.65, 142 Thus, the reaction paths can be complex at the rock-

fluid interfaces and may be controlled by various equilibria involving other potential precipitates 

and reaction kinetics. Also, unlike Ca, Mg can easily interact with surrounding water molecules 

and form a strong hydration shell, hindering the formation of anhydrous MgCO3 

kinetically.(Swanson, Fricker, Sun, & Park, 2014; Tommaso & de Leeuw, 2010) Previous studies 

revealed that the parameters, including temperature and chemical additives, and the presence of 

seeding surfaces affect carbonation kinetics, yet only a few studies were conducted with reservoir 

related temperature (<100 °C) with olivine, and even fewer studies were conducted with peridotite 

rock, which is a mixture of various minerals including pyroxene, feldspar, serpentine, brucite, and 

talc.(Gadikota, Matter, et al., 2014; Johnson et al., 2014; Miller et al., 2019; Sendula et al., 2021; Swanson et al., 2014) Therefore, this 

research also aims to understand the direct carbonation behavior of peridotite rock retrieved from 

Tamarack to assess the impact of the parameters, including temperature and chemical additives. 



47 

 

3.2. Materials and Methods 

3.2.1. Sample preparation and characterization 

The peridotite intrusion samples from previous drilling at Tamarack were used in this 

study. Pacific North National Lab (PNNL) ground the core samples into 0.425 ï 2 mm fraction, 

and we ground them further using pestle and mortar into +25/ï150, and +150/ï425 ɛm fractions 

for direct carbon mineralization and dissolution experiments, respectively. Once the different size 

fractions were collected via sieving, we cleaned the sieved particles with 200 Proof ethanol (Fisher 

Scientific, NJ, USA) and sonicated several times until the aliquot become clear. This procedure 

was adopted to avoid the biasing the kinetics due to fine particles as a previous study 

revealed.(Gadikota, Matter, et al., 2014) Once samples were prepared, each fraction was analyzed, 

determining its specific surface area, particle size distribution and elemental composition using N2 

BET isotherm by an adsorption analyzer (Micromeritics, ASAP 2020 Plus), particle size analyzer 

(LS 13 320 XR, Beckman Coulter), respectively (Figure 3.2.1.1). The elemental composition was 

analyzed via X-ray fluorescence (XRF, Shimadzu, EDX-7000) analysis. For the initial phase 

analysis, X-ray diffraction (Malvern Panalytical, Xôpert3) was adopted.  

 

3.2.2. Batch dissolution experiment of Tamarack peridotite rock 

The batch dissolution experiments were conducted from room temperature to 70 °C, 100 

mL of 5 wt% slurry was charged in a beaker and stirred at 700 rpm. Also, in this study, we 

determined dissolution kinetics with various proton supplying methods 1) maintained pH at 3 or 4 

by adding 1 M HNO3 to imitate the pH, achieved by CO2-H2O equilibrium in the early injection 

stage, 2) continuous CO2 dissociation via bubbling without further pH control to determine the pH 

evolution and associated dissolution kinetics, and 3) 1 M HNO3 to project the system boundaries 
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for mineral and fluid evolution. At certain time, 1 mL of slurry was obtained, and filtered with 

0.22 ɛm nylon syringe filter and a leachate sample was diluted with 2% HNO3 for elemental 

composition analysis using ICP-OES (Agilent, ICP-OES 5110). The remaining solid residue was 

analyzed with XRD, X-ray photoelectron spectroscopy (XPS, PHI, Versaprobe II) and scanning 

electron microscope coupled with energy dispersive X-ray spectroscopy (SEM-EDS, ZEISS, 

Sigma VP). 

 

3.2.3. Direct carbonation of Tamarack peridotite rock 

The direct carbon mineralization experiments were conducted in batch system (Parr 

Instrument Company, 4590 Micro). To assess the carbonation behavior, experiments were 

conducted at temperature of 70 ï 90 °C. Also, supercritical CO2 (ὖ  = 90 bar) was injected and 

pressure was maintained using the connected syringe pump (Teledyne ISCO, 500D). For the 

experiments, we charged the glass lined vessel with 20 mL of 15% <25 ï 150 ɛm and put into the 

reactor. After that, the reactor was heated to desired temperature, followed by CO2 injection. The 

heating step took less than 20 minutes for all cases. The reaction solutions were primarily deionized 

water, but we also tested 1 M KHCO3 + 0.66 KOH system to assess the effect of chemical 

additives. The reaction duration was 1 and 3 days, while it was stirred at 650 rpm to avoid the bulk 

mass transfer limitations. In this study, we tried to imitate the pure CO2 stream that can be obtained 

from various CO2 capture processes including direct air capture, and/or flue gas capture, and that 

are likely to be injected into in-situ mineral carbonation targets. After the specific reaction time (1 

or 3 days), the reactor was cooled to below 50 °C to collect liquid and solid products. The collected 

samples were separated via filtration and analyzed as the samples from dissolution experiments. 

To determine the extent of carbonation, Thermogravimetry analysis (TGA, TA instrument, Q500) 
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was applied. During the TGA run, the furnace was under an N2 environment (50 mL minï1 for 

sample flow), and the temperature was ramped to 80 °C and held there for 10 minutes to remove 

any residual moisture in the sample, and not to destroy any possible hydrous magnesium carbonate 

species. The temperature was then ramped up to 850 °C at a rate of 10 °C minï1. 

 

3.3. Results and Discussions 

3.3.1. Characterization of Tamarack peridotite rock 

The mineralogical phase and elemental analysis are essential for understanding the 

reactivity of rock samples. Firstly, we performed PXRD on ground Tamarack peridotite rock 

sample and did Rietveld refinement using Materials Analysis Using Diffraction software (MAUD) 

to determine the mineral phase composition (Figure 3.3.1.1 (a)). According to the refinement, 

olivine accounts for over 60 wt% of Tamarack peridotite rock sample. Plagioclase feldspar, 

pyroxene, and clay minerals such as talc were also determined. Also, small amounts of magnesite 

(MgCO3) were found in the sample, suggesting that the small degree of Tamarack reservoir has 

been potentially carbonated. This also confirmed with TGA analysis, that 0.81% of weight loss 

was measured in between 500ï600 °C, matching to magnesite decomposition (Figure 3.3.1.1 (b)). 

Furthermore, elemental composition of Tamarack peridotite rock sample was analyzed using XRF, 

as tabulated in Table 3.3.1.1. As shown in Table 3.3.1.1, Cr2O3 content was around 0.59 wt%, 

indicating the presence of chromite in the Tamarack sample. Also, the weight content of Al2O3 

was significantly abundant in Tamarack mixture (4.40 wt%) compared to typical olivine mineral 

(see Chapter 4). This significant content of Al2O3 in Tamarack mixture confirmed the presence of 

feldspar in the sample, which is consistent with PXRD result. Additionally, we found 0.32 wt% of 

NiO, suggesting Ni can be dissolved and recovered during the in-situ carbon mineralization 
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process. However, the contents of monovalent ion oxides, Na2O and K2O, were not detected with 

XRF. The absence of Na2O and K2O may due to the detection limit of XRF since we confirmed 

the presence of the plagioclase feldspar in XRD analysis, and also observed dissolved Na or K 

ions after the dissolution and carbonation experiments, which will be indicated in the following 

sections. 

Table 3.3.1.1. Elemental composition of Tamarack peridotite rock by XRF (unit: wt%)  

SiO2 FeO Al 2O3 CaO MgO 

43.51 11.97 4.40 1.97 36.60 

Cr2O3 TiO 2 NiO MnO  CuO 

0.59 0.33 0.32 0.17 0.14 

 

 Based on the XRF result, the theoretical capacity for CO2 storage was calculated, 

following the equation below (Equation 1), and the maximum storable CO2 weight per a gram of 

Tamarack peridotite sample is 0.405 g based on XRF elemental composition analysis. As 

Figure 3.3.1.1. (a) PXRD pattern of pristine Tamarack peridotite and (b) Thermogravimetry 

analysis result of pristine Tamarack perditotie (N2, 10 K/min ramping rate) 
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indicated, Mg and Ca were only considered to form solid carbonate as Fe will be precipitated as 

iron oxide before the carbonation.146 

 

ὓὡ  0.405 gCO2/g sample Equation 1. 

  

Additionally, the mean particle sizes for 25 ï 150 ɛm, and 150 ï 425 ɛm are 149.4 and 

426.4 ɛm, respectively, while the BET specific surface areas are 0.0513 and 0.8080 m2/g. 

 

3.3.2. Effect of pH and temperature on Tamarack peridotite sample dissolution kinetics 

So far, the role of pH has been extensively discussed in the previous researches as it is one 

of the most important parameters that controls the reaction kinetics. Typically, it is well established 

that lower pH enhances the leaching rate of cations via ion exchange in between the proton in 

aqueous phase and divalent cations (Mg and Ca) in mineral matrixes. However, the impact of pH 

on different minerals are varied, therefore, it is necessary to examine the effect of pH on different 

rock samples. For instance, olivine and enstatite shows decreased dissolution rate as pH increases 

while albite has a óvô-shape profile of dissolution rate with pH, where the slowest dissolution 

occurs at neutral pH.(Gudbrandsson et al., 2014; Oelkers, Declercq, Saldi, Gislason, & Schott, 2018; Y. Zhang, Rimstidt, Huang, & Zhu, 

2019) Thus, we conducted Tamarack peridotite sample dissolution experiment at room temperature 

and different pH values. As described, pH was maintained by adding droplets of 1 M HNO3, and 

the dissolution kinetics results have been illustrated Figure 3.3.2.1. The dissolution rate r i (i = 

dissolved ion) is calculated based on the BET specific surface area (SSA), 0.8080 m2/g, following 

the equation below (Equation 2), and the rates are listed in Table 3.3.2.1.  
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ὶ
   

  
   Equation 2. 

 

 

 

As examined in this study, the dissolution rates increased for all measured ions including 

Si when pH decreased to 3 from 4. Regarding Mg, the rate at pH 3 was 2.8-fold higher than at pH 

4, which is similar to olivine dissolution behavior (rMg  [H+]0.5) and more sensitive to proton 

Figure 3.3.2.1. Dissolution kinetics of Tamarack peridotite rock at pH 3 and 4, (a) Ca, and 

Mg; (b) K, and Na; (c) Si, and (d) Fe. 5 wt% slurry density, 150-425 ɛm, Room temperature, 

700 rpm. 
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activity compared to enstatite (rMg  [H+]0.2) in acidic condition.(Oelkers et al., 2018; Oelkers & 

Schott, 2001) Also, the rates for Mg dissolution were measured as 2.30×10-8 and 0.82×10-8 mol·m-

2·s at pH 3 and 4, respectively. These rates are similar to those reported for olivine dissolution 

rates, while the logarithm values of enstatite dissolution rates are varied in range of -9 to -

13.(Oelkers, 1999; Oelkers et al., 2018; Oelkers & Schott, 2001) Thus, the reactivity of Tamarack 

peridotite sample can be mainly attributed to olivine, not enstatite (pyroxene). We also observed 

that Ca and Si dissolved at similar rates (Figure 3.2.2.1 (a, c)) and fast dissolution of alkali metals 

(K and Na) (Figure 3.2.2.1 (b)), while Fe showed the slowest dissolution kinetics among the 

dissolved species (Figure 3.2.2.1 (c)). Al concentrations in aqueous phase after dissolution 

experiments were lower than the detection limit, so Al was not available to measure. From the 

mineral composition, we speculated that Ca, K. and Na were selectively dissolved from the 

plagioclase relative to Al, or Al was rapidly re-precipitated, while either case potentially suggests 

higher Al concentration in solid mineral.  

 

Table 3.3.2.1. Dissolution rate of Tamarack peridotite rock at different pH (3 and 4), 22 °C, 

5 wt%, 700 rpm 

Unit:  

×10-8 

mol·m-2·s-1 

Mg Ca Mg + Ca 

pH 3 2.30 0.78 3.2 

pH 4 0.81 0.46 1.28 

 

Furthermore, as shown in Figure 3.3.2.2, we explored the dissolution behavior of Tamarack 

peridotite sample at different temperatures and pH 3, focusing on Mg, Ca, and Si. According to 

the results, all elements showed linear increase of dissolved concentrations for all reaction 

temperatures, while Si concentrations did not surpass the solubility limits of amorphous silica at 
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pH 3, which are 1.78, 2.59, and 3.67 mM at 22, 40, and 60 °C, respectively. Based on these results, 

we could confirm all experiments were performed at far-from-equilibrium during the 3-hour 

reaction. Thus, we could use data from the entire experiment duration to calculate the activation 

energy for Tamarack peridotite rock dissolution at pH 3. The Arrhenius plot for Mg dissolution 

has been demonstrated in Figure 3.3.2.2 (d), and the calculated activation energy is 41.37 kJ/mol. 

This indicates the dissolution kinetics was controlled by surface chemistry reaction.  

 

 

 

 
Figure 3.3.2.2. Dissolved concentrations of (a) Mg, (b) Ca, and (c) Si of Tamarack peridotite 

rock sample at pH and different temperatures, and (d) Arrhenius plot of Tamarack 

peridotite in r egard of Mg. 5 wt% slurry density, 150-425 ɛm, Room temperature, 700 rpm 
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Additionally, we determined the relationship between the Mg dissolution rate and 

temperature. It was found that the rate was proportional to 100.022T, where T refers the reaction 

temperature in absolute temperature. Assuming Mg dissolution kinetics is stem from the olivine 

dissolution and incorporating the relationship between the rate and pH, the rate can be expressed 

as the Equation 3 below, where a represents the dissolution coefficient.  

ὶ  ὥ ϽὌ ȢϽρπȢ     Equation 3. 

Notably, this equation indicates pH and temperature have opposite impacts on the rate, 

therefore, it is necessary to find the optimal pH and temperature conditions when we are targeting 

in-situ carbonation storage. This is because that the major proton source for mineral dissolution 

during the geological CO2 storage is typically the dissolved CO2, whereas the concentration of 

dissolved CO2 decreases as temperature increases. From this point of view, we further explored 

the dissolution behavior of Tamarack peridotite rock with carbonated water in the following 

section. 

 

3.3.3. Dissolution behaviors of Tamarack peridotite rock with carbonic acid as proton 

source 

As discussed in Section 3.3.2, Tamarack peridotite rock dissolution kinetics has been 

enhanced with higher temperature and lower pH. In this regard, the combination of low pH and 

high temperature can be incorporated into the dissolution process by adding strong acid during the 

ex-situ carbon mineralization. However, in case of in-situ carbon mineralization, carbonic acid 

from CO2 dissociation is the major source for proton exchange reaction at fluid-mineral interface. 

Carbonic acid is a weak acid, and the total concentration of dissolved CO2 decreases when the 

reaction temperature rises due to the equilibrium. Also, the basic metal ion release from mineral 
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matrix buffer the H2O-CO2-mineral interface, therefore pH will not be maintained as low as initial 

pH of injection. Previous pH monitoring results from field-scale CO2 injection into basalt-hosted 

reservoir demonstrated that pH increased from acidic condition to basic condition, mainly because 

of mixing with pre-existing alkaline groundwater and basic mineral dissolution.(Juerg M. Matter, 

Takahashi, & Goldberg, 2007; Snæbjörnsdóttir et al., 2018) Therefore, we conducted Tamarack 

peridotite rock dissolution experiment while CO2 was continuously provided at 1 bar as proton 

source, and measured dissolved concentrations and pH change at 22 ï 70 °C (Figure 3.3.3.1).  

 

Figure 3.3.3.1. Tamarack peridotite rock sample dissolution kinetics with 1 bar CO2 

bubbling at 22 ï 70 °C, and dissolved (a) Mg, (b) Ca, and (c) Si concentrations, and (d) 

calculated dissolved inorganic carbon concentration at 1 bar CO2-H2O equilibrium, while 

the relative amount of dissolved inorganic carbon to 22 °C was elaborated. 
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Interestingly, faster dissolution rate was observed at 50 °C than 70 °C, and at lower pH. In 

terms of pH, initial pH of each temperature was 4.0, 4.0, and 4.4 for 22, 50, and 70 °C, respectively. 

Once the reaction initiated, pH was rapidly escalated up to 5.2 (22 °C), 5.7 (50 °C), and 5.9 (70 

°C) after 3 hours of reaction. The incremental rate of pH was faster as a function of reaction 

temperature and stems from the lower concentration of dissolved inorganic carbon content, which 

can buffer the pH.  

 

 

As shown in Figure 3.3.3.1 (d), the dissolved inorganic carbon concentration has decreased 

when the temperature increases, and at 50 °C and 70 °C, only 40%, and 30% amount of inorganic 

carbon has dissolved in the aqueous phase relative to 22 °C. From these results, we could determine 

that temperature greater than 50 °C with 1 atm of CO2 is not preferred to enhance the dissolution 

kinetics of Tamarack peridotite rock. In addition, at the equilibrated pH, the major species of 

Figure 3.3.3.2. Dissolved CO2 Carbon-Temperature equilibrium diagram with different 

partial pressure of CO2, and equilibrium pH contour. No salt additives. 
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dissolved carbonate is bicarbonate ion (HCO3
ï), which can react with dissolved Mg or Ca, and be 

precipitated in solid carbonate, such as nesquehonite (MgCO3·3H2O). However, in this reaction 

condition, no solid carbonate phases were saturated, and therefore, no precipitant was observed. 

On the other hand, previous work suggested that by reducing the partial pressure of CO2, pH 

increases to alkaline condition and solid magnesium carbonate precipitates due to the increased 

relative amount of bicarbonate and carbonate ions.(G. Rim et al., 2021) In this regard, we can 

speculate that the dissolved alkali and alkaline earth ions are not able to be precipitated in the early 

stage in injection, and travel with the injection fluid until the condition becomes favorable for the 

precipitation. 

In the real pilot-scale experiment, the optimal temperature for dissolution will be different 

from our results since much higher partial pressure of CO2 will be used. In this regard, we 

conducted the thermodynamic calculation for CO2-H2O adopting Geochemistôs Workbench 

(Community Ed., SpecE8 app, LLNL thermo database) to gain insights for the relationship among 

pH, temperature, and partial pressure of CO2 (PCO2) related to geological CO2 injection. As shown 

in Figure 3.3.3.2, the lowest pH can be reached at 20 °C, and at 150 bar of PCO2, pH is around 2.8. 

Once temperature increases higher than 80 °C, the lowest pH with PCO2 = 150 bar cannot be smaller 

than 3.0. At 50 °C, pH 3 can be reached when PCO2 is around 90 bar, and pH can be retained at 3 

if PCO2 increases higher than 120 bar at 70 °C. This suggests that to set initial pH to 3, fluid 

temperature cannot exceed 80 °C. However, the cost for increasing pressure, controlling fluid 

temperature, and their efficacy also should be assessed to determine the optimal operation 

condition. Furthermore, the  

 

3.3.4. Understanding mineralogical alterations during dissolution reaction  
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One of the findings in the previous sections is incongruent dissolution behavior of 

Tamarack peridotite rock sample in acidic conditions (pH < 6). This dissolution behavior suggests 

the formation of a Si-rich layer. Typically, the formation of a Si-rich layer passivates the reaction 

due to the transfer limit, yet it is not fully understood how the passivation layer has been formed, 

and the effect of parameters, such as pH and temperatures, on its formation. In this regard, this 

study focused on how surface morphology changed relative to its dissolution rate, and on the effect 

of pH on the morphological alteration at the mineral-fluid interface.  

First, we determined the mineralogical change of 3-hour reacted Tamarack peridotite rock 

at pH 3 and 40 °C. As shown in Figure 3.3.4.1 the XRD patterns observed that the intensities of 

Figure 3.4.4.1. XRD patterns of pristine Tamarack peridotite rock and after dissolution 

experiments at different conditions. All experiments were conducted with 5 wt% slurry 

density, and 700 rpm. 
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initial minerals were reduced relative to pristine Tamarack peridotite rock sample. Also, Rietveld 

refinement indicated that the weight content of olivine reduced to around 40 wt%, meanwhile the 

contents of other classes were not reduced much. This result aligns with the observation on the 

dissolution behavior. Further, this may provide insights on mineralogical evolution during the 

dissolution for these types of rock where olivine is the mineral that controls the reactivity, thus the 

content of olivine is important for the reaction. Further, XPS analysis for the surface chemistry 

was done, and the result spectra of Si2p is indicated in Figure 3.3.4.2 (b). 

 

Figure 3.3.4.2. XPS Si2p of (a) pristine Tamarack peridotite rock sample, (b) after 3-hour 

dissolution in pH 3 HNO3 solution at 40 °C, (c) 48-hour dissolution in 1 M HNO3 solution at 

50°C, and (d) 48-hour dissolution in carbonated water with 200 mL 1 bar CO2 at 50°C. Red: 

Q2, Green: Q3, Blue: Q4. All reactions were conducted at 5 wt% slurry density and 700 rpm 
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XPS analysis indicates the chemical and electronic states of atoms at the surface of the 

substance by measuring the electron binding energy in a specific orbital of a target atom. In case 

of Si2p, higher binding energy implies Si has bonded to more O and has higher oxidation state. 

Based on this background, XPS analysis can be utilized to estimate the degree of Si polymerization, 

called as Q structure of Si. Silicate have 5 types of Q structure, which are Q0, Q1, Q2, Q3, and Q4. 

Increasing number corresponds to a greater degree of polymerization of silicate tetrahedra via 

covalent bonds between Si and O. (Guanhe Rim, Marchese, et al., 2020; N. Zhang, Huang, Yang, 

Zheng, & Moment, 2023) As indicated in Figure 3.3.4.2, we were able to deconvolute the Si2p 

peaks to determine the Q structure, and we could confirm that peaks in pristine and dissolved 

Tamarack peridotite rock samples, correspond to olivine (101.5 eV), enstatite (102.5 eV), and 

higher Q structure, Q4.(Zakaznova-Herzog, Nesbitt, Bancroft, & Tse, 2008; N. Zhang et al., 2023) 

The percentages of each Q structure is denoted in Table 3.3.4.1. In case of pH 3, and 3-hour long 

dissolution at 40 ôC, we showed increased ratio of Q4 and reduced olivine peak. This illustrates 

that even though the dissolution kinetics were linear, the formation of highly polymerized silicates 

occurred during the dissolution.  

 

Table 3.4.4.1. Content of Qn structure in pristine Tamarack peridotite rock and samples 

after dissolution under different reaction conditions 

Qn Low Qn  High Qn 

Found in other minerals 

Olivine(Zakaznova-

Herzog et al., 2008) 

Enstatite(Zakaznova-

Herzog et al., 2008) 

Q4 

Binding energy 101.5 eV 102.5 eV 103.5 eV 

Pristine Tamarack 

peridotite rock 

49.0 % 27.5 % 23.4 % 
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pH 3, 3 hours, 40 ôC 22.2 % 42.1 % 35.7 % 

1 M HNO3, 48 hours, 

50 ôC 
7.8 % 26.6 % 65.6 % 

CO2 bubbling, 48 hours, 

50 ôC 
23.8 % 32.5 % 43.8 % 

 

3.3.5. Analogy to estimate the system boundary for Tamarack peridotite rock dissolution 

At this point, it is important to understand the system limits by comparing the results 

between two longer duration dissolution experiments representing the mild condition and harsh 

condition in terms of pH. Thus, we compared the phase changes of 48-hour dissolved Tamarack 

peridotite rock samples reacted with different proton sources. One of the samples used CO2 

bubbling as the proton source (equilibrium pH ~6), while another test used 1M HNO3 (0.4 < pH < 

1.5) for the entire reaction time) to set the system boundaries as the mild, and harsh dissolution 

condition at near injection sites. The reaction temperature was set to 50 °C as it showed the highest 

dissolution rate in this study (Section 3.3.3). As indicated in Figure 3.3.4.1 and 3.3.4.2, the relative 

intensity of the peaks (~27°, and 43°) corresponding to quartz were more significant and had a 

higher Q4 ratio in the 1 M HNO3 case. Interestingly, the portion of enstatite peak in the samples 

treated under 1 M HNO3 was almost identical to pristine sample, meanwhile the sample treated in 

mild case (i.e., CO2 bubbling case) showed increased ratio of enstatite peak. These results suggest 

that the olivine had been directly polymerized into Q4 structure or the formation and dissolution 

of enstatite was at steady-state during the rock sample dissolution. These results indicate that 

higher acidity accelerates the proton exchange reaction as well as the polymerization of silicate 

tetrahedra. In addition, we compared the dissolution behaviors, which are shown in Figure 3.3.5.1. 
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Interestingly, linear increases of the concentrations of Mg, Fe, and Si were observed even though 

the Si concentration surpassed the amorphous silica solubility limit. This suggest that the 

dissolution rate of Si was faster than the precipitation rate. For this behavior, we hypothesized that 

1) the passivation layer was liberated during the dissolution and fresh surface has been exposed to 

continuous reaction; and/or 2) increased Fe or Na concentrations inhibited the Si formation.   

In Figure 3.3.5.2, particle size distribution before and after the dissolution at different 

conditions were demonstrated. From this figure, it is well distinguished that particle size of the 

sample treated with 1 M HNO3 was significantly smaller than that treated with mild dissolution, 

which supports the idea that fresh surface was exposed and dissolved instead of a shrinking core 

behavior, i.e., buildup of the passivation layer with small particle size change. Also, under mild 

pH (~6) Ni did not dissolved, while high concentration of acid was able to dissolve Ni. This 

demonstrates that lower pH or ligand are needed to release Ni from peridotite rock from the 

interface. In case of monovalent ions, Na rapidly increased in early stages of dissolution, and 

showed a plateau after few hours. K showed similar dissolution behavior, and the concentrations 

after 48 hours of dissolution under different conditions were similar (~6 mM). On the other hand, 

Ca dissolved much more in the 1 M HNO3 system, suggesting higher acidity is needed for Ca 

dissolution relative to Mg.  
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From these studies, we witnessed different dissolution mechanisms and rates. From the 

XPS analysis, it was confirmed that the Q structure alteration of Si from less polymerized to highly 

polymerized was promoted with higher acidity. Interestingly, it seems there is a threshold of 

acidity where the passivation layer is negligible during the dissolution. 

Figure 3.3.5.1. Dissolution behavior of Tamarack peridotite rock sample under (a, b) 1 bar 

200 mL/min CO2 flow as proton source, and (c, d) 1 M HNO3 solution. 5 wt% slurry density, 

50 °C, 700 rpm. 
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3.3.6. Assessing the primary factor to enhance the carbonation efficiency 

In this section, we investigated the direct carbonation behavior under different carbonation 

conditions to compare the impact of each parameter, such as temperature and chemical additives. 

Here, two cases, (1) increasing temperature to 90 °C from 70 °C, and (2) adding 1 M KHCO3 + 

0.66 M KOH, were compared to the system at 70 °C without additives. These conditions were 

used because previous studies focused on the effect of additives, especially bicarbonate; however, 

not much research was done on the impact of low temperature or comparisons made on the impact 

of temperature.(Gadikota, Matter, et al., 2014; Jianwei Wang, 2020) However, during geological 

CO2 storage, it would be challenging to increase the temperature of the reservoir to the optimum 

temperature for olivine carbonation (185 °C) as typical continental geothermal gradient is only 25 

°C/km.(Hofmeister, 2019; P. B. Kelemen & Matter, 2008) Thus, this study explored moderate 

temperature lower than 100 °C, and tried to elucidate the effect of chemical additives in this 

Figure 3.5.5.2. Particle size distribution of unreacted Tamarack peridotite rock sample size 

fraction that used in the dissolution experiment, and after dissolution experiments. 
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temperature range. The composition of additive was chosen considering the alkaline pH in 

ultramafic rock reservoir, and the partial pressure of CO2 was identical for all system at 90 bars.  

Before determining the extent of carbonation, we conducted XRD to identify the mineral 

phase in the products (Figure 3.3.6.1), and to confirm if any anhydrous or hydrous MgCO3 was 

produced during the direct carbonation experiment. According to Figure 3.3.6.2, we could detect 

the magnesite peak, which indicates anhydrous MgCO3.  

 

Figure 3.3.6.1. XRD patterns of reacted Tamarack peridotite rock sample samples under 

different conditions. The slurry density was 15 wt%, and stirred at 700 rpm. 
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Based on XRD patterns, we further analyzed the extent of carbonation using TGA. TGA 

is an advantageous analysis method as thermal decomposition temperature can be the fingerprint 

for a specific mineral phase. MgCO3 typically decomposes at temperature higher than 400 °C and 

fully decomposes before 650 °C.(X. W. Liu, Feng, Li, Zhang, & Wang, 2012; Tian, Tahmasebi, 

& Yu, 2014) Thus, we calculated the extent of carbonation based on the weight loss in this 

temperature range using the Equation 3 described below, where ρὙϳ  is from Equation 1.  

 

9 ȟ   2 ρππ Ϸ    Equation 3 

 

The extent of carbonation of each case has been depicted in Figure 3.3.6.2 (a). As shown 

in Figure 3.3.6.2 (a), the condition at moderate temperature (70 °C) without chemical additives 

showed slight increase during the carbonation, and almost negligibly increased relative to initial 

Tamarack peridotite rock after 3 days. Interestingly, the extents of carbonation were increased to 

6.07 % and 7.07 % after 3 days by both methods, with additive or increasing temperature, 

respectively from ~4 % after 1-day reaction. From the improved extent of carbonation at higher 

temperature we may infer that temperature has more impact on carbonation than additive. 

According to Miller et al., the logarithm of the rate is a linear function of temperature up to 185 ô

C with a slope of approximately 0.08. Thus, increasing temperature by 20 °C may result one order 

magnitude faster carbonation rate.(Miller et al., 2019) However, it is still fascinating that addition 

of alkalinity and salts can enhance the direct carbonation rate without increasing temperature. It 

may be related to a buffer effect of the added bicarbonate that controls the pH and promotes the 

carbonation.(Gadikota, Matter, et al., 2014) In addition, we measured the dissolved ion 

concentrations after the carbonation experiment. As shown in Figure 3.3.6.2 (b), the Mg 
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concentration was highest in the 90 bar and 90 ôC case, followed by the deionized water at 70 ô

C, and salt added case. This is attributed to dissolution kinetics of the Tamarack peridotite rock 

sample as discussed above. Interestingly, we observed that the 90 ôC case showed decreasing Mg 

concentration and similar Si concentration, while the salt added case showed similar Mg 

concentration and increasing Si concentration. In the 70 °C case, Si concentration decreased and 

went below the solubility limit, and Mg concentration was similar. In terms of dissolution and 

carbonation rate, we can hypothesize that the carbonation rate was faster than the dissolution rate 

of Tamarack peridotite sample at 90 ôC, while the salt added case has similar dissolution and 

carbonation rates with less SiO2 (quartz) precipitation. These interesting differences may be due 

to pH differences in two systems. However, both cases showed enhanced extents of carbonation 

compared to the deionized water at 70 °C case; therefore, the role of added salt, especially alkaline 

salt, should be explored regarding pH. Furthermore, we observed that 70 °C showed similar Mg 

content while decreasing in Si concentration. This behavior may stem from the precipitation of 

solid silica from aqueous phase and reduced the dissolution rate, meanwhile the temperature was 

not sufficient to enhance the carbonation rate. 

These observations may provide insight on how we can enhance the carbonation rate 

without heating up the ultramafic rock. During the dissolution, we have observed that K and Na 

dissolved at the mineral-fluid interface. If we can use them as the salt additives to introduce 

alkalinity in this study and other studies, it could be beneficial for the overall operation.(Gadikota, 

Matter, et al., 2014; Jianwei Wang, 2020) Thus, further investigations should be done on the 

experiments with longer duration and varied additive composition to fully assess the impact of 

adding salt to optimize the condition. 
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Figure 3.3.6.2. (a) Extents of carbonation of Tamarack peridotite rock sample sample 

under different conditions and reaction durations, and (b) dissolved ion concentrations 
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3.4. Conclusions 

 In summary, this study focused on understanding the effect of parameters that influence 

reactivity of peridotite rock at Tamarack to assess its potential for CO2 storage, and to gain insights 

on how to enhance geological CO2 storage rates. In this study, we analyzed the mineralogy and 

elemental composition of peridotite rock retrieved from Tamarack. It comprised of more than 60 

wt% of Tamarack peridotite rock consists of olivine, and other pyroxene, plagioclase, and talc. 

Through the dissolution experiment with different pH, we found that the dissolution rate 

and its slope as a function of pH was almost identical to olivine, and distinct from enstatite. It 

confirms that olivine is the major mineral species involved in the early dissolution. Also, 

monovalent cations K and Na also dissolved into the aqueous phase from mineral matrix. However, 

their dissolution did not show a significant effect on the dissolution behavior of olivine. We 

speculated that the proton exchanges for Mg is not inhibited by competition with monovalent ions. 

Also, with fixed pH, the dissolution rates increase with temperature. From this set of dissolution 

experiments, it was confirmed that the dissolution reaction rate is controlled by the surface 

chemical reaction, and no significant change in mechanisms was observed over 3 hours with 5 wt% 

slurry density. Also, we estimated the relationship with the dissolution rates and parameters such 

as pH and temperature. Indeed, pH decreases with an increase in dissociated CO2 concentration, 

meanwhile the dissociation of CO2 into the aqueous phase decreases with an increase in 

temperature due to Henryôs law. These given relationships can be adopted for estimating the 

optimized temperature to maximize the dissolution rates for enhanced geological CO2 storage. The 

mineralogical evolution of the sample surface was determined with XRD and XPS, and it was 

indicated that olivine is the most readily dissolved phase, and that silicate tetrahedra polymerized 

during the dissolution. Further, we conducted parallel experiments to determine system boundaries 
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for dissolution. According to the results, interestingly, extensive dissolution without mass transfer 

limit by passivation limit was observed with high acidity. This may suggest a threshold of acidity 

that changes the passivation behavior of peridotite rock from Tamarack. 

 In addition, direct carbon mineralization behavior was examined. This study compared 

the effect of increasing temperature and adding potassium bicarbonate + hydroxide salts on the 

extent on carbonation during a certain reaction time. Adding potassium bicarbonate + hydroxide 

salts increased the initial pH and alkalinity in the system. By comparing the effect of increasing 

temperature or initial pH, it was found that increasing the temperature may have more impact on 

accelerating the direct carbonation as it can support overcoming the activation energy. Meanwhile, 

the added salts also showed rate enhancement, and it may suggest an alternative reaction pathway 

to promote the reaction. Further exploration on this effect can be studied in future works. 
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Chapter 4: ï Investigate the mechanisms and kinetics of olivine 

from near- to far-from-equilibrium at the interfaces of mineral and 

fluid relevant to peridotite rock-hosted reservoir condition. 

This chapter is based on the following manuscript to be submitted: 

ñDirect olivine carbon mineralization from low to ultra-high pH: Implications for geological CO2 

storageò 

 

4.1. Introduction  

Climate change is a pressing concern for sustainability, with the Intergovernmental Panel 

for Climate Change (IPCC) emphasizing the need to limit global warming to 1.5ï2 °C relative to 

pre-industrial levels by mid-century.(I. IPCC, 2014; Masson-Delmotte et al., 2018) Despite 

significant decarbonization efforts, atmospheric CO2 surpass 424 ppm in 2023, and global 

temperature has risen 1.1 °C higher than pre-industrial values.(Lan, 2023; Lenssen et al., 2019; 

Team, 2023; UNEP, 2017) This underscores the critical and growing importance of CO2 removal 

from the air (CDR) and permanent storage.(Masson-Delmotte et al., 2018; National Academies of 

Sciences & Medicine, 2019) 

Carbon mineralization is a promising technology to store and utilize CO2 due to its 

spontaneous reaction nature and large capacity to permanently store and/or utilize CO2(Lackner et 

al., 1995; Seifritz, 1990) The National Academy of Sciences, Engineering & Medicine noted that 

by 2050, in addition to decarbonation of energy production and/or capture of greenhouse gases 

from point sources, gigatons of CO2 per year must to be removed from air and stored at a 

competitive cost.(P. B. Kelemen et al., 2020; National Academies of Sciences & Medicine, 2019) 

Carbon mineralization reactions occur between CO2 and divalent metal ions (e.g., Ca, Mg, Fe), 
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often sourced from alkaline sources such as natural rocks (e.g., ultramafic and mafic rocks) or 

industrial wastes (e.g., waste construction material, coal fly ash, slags, etc.).(Chang et al., 2017; 

Gadikota, 2021; P. B. Kelemen et al., 2020; Pan, Chang, & Chiang, 2012; G. Rim et al., 2021; 

Williams et al., 2024; N. Zhang et al., 2023; N. Zhang & Moment, 2023) In particular, olivine 

(Mg2SiO4), a type of natural minerals, comprises more than 40% of ultramafic rocks (including 

mantle peridotites), and shows relatively high reactivity towards carbon mineralization compared 

to other Mg/Ca bearing silicate minerals.(Gadikota et al., 2020; P. Kelemen et al., 2019; P. B. 

Kelemen & Hirth, 2012; Jürg M. Matter & Kelemen, 2009; Aimaro Sanna, Hall, & Maroto-Valer, 

2012) Therefore, studying olivine carbonation behavior is important for both ex-situ and in-situ 

carbon mineralization to accomplish some of the CO2 storage required to mitigate climate change. 

Carbon mineralization of olivine is generally considered to proceed via a series of multistep 

reactions, consisting of CO2 hydration and dissociation (reactions 1-3), dissolution of olivine 

(reactions 4 and 5), and carbonation (reaction 6): 

CO2 dissociation: 

CO2(g) + H2O(l) ź H2CO3(aq)      Reaction 1. 

H2CO3(aq) ź H
+(aq) + HCO3

ï(aq)  pKa1 = 6.37 (@ 25 °C) Reaction 2. 

HCO3
ï(aq) ź H+(aq) + CO3

2ï(aq)   pKa2 = 10.32 (@ 25 °C) Reaction 3. 

Olivine dissolution: 

Mg2SiO4(s) + 4H+(aq) Ÿ 2Mg2+(aq) + H4SiO4(aq)    Reaction 4. 

Mg2SiO4(s) + 4H2O(l) Ÿ 2Mg(OH)2(s) + H4SiO4(aq)   Reaction 5. 

Carbonation of dissolved Mg2+ ion: 

Mg2+(aq) + CO3
2ï(aq) Ÿ MgCO3(s)     Reaction 6. 
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Determining the rate-limiting step and critical parameters in overall reactions is crucial, 

offering insights for the system boundaries. Previous studies often considered the dissolution step 

to be rate-limiting.(Gadikota, Matter, et al., 2014; Montserrat et al., 2017; Oelkers et al., 2018; 

Pokrovsky & Schott, 2000; Power, Kenward, Dipple, & Raudsepp, 2017; Saldi, Schott, Pokrovsky, 

Gautier, & Oelkers, 2012; F. Wang, Dreisinger, Jarvis, & Hitchins, 2021; Jianwei Wang, 2020) It 

was also thought that pH plays an important role such that low pH enhances dissolution rates, 

whereas the carbonation reaction favors high pH, attributed to carbonate ion speciation (reaction 

3). (Oelkers et al., 2018; A.-H. A. Park & Fan, 2004; A. H. A. Park et al., 2003) Therefore, designs 

of ex-situ carbon mineralization usually involve ñpH swingò process, consisting of a dissolution 

step at low pH followed by carbonation of filtered leachate at higher pH. However, concerns persist 

regarding the efficacy of ex-situ process for negative emission of CO2 due to the relatively high 

cost involved in mining, transporting, grinding Ca-/Mg-rich minerals, and reacting them with 

captured CO2. One 2005 estimate is that ex-situ carbon mineralization may double the cost of a 

typical fossil fuel power plant, per unit of useable energy produced(Metz et al., 2005), and to our 

knowledge this result has not changed significantly via more recent research. This indicates that 

storing CO2 via subsurface, geological carbon mineralization ï transporting CO2 to subsurface 

rock volumes, rather than transporting rocks to sites of CO2 emissions ï may be required instead 

of, or in addition to, ex-situ methods.(National Academies of Sciences & Medicine, 2019) 

In-situ carbon mineralization, distinct from the ex-situ process, involves the spontaneous 

dissolution of minerals and precipitation of solid carbonates at varying pH.(P. B. Kelemen & 

Matter, 2008) Numerous studies have explored direct carbon mineralization of olivine examining 

the influences of 0 , temperature, and additives.(Chizmeshya et al., 2007; Gadikota, Matter, et 

al., 2014; Jiajie Li et al., 2019; OôConnor et al., 2005; Jianwei Wang, 2020) These studies indicated 
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the enhanced carbonation with higher 0 , optimized around 185°C, and addition bicarbonate 

ion sources, such as NaHCO3 or KHCO3.(Chizmeshya et al., 2007; Gadikota et al., 2020; Gadikota, 

Matter, et al., 2014; OôConnor et al., 2005; Jianwei Wang, 2020) However, existing studies 

focused on a relatively limited span of pH conditions, in contrast, the less well studied role of 

larger ranges in pH is the central topic of this paper. 

The role of pH during direct carbonation is important since the dissolution and precipitation 

steps may happen concurrently, while the optimal pH is different for each step. It is especially 

important to understand the effect of alkaline pH for the direct carbonation of olivine because 

natural, peridotite-hosted aquifers have pH ranging from 8 to 12 or more.(Barnes, LaMarche, & 

Himmelberg, 1967; BARNES & O'NEIL, 1969; Barnes, O'Neil, & Trescases, 1978; Bruni et al., 

2002; P. B. Kelemen et al., 2011; Neal & Stanger, 1983) This study, therefore, investigated the 

role of pH on the reaction kinetics and mechanism of direct carbonation of olivine. The carbonation 

behavior, morphological changes, and solution chemistry changes were determined via both 

experimental and computational methods. Based on these results, we propose how the carbon 

mineralization reaction for in-situ carbon mineralization could be engineered and accelerated 

under different pH conditions. 

 

4.2. Materials and Methods 

4.2.1. Dissolution and direct carbon mineralization using olivine 

Twin Sisters olivine was purchased from Wardôs Science and ground with a puck mill 

(Sample Prep, 8530 ShatterBox). It was then sieved to obtain particles smaller than 25 ɛm and 

125-150 ɛm. All  other chemicals used in the experiments were purchased from Fisher Scientific, 

NH, USA. The batch dissolution experiments were conducted at 60 °C, and at pH 3 and 10, while 
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the pH was maintained through the entire reaction by adding 1 M HNO3 and NaOH as needed.  

Before use in the carbon mineralization experiments, the olivine particles were washed with 

ethanol (ACS reagent grade, 95%) and dried at 80 °C overnight to obtain a clean and uniform 

surface.  

The direct carbon mineralization experiments were conducted in a high temperature and 

high-pressure batch system (Parr Instrument Company, 4590 Micro). Supercritical CO2 (ὖ  = 

130 bar) was injected via connected high-pressure syringe pump (Teledyne ISCO, 500D). For the 

experiments, the reaction solutions were designed to have different initial pH by using HNO3, 

NaCl, KCl, KHCO3 and KOH. In detail, 1 mM HNO3, deionized water, 1.66 M NaCl and KCl, 1 

M KHCO3 + 0.66 M KOH, and 1.66 M KOH solutions were prepared. The concentrations of the 

alkaline solutions (1 M KHCO3 + 0.66 M KOH, and 1.66 M KOH) were selected based on previous 

research indicating a high extent of carbonation.(Gadikota, Matter, et al., 2014; Gerdemann et al., 

2007; OôConnor et al., 2005) We also tested Na instead of K. Then, a slurry (15 mL) of 15% < 25 

ɛm-sized olivine by weight was placed in a glass lined vessel to avoid cross contamination for 

each carbonation experiment. The reactor filled with the slurry was sealed and heated to 185 °C 

(chosen based on previous literature studies)(Gadikota, Swanson, et al., 2014; P. B. Kelemen & 

Matter, 2008; Miller et al., 2019) while it was stirred at 650 rpm to make a homogeneous mixture. 

Once the target temperature was reached, ultra-high purity CO2 (Airgas) was injected into the 

reactor and maintained for various reaction times between 1 and 24 hours. In this study, we tried 

to imitate the pure CO2 stream that can be obtained from various CO2 capture processes including 

direct air capture, and/or flue gas capture, and that are likely to be injected into in-situ mineral 

carbonation targets. After the specific reaction time, the reactor was cooled rapidly to below 80 °C 

in 10 minutes by using a fan to minimize further alteration or carbonation during cooling. The 
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liquid and solid products were separated via vacuum filtration for carbonation kinetics and 

mechanism analysis. Solid products were washed with deionized water during the filtration to 

remove residual ions on the surface, then air-dried overnight. Further treatment of the liquid is 

described in section 4.2.3. 

 

4.2.2. Characterization of Unreacted and Reacted Solids and Quantification of the Extent 

of Carbonation 

Before the reaction, the feedstock composition was analyzed via X-ray fluorescence (XRF) 

and the results are shown in Table 4.2.1.1. The XRF analysis were conducted by the Geoscience 

Laboratory of the Ontario Geological Survey using the fused-disk major element analysis method. 

Particle size was measured using a particle size analyzer (Beckman Coulter, Inc., LS 13 320 MW), 

and the specific surface area was determined by N2 BET isotherm by an adsorption analyzer 

(Micromeritics, ASAP 2020 Plus). The average particle size and the specific surface area were 

11.37 ɛm and 1.94 m2g-1, respectively (Figure 4.2.2.1). Mineralogical changes occurred during the 

carbonation reaction were determined via powder X-ray diffraction spectroscopy (Malvern 

Panalytical, Xôpert3). The X-ray diffraction patterns were collected in range of 5-80° 2ɗ with a 

step size of 0.013° 
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The changes in mineralogy of reacted olivine and its extent of carbonation were 

estimated based on thermogravimetric analysis (TA instrument, Q500) results. TGA enables us 

to distinguish the weight loss from each specific decomposition reaction, so it has an advantage 

to quantify the extent of carbonation without interfering with decomposition of other solid 

phases or organic carbon, compared to total carbon analysis. During the TGA run, the furnace 

was under N2 environment (50 mL minï1 for sample flow), and the temperature was ramped to 

120 °C and held there for 10 minutes to remove any residual moisture in the sample. Both 

nesquehonite and hydromagnesite start to release water molecule at higher temperature than 120 

°C.(Hollingbery & Hull, 2010; Jauffret, Morrison, & Glasser, 2015) The temperature was then 

ramped up to 850 °C at a rate of 10 °C minï1.  

 

Table 4.2.2.1. The elemental composition of olivine determined by XRF (wt.%) 

Element wt% Element wt% 

SiO2 41.20 MgO 49.53 

Figure 4.2.2.1. Particle size distribution (a) and N2 BET isotherm of pristine Twin Sister 

olivine sample. The average particle size was 11.37 ɛm, and the specific surface area was 1.94 

m2/g 
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TiO2 0.01 CaO 0.13 

Al2O3 0.17 Na2O 0.02 

Fe2O3 8.55 K2O 0.01 

MnO 0.12 Others 0.26 

 

4.2.3. Determining the Fluid Chemistry and Mineral Saturation States 

The fluid from the separated reaction products was filtered using a 0.22 ɛm syringe filter, 

and then quenched with 2% HNO3 solution to prevent any further reactions. The solution was 

analyzed for dissolved elemental composition via Inductively Coupled Plasma-Optical Emission 

Spectroscopy (Agilent, ICP-OES 5110). The elemental compositions obtained for each reaction 

were used in thermodynamic calculations of in-situ pH and mineral saturation indexes. The 

calculations were performed with Geochemistsô Workbench(Bethke, 2022) (Community Ed. Ver 

15.0) using the thermodynamic database provided from the Lawrence Livermore National 

Laboratory (LLNL). 

 

4.3. Results and Discussions 

4.3.1. Dissolution kinetics of olivine at low pH and high pH 

The dissolution of silicate minerals has been considered the rate limiting step.(Gadikota, 

Matter, et al., 2014; F. Wang et al., 2021) Therefore, in this study, we tried to elucidate the effect 

of pH on dissolution kinetics to determine the olivine carbon mineralization behavior. As has been 

well-documented in previous studies,(Oelkers et al., 2018; Palandri & Kharaka, 2004; Rimstidt, 

Brantley, & Olsen, 2012) we observed that the both dissolved [Mg] and [Si] at pH 3 were much 

higher at the same reaction time compared to the pH 10 case (Figure 4.3.1.1(a) and (b)).  
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Also, the dissolved [Si] was greater than the [Mg] at pH 10, while this is reversed in the 

acidic case, as consistent with previous studies.(Oelkers et al., 2018; Pokrovsky & Schott, 2000) 

During dissolution at pH 3, protons undergo cation exchange with Mg2+ ions in the olivine crystal 

structure, which does not occur in the alkaline condition.(Oelkers et al., 2018; Pokrovsky & Schott, 

2000) Instead, hydration of olivine mineral occurs at pH 10, as shown in Figure 4.3.1.1(d), and 

incongruent dissolution of Si enriches Mg in solid phase. Based on these dissolution rate data 

Figure 4.3.1.1. Dissolution behavior of olivine at (a) fixed pH 3, and (b) fixed pH 10 at far-from-

equilibrium conditions at 60 °C, S/L=0.15, 125-150 ɛm, and (c) and (d) schematically illustrate 

the suggested the olivine surface alterations at acidic and alkaline pH, respectively. 
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alone, it might be expected that slower direct carbonation would be observed at higher pH due to 

the scarcity of available Mg ions if magnesite is saturated at both conditions. However, there is 

still a need to investigate the direct carbonation kinetics at different pH since the domains for 

dissolution and precipitation are not separated. Measuring the dissolution rates alone does not 

reveal the full, direct carbonation rate. 

 

4.3.2. System evolution due to heating and CO2 injection. 

To understand olivineôs direct carbon mineralization behavior, high-temperature 

experiments were conducted under elevated PCO2. Before CO2 injection, the systems were 

preheated to 185 °C which took around 1 hour. While this heating step was unavoidable, it may 

have altered the solution chemistry and mineral surface due to olivine dissolution and/or alteration. 

To assess this impact, we collected the sample once the system reached 185 °C and ran 

thermogravimetric analysis (TGA). As result (Figure 4.3.2.1 (a)), all cases had weight loss less 

than 1%, implying the insignificant phase alteration. Meanwhile, in the 1.66 M KOH case, there 

was a slight development of brucite that weight loss was around 0.1%, consistent with the 

explanation in previous section that high pH could lead to magnesium hydroxide formation. To 

validate the heating stepôs influence on extent of carbonation, short (10-minute) experiments were 

performed prior to running the longer reactions. We observed what, if any, mineralogical changes 

had occurred at the initial stage of CO2 injection potentially induced by surface alteration or 

evolved fluid chemistry. TGA results (Figure 4.3.2.1 (b)) from experiments with 1 M KHCO3 + 

0.66 M KOH and 1.66 M KOH solutions, exhibiting the highest conversion extent or slight phase 

alteration during heating (1.66 M KOH), showed negligible formation of new crystalline 

precipitates in either case, particularly magnesite. These insignificant changes also imply that fast 
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cooling after the reaction may have minimized the alteration during the cooling. Thus, in the 

following discussion of longer experiments, the CO2 injection time can be considered the starting 

point for direct carbon mineralization reactions. 

Figure 4.2.2.1. TGA data (a) after heating to 185 °C from room temperature, and (b) 10-

minute direct carbonation experiments for the most enhanced carbonation kinetic cases 

(alkaline pH conditions) by injecting scCO2 (PCO2 = 130 bar) 
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The injection of scCO2 introduces dissolved carbonic acid in the liquid phase and alters the 

slurryôs pH. To determine pHôs effect on direct carbon mineralization, we needed to simulate pH 

values at various reaction conditions via Geochemistsô Workbench (Table 4.3.2.1). At 185 °C, pH 

of neutral water and CO2 equilibrated water (ὖ  = 130 bar) are calculated to be 5.66, and 3.53, 

respectively.  

 

Table 4.3.2.1. The measured pH before direct carbonation at ambient condition and 

calculated pH after heating (@ 185°C) and CO2 injection (PCO2 = 130 bar) using measured 

Mg and Si concentrations via ICP-OES (Figure 4.3.4.1) after cooling. The neutral pH at 185 

°C is 5.66  

 Initial pH 
(measured) 

pH at 185 ÁC 
(Calculated) 

pH 185 ÁC and 

PCO2 = 130 bar 
(Calculated) 

1 mM HNO
3
 3.0 4.6 5.0 

Deionized Water 7.2 7.8 5.1 

1.66 M NaCl 7.4 7.9 4.9 

1.66 M KCl 7.1 8.1 5.0 
1 M KHCO

3
 + 0.66 M KO

H 10.3 9.8 7.1 

1.66 M KOH 13.9 11.0 7.1 
 

 

The calculated pH at 185 °C of all cases are indicated in table 1. With heating, the pH 

increased in initially acidic to neutral cases, consistent with olivine dissolution, whereas initially 

alkaline cases exhibited pH decrease, attributed to the elevated temperature and/or silicic acid 

dissolution. Furthermore, the calculated pH for 1 mM HNO3, deionized water, 1.66 M NaCl, 1.66 

M KCl cases ranged from 4.9 to 5.1, weakly acidic compared to neutral water under in-situ 
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condition. For 1 M KHCO3 + 0.66 M KOH and 1.66 M KOH cases, identical pH of 7.1 was 

observed, indicating alkaline condition during reaction.  

The evolution of pH from the high starting pH indicates that even high pressures of CO2 could 

not lower the pH below ~ 7, as strong bases buffered the system. Thus, even though the initial pH 

differences were not maintained, we were still able to explore different direct carbonation 

behaviors under acidic and alkaline conditions. This highlights the importance of this work, 

studying the implications of acidic and alkaline conditions for the olivine direct carbonation 

behavior, as it relates to in-situ geological CO2 storage in peridotite reservoirs. In previous studies 

of geological CO2 storage in basalt-hosted aquifer, the injected waterôs pH was increased due to 

mixing with the pre-existed alkaline water and the basic mineral dissolutions.(Juerg M. Matter et 

al., 2007; Snæbjörnsdóttir et al., 2018) This behavior is also expected for the peridotite-hosted 

aquifers containing alkaline ground water. Indeed, peridotite has higher olivine content and much 

less aluminum, which can buffer groundwater to higher pH compared to basalt-hosted aquifers. In 

the following discussion, pH condition will refer to the calculated pH values at experimental 

conditions after heating and CO2 injection, since they are more realistic estimates of the in-situ 

conditions during carbonation.  

 

4.3.3. Effect of pH and ion types on direct carbon mineralization kinetics and morphological 

change in solid phase 

To elucidate the effect of pH on direct carbon mineralization behavior of olivine, we 

studied the carbonation kinetics by quantifying the extent of carbonation olivine. The extent of 

carbonation is defined as the amount of CO2 that has been mineralized relative to the theoretical 
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maximum CO2 storage capacity of olivine. Equation 1, referred from prior literature, was 

employed to calculate the theoretical CO2 storage capacity.(Gadikota, Matter, et al., 2014)  

 -7     
Ç

Ç  Equation 1. 

In equation 1,   indicates the maximum storable CO2 mass per gram of feedstock. 

ὼ and ὼ  are the mass of each element in a gram of the olivine sample obtained from XRF 

analysis (table 2). The contribution of iron was excluded due to the low solubility of iron oxides 

compared to iron carbonate, siderite.(OôConnor et al., 2005) The calculated   value used in 

this research is 0.542 g of CO2 per unit mass of olivine.  

The carbonate phases are dependent on reaction conditions, which can affect the overall 

reaction efficiency. We applied TGA analysis to identify the major carbonate phase and its weight 

content, which allowed us to determine the extent of carbonation more accurately. The first 

derivative of the TGA (dTG) indicates the starting thermal degradation temperature, and the results 

of all cases indicated that the decomposition mainly started at 400 °C, indicative of magnesite 

breakdown (Figure 4.3.3.1(a)).(X. W. Liu et al., 2012; Tian et al., 2014) Furthermore, no 

significant weight loss occurred below 300 °C, which would be attributed to dehydration or 

dihydroxylation of nesquehonite and hydromagnesite.(Swanson et al., 2014) The XRD results 

(Figure 4.3.3.1(b)) align with the dTG analysis, consistent with magnesite forming during 

carbonation. It is consistent with previous findings that magnesite (anhydrous MgCO3) forms 

preferentially compared to hydrated magnesium carbonates (e.g. nesquehonite (MgCO3·3H2O), 

and hydromagnesite (Mg5(CO3)4(OH)2·4H2O)) at a high ὖ and high temperature.(Hänchen, 

Prigiobbe, Baciocchi, & Mazzotti, 2008; Power et al., 2017; Swanson et al., 2014) However, when 

we tested the type of co-existing ion by replacing K with Na, we could observe the formation of 
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eitelite (Na2Mg(CO3)2) after 3-hour carbonation, and the relative intensity of XRD peaks related 

to eitelite increased as NaOH content increased. (Figure 4.3.3.2(a)). With TGA analysis, we 

observed two major thermal decompositions after 400 °C, which are like eitelite degradation 

profile where the CO2 bonded with Na released first and then CO2 from MgCO3 released at a 

higher temperature (Figure 4.3.3.2(b)). The formation of eitelite is attributed to lower solubility of 

eitelite compare to the K2Mg(CO3)2. Thus, we used K for further experiments. 

 

Figure 4.3.3.1. (a) dTG of solid products from reaction in different solutions, and for 

decomposition of pure hydromagnesite and magnesite minerals, and (b) XRD patterns for 

each system after 10-hour reactions (ƴ, blue: magnesite, ƶ, green: olivine, Ƹ, grey: talc, and 

ǅ, red: serpentine); Talc and serpentine were identified for alkaline cases (1 M KHCO3 +0.66 

M KOH and 1.66 M KOH); Reaction condition was 185 °C, PCO2 = 130 bar, S/L = 0.15 
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Figure 4.3.3.2. (a) XRD patterns of 3-hour carbonation products in Na+ bearing systems 

(b) TGA analysis for Na+ bearing alkaline systems 

 

The extents of carbonation (yields, 9 ȟ   ) were calculated using the weight loss at the 

magnesite decomposition range (from 400 to 650 °C) using equation 2.  

9 ȟ   2 ρππ Ϸ    Equation 2. 

The extents of carbonation for each reaction were plotted in Figure 4.3.3.2 as a function of 

reaction time. Notably, reactions in alkaline solutions showed enhanced carbonation compared to 

weak acid systems at equivalent duration. After the 3-hour reactions, yields increased to 2.06, 3.55, 

9.59, 10.7, 13.8, and 40.4 % for 1 mM HNO3, deionized water, 1.66 M NaCl, 1.66 M KCl, 1.66 

M KOH, and 1 M KHCO3 + 0.66 M KOH, respectively. Furthermore, 1 M KHCO3 + 0.66 M KOH 

exhibited approximately 4-fold higher yield compare to 1.66 M NaCl and KCl cases, while 1.66 

M KOH solution showed ~4% enhancement. After 24 hours, carbonation extents reached 59.2% 

and 72.5% for the 1.66 M KOH and 1 M KHCO3 + 0.66 M KOH experiments, respectively. 

However, yields in weak acid solutions at 10 hours were similar to the 3-hour values. In general, 
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bicarbonate ions are recognized to accelerate carbonation by buffering the system.(Chizmeshya et 

al., 2007; Gadikota, Matter, et al., 2014; Jiajie Li et al., 2019; OôConnor et al., 2005; F. Wang et 

al., 2019) In this study, we observed a similar enhancement with hydroxide addition.  

  

Furthermore, the extents of carbonation in salt-added experiments (1.66 M NaCl and KCl) 

decreased after 10 hours, and the disparities in yields between salt-added and non-salt-added (1 

mM HNO3 and deionized water) experiments shrunk between three and ten hours of reactions. The 

declining carbonation extents in acidic pH solutions over longer times may result from precipitated 

magnesite dissolution. The role of salts in olivineôs direct carbonation has been discussed in prior 

Figure 4.3.3.3. The extent of carbonation as a function of time. The dashed lines indicate the 

fitted carbonation rate to exponential reaction.; Reaction condition was 185 °C, PCO2 = 130 

bar, S/L = 0.15 
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literature.(Chizmeshya et al., 2007; Gadikota, Matter, et al., 2014; Jiajie Li et al., 2019) One of the 

claims is that the salts may assist olivine carbonation by altering the reactions at the liquid-silicate 

mineral interface, facilitating ion exchange reactions or mitigating passivation layer 

formation.(Chizmeshya et al., 2007; OôConnor et al., 2005) However, added salt can also reduce 

the CO2 solubility in the system,(Y. Liu, Hou, Yang, & Han, 2011; Pérez-Salado Kamps, Meyer, 

Rumpf, & Maurer, 2007) potentially aiding the dissolution of the precipitated magnesite. A prior 

work indicated that adding NaCl to deionized water alone had an insignificant effect on the rate of 

direct olivine carbonation.(Gadikota, Matter, et al., 2014)  

The significantly enhanced magnesite precipitation in alkaline cases were confirmed with 

XRD and SEM in addition to the TGA analysis. In Figure 4.3.3.4(a), we performed Rietveld 

refinement of XRD patterns for each systemôs1- and 10- hour experiments (Figure 4.3.3.1(b)). The 

results illustrate significant precipitation of magnesite, and increased talc and serpentine contents 

over time in alkaline cases compared to the acidic cases. SEM images (Figure 4.3.3.4(b-m)) clearly 

indicate magnesite crystalline growth for 1 M KHCO3 + 0.66 M KOH (Figure 4.3.3.4(j, k)) and 

1.66 M KOH (Figure 4.3.3.4(l, m)), while the surfaces of other cases were covered with Si-rich 

particulate. 

In Figure 4.3.3.3 and 4.3.3.4, we noted yield discrepancies for alkaline cases although they 

were done at identical reaction pH. Thus, to explore factors influencing direct-carbonation kinetics 

beyond reaction pH, we compared yields after 3 hours of reaction (Figure 4.3.3.5). Figure 

4.3.3.5(a) and (b) demonstrate that yields increased with rising pH, except for 1.66 M KOH case, 

where it was surpassed. Additionally, we depicted yields as a function of initial total alkalinity 

(initial TA) (figure 4.3.3.5(c)), calculated using equation 3: 

Initial Total Alkalinity = ([OHï] + [HCO3
ï] + 2[CO3

2ï]) eq/L × 50 g/eq  Equation 3. 
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Figure 4.3.3.4. (a) Quantitative phase analysis at different reaction duration (1 and 10 hours) 

via Rietveld refinement, and SEM images after 10-hour reaction (b, c) 1 mM HNO3, (d, e) 

Deionized water, (f, g) 1.66 M NaCl, (h, i) 1.66 M KCl, (j, k)1 M KHCO3 + 0.66 M KOH, and 

(l, m) 1.66 M KOH; Reaction condition was 185 °C, PCO2 = 130 bar, S/L = 0.15 
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Initial TA offers a comprehensive assessment incorporating the implications of initial pH 

by considering [OHï]. Extents of carbonation exhibited a relatively strong linear correlation with 

initial TA compare to pH alone, highlighting buffer capacityôs significance. In Figure 4.3.3.5(d), 

we compared reaction rates, expressed as mass fraction reacted per second, under alkaline 

conditions with the high buffer capacity (>= 0.64 M of bicarbonate). Although the highest [HCO3
ï

] was expected for our study conditions right after CO2 injection (~2 M), rates were slower than 

previous findings. This phenomenon may be linked to initial pH difference and/or diminished 

significance of additional bicarbonate, as indicated in previous work.(Gadikota, Matter, et al., 

2014) More discussion will continue in the following section.  

These results demonstrate that reaction in alkaline pH can enhance overall direct olivine 

carbonation kinetics compared to reaction in acidic pH, despite negative correlation of olivine 

dissolution rates with pH(Oelkers et al., 2018; Rimstidt et al., 2012), as shown in section 4.3.1. It 

suggests that different mechanisms drive olivine carbonation at alkaline pH, potentially leading 

to faster magnesite precipitation, yet with lower olivine dissolution rate.  
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Figure 4.3.3.5. The 3-hour extents of carbonation as the function of the (a) initial pH without 

heating and CO2 injection, (b) pH after heating without the CO2 injection, and (c) initial total 

alkalinity; Reaction condition was 185 °C, PCO2 = 130 bar, S/L = 0.15; (d) The rates of single-

step carbonation expressed in mass fraction reacted per second including the rates from this 

study. The data adopted from S. J. Gerdemann et al., (Gerdemann, O'Connor, Dahlin, 

Penner, & Rush, 2007) G. Gadikota et al., (Gadikota, Matter, Kelemen, & Park, 2014) F. 

Wang et al., (F. Wang, Dreisinger, Jarvis, & Hitchins, 2019) and E. Eikeland et al.(Eikeland, 

Blichfeld, Tyrsted, Jensen, & Iversen, 2015) 
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4.3.4. Solution composition and thermodynamic alterations during direct carbon 

mineralization reaction 

To better understand the discussed direct carbon mineralization behaviors, we analyzed 

fluid compositions and calculated corresponding mineral saturation states as described in section 

3.3. During the reaction, olivine dissolution and magnesite precipitation occur simultaneously at 

mineral-fluid interface, and balancing [Mg] in fluid. In Figure 4.3.4.1(a), [Mg] for alkaline cases 

remained below 3 mM, while [Mg] for reactions in weak acids were higher than 3 mM post-CO2 

injection. As discussed, the olivine dissolution at acidic pH is faster than at alkaline pH since 

protons exchange with Mg ions.(Oelkers et al., 2018) [Si] showed minimal changes compared to 

Mg ions during the carbonation, likely due to the quartz solubility limit at reaction conditions as 

represented in Figure 4.3.4.1(b) as horizontal dashed line.  

 

On the other hand, [Si] for 1 M KHCO3 + 0.66 M KOH and 1.66 M KOH were one and 

two orders of magnitude higher than in weak acidic systems post-heating, sharply decreasing upon 

Figure 4. 3.4.1. Concentrations of total dissolved (a) Mg and (b) Si ion in the liquid phases 

as a function of reaction time. Reaction condition was 185 °C, PCO2 = 130 bar, S/L = 0.15. 
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CO2 injection. The notably greater [Si] dissolution in 1.66 M KOH system than in 1 M KHCO3 + 

0.66 M KOH elucidates the higher yields of carbonation of latter within the same duration. As 

hypothesized in section 2.3, higher initial pH potentially facilitated silica dissolution during 

heating, followed by precipitation to the solubility limit of quartz in early stage of reaction, thereby 

passivating carbonation. Surface morphology and mineralogy changes were captured for both 

alkaline cases over time (Figure 4.3.4.2), revealing a Si-rich layer covering the entire particle 

surface in 1.66 M KOH after 10-minute duration (Figure 4.3.4.2(b1)), while uncovered surface 

area could be found in 1 M KHCO3 + 0.66 M KOH system (Figure 4.3.4.2(a1)). Additionally, 

observations indicated faster magnesite growth in 1 M KHCO3 + 0.66 M KOH case. (see Figure 

4.3.4.2(a2, a3, b2, b3)) These findings may support how 1 M KHCO3 + 0.66 M KOH underwent 

faster reactions than 1.66 M KOH case. Moreover, it suggests ultra-high initial pH may hinder 

direct carbonation kinetics. Hence, it is important to consider the rock-hosted aquiferôs initial pH 

for geological CO2 storage and avoid raising the starting pH in ex-situ process. 

Furthermore, [Mg] decreased in fluids produced in 10-hour experiments, compared to those 

from 3-hour experiments in all acidic pH treatments, except for deionized water case which 

showed an increased [Mg]. This may be due to magnesite dissolution in the longer duration 

experiments in deionized water case. A decrease in [Mg] indicates that magnesite precipitation 

occurs faster than olivine dissolution, implying that olivine dissolution is the rate-limiting step in 

acidic systems. For alkaline pH cases, 1 M KHCO3 + 0.66 M KOH case showed [Mg] fluctuation 

over the range of 0-1.5 mM without any systematic trend. 1.66 M KOH showed [Mg] decline 

similar to the acidic cases, while it showed much enhanced carbonation behavior while Mg 

dissolution should be slower than acidic cases (Figure 4.3.3.3). The enhanced carbonation 

behaviors at alkaline pH conditions may imply the existence of reaction routes that 
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thermodynamically favor magnesite precipitation with low [Mg], while driving continued olivine 

dissolution, as previously proposed in our prior work.(Gadikota et al., 2020; Gadikota, Matter, et 

al., 2014)  

 

 

To gain further insight into direct carbonation behaviors, we calculated the saturation states 

of relevant minerals at in-situ reaction conditions using SpecE8 app of Geochemistsô Workbench, 

utilizing ICP results (Figure 4.3.4.1) as input data. Dissolved inorganic carbon (DIC) was also 

calculated using the experimental condition. Based on that, we obtained the saturation indexes (ɋ) 

of the relevant minerals at different reaction times (Figure 4.3.4.3). 

ɋ indicates the degree of saturation by comparing observed dissolved ion activity products 

(ion activity product, IAP) to solubility product constant (Ksp) for a given mineral phase (equation 

4). ɋ = 0 means a fluid-mineral equilibrium (i.e., dissolution and precipitation are equally favored). 

Figure 4.3.4.2. SEM images after (a1) 10-min carbonation of 1 M KHCO3 + 0.66 M 

KOH, (a2) 5-hr carbonation of 1 M KHCO 3 + 0.66 M KOH, (a3) 10-hr carbonation of 

1 M KHCO 3 + 0.66 M KOH, (b1) 10-min carbonation of 1.66 M KOH, (b2) 5-hr 

carbonation of 1.66 M KOH, and (b3) 10-hr carbonation of 1.66 M KOH. 
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ɋ > 0 indicates supersaturated and precipitation of a given mineral is favored, while the fluid is 

undersaturated and favors dissolution when ɋ < 0.  

 

ɱ  ÌÏÇ     Equation 4. 

  

In each system, the ɋ values of magnesite exceeded 0, indicating its thermodynamic 

preference for precipitation (Figure 4.3.4.3(a)). Interestingly, although the higher [Mg] in acidic 

systems, alkaline cases displayed higher ɋ values, likely attributed to elevated [HCO3
ï] or [CO3

2ï

] from carbonate ion speciation (reaction 1-3). Speciation calculations depicted higher [HCO3
ï] in 

alkaline systems (~2 M) compare to acidic systems (~20 mM), enabling magnesite saturation 

despite low [Mg] (<3 mM). Thus, elucidating potential mechanisms for sustained Mg supply in 

alkaline systems becomes imperative. Forsterite (Mg2SiO4) was undersaturated in acidic 

conditions, whereas it approached saturation in alkaline conditions (Figure 4.3.4.3(b)), with talc 

(Mg3Si4O10(OH)2, Figure 4.3.4.3(f)) and serpentine (Mg3Si2O5(OH)4, Figure 4.3.4.3(d)) being 

supersaturated. These observations support the proposed reactions (reaction 7-14), that are favored 

under alkaline, CO2-rich aqueous solutions, facilitating magnesite precipitation.(Hansen, Dipple, 

Gordon, & Kellett, 2005; P. B. Kelemen et al., 2022) (Falk & Kelemen, 2015) 

 

2Mg2SiO4 + 3H2O Ÿ Mg3Si2O5(OH)4 + Mg
2+ + 2OHï  Reaction 7. 

Mg2+ + HCO3
ï + OHï Ÿ MgCO3 + H2O    Reaction 8. 

CO2 + OH
ï Ÿ HCO3

ï       Reaction 9. 

Overall:          

2Mg2SiO4 + 2H2O + CO2 Ÿ Mg3Si2O5(OH)4 + MgCO3   Reaction 10. 
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Figure 4.3.4.3. Calculated saturation indexes of available minerals for (a) forsterite, (b) brucite, (c) 

magnesite, (d) quartz, (e) serpentine, and (f) talc; red:1 mM HNO3, orange: deionized water, light 

green: 1.66 M NaCl, green: 1.66 M KCl, blue: 1 M KHCO3 + 0.66 M KOH, and purple: 1.66 M KOH). 

Reaction condition was 185 °C, PCO2 = 130 bar, S/L = 0.15. 
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4Mg2SiO4 + 6H2O Ÿ Mg3Si4O10(OH)2 + 5Mg
2+ +10OHï  Reaction 11. 

5Mg2+ + 5OH
ï + 5HCO3

ï Ÿ 5MgCO3 + 5H2O   Reaction 12. 

5CO2 + 5OH
ï Ÿ 5HCO3

ï      Reaction 13. 

Overall:          

4Mg2SiO4 + H2O + 5CO2 = Mg3Si4O10(OH)2 + 5MgCO3  Reaction 14. 

 

Talc and serpentine formation were observed in alkaline conditions (Figure 4.3.3.1(b)), and 

their contents increased over time (Figure 4.3.3.4(a)) contrasting with their absence in acidic 

conditions. These results can support the proposed mechanisms (reaction 7-14) that may facilitate 

magnesite precipitation, even as forsterite approaches equilibrium. 

Additionally, we calculated equilibrium activity of CO2 for overall reactions (reaction 10 and 

14) using the Rxn app in Geochemistsô Workbench. These calculations yielded ὖ  of 

approximately 3×10-5 and 0.017 bars for reaction 10 and 14, respectively, suggesting spontaneous 

reactions until these would occur until calculated ὖ  was reached, in alkaline conditions. 

Further, this implies that if the ὖ is maintained in engineered, in subsurface systems, the 

reaction could continue until all olivine is carbonated. Alternatively, precipitation of solid products 

in reaction rims could lead to passivation by armoring the olivine surface. Our calculations also 

suggest that geological CO2 storage can thermodynamically proceed until most injected CO2 is 

consumed at neutral to alkaline pH. Based on our experimental results, calculated DIC during the 

reaction would be around 3 M in both alkaline conditions (i.e. 1 M KHCO3 + 0.66 M KOH, and 

1.66 M KOH). Then, the DIC concentrations of the systems are reduced to ~0.3 mM and 1 M at 

equilibrium for the magnesite with serpentine and talc, respectively. By simply comparing the DIC 
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concentrations, at least 65% of injected CO2 could be stored in solid carbonate minerals in alkaline 

conditions in subsurface. 

 

4.4. Conclusions 

In summary, this study examines the effect of pH on dissolution and direct carbonation to 

explore potential in-situ CO2 storage mechanisms. Olivine dissolution experiments confirmed the 

negative correlation between pH and dissolution rates, with acidic solutions promoting Mg2+ 

leaching from olivine, while Si ions were incongruently leached at a slower rate in alkaline pH.  

We also conducted direct carbon mineralization of olivine in either acidic or alkaline 

conditions, and the results show that direct carbonation kinetics was enhanced under alkaline pH 

compare to acidic pH, even though all cases were saturated for magnesite, and Mg concentrations 

in acidic cases were higher than in alkaline cases. This result may be surprising to some, since it 

contrasts with the negative correlation between pH and olivine dissolution rates, which is 

considered as the rate-limiting step. In this study, we could propose that olivine is 

thermodynamically favored to be carbonated via reacting with CO2-rich alkaline fluid to form 

serpentine and/or talc as well as magnesite (Figure 4.5.1). These proposed mechanisms may 

remain even at low ὖ , indicating that high potential of geological CO2 storage in peridotite-

hosted aquifers, and more generally in mafic and/or ultramafic reservoirs, which contain alkaline 

groundwater. Moreover, we observed higher dissolved Mg concentration and less magnesite 

precipitation under acidic condition, with contrasting behaviors observed under alkaline condition, 

while their pH conditions reflecting the distance from injection site as shown in Figure 4.5.1. These 

findings can be incorporated into reactive transport simulations for geological CO2 storage, 

facilitating estimations of parameters such as permeability changes, storage kinetics, and capacity. 
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On the other hand, even though the high initial alkalinity may enhance the direct 

carbonation of olivine, ultra-high initial pH (~14) may inhibit the direct-carbonation kinetics by 

leaching more Si and forming a passivation layer when pH is reduced with CO2 injection. This 

result can provide insight into parameters to consider for geological CO2 storage, and direct 

carbonation of mine tailings for CO2 removal from air. Further studies can be performed to assess 

the reactivity and risks for a pilot-scale injection.  

 
Figure 4.4.1. Schematic illustrates the geological direct-carbonation behaviors occurring 

within peridotite rock -host reservoir across a range of pH conditions, from low to ultra-

high pH, at CO2-rich aqueous-olivine interface. 
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Chapter 5: Nucleation and Growth Behaviors of Hydrated 

Magnesium Carbonate Phases at various Surfaces-Fluid Interfaces 

. 

 

5.1. Introduction  

Carbon mineralization has been regarded as promising in storing and utilizing CO2 in a 

solid form, such as calcium carbonate and hydrous or anhydrous magnesium carbonates.(Gadikota, 

2021; Gadikota et al., 2020; Gadikota & Park, 2015; Gislason et al., 2010; P. B. Kelemen et al., 

2011) Furthermore, for CDR, geological CO2 storage is an essential approach, and forming of solid 

carbonates is the ultimate step for geological CO2 storage.(National Academies of Sciences & 

Medicine, 2019) During the geological CO2 storage, it is expected that the divalent cations, such 

as Ca and Mg released from the mineral surface and then precipitate after surface reacting with 

dissolved CO2. Direct carbonation considers the case of simultaneous reaction at an identical 

location; however, in the real world, unreacted Ca and Mg ions remain in the aqueous phase 

transport through the reservoir while continuing the reactions with dissolved CO2, such as 

bicarbonate or carbonate ions. During this carbonation behavior, the spatial information about 

nucleation and crystal growth is crucial as it can change the reservoir's pore structure and 

permeability.(Harrison et al., 2017) Also, some studies suggested that the precipitation rates for 

anhydrous magnesium carbonate, magnesite, were determined to be slower than the dissolution 

rates of the Mg-rich silicate mineral in the previous research, indicating the nucleation step can be 

the overall rate-determining step for CO2 mineralization process.(Giammar, Bruant, & Peters, 

2005; Saldi et al., 2012)  
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The nucleation of a crystalline solid refers to a process in which the dissolved atoms or 

molecules in the solution phase are bound to form a specific crystal lattice, which can be a seed 

for crystal growth. The nucleation of crystalline solids can be classified into two types, 

homogeneous nucleation, and heterogeneous nucleation, based on the presence of a solid substrate 

surface that can introduce a lower free energy barrier to initiate nucleation. Classical nucleation 

theory (CNT) is a thermodynamic description that can explain the heterogeneous nucleation 

behaviors, and it is expressed in Equation 1. ȹG and ȹGv refer the Gibbs free energy change during 

the nucleation and volume free energy change of the nucleates, respectively. The other parameters, 

r, and ɔ, are the radius of the nucleus and the surface tension, respectively. Furthermore, the volume 

free energy, ȹGv, can be expressed as a function of saturation index (ů) as indicated in Equation 

2, where saturation index is the ratio of ion activity product (IAP) of reactants and solubility 

constant of nucleated mineral.   

ЎὋ  “ὶЎὋ τ“ὶ‎    Equation 1. 

ЎὋ ὯὝÌÎ„      Equation 2. 

‎  ‎ Ὤ‎ ‎     Equation 3. 

As shown in Equations 1 and 2, heterogeneous nucleation at the mineral-fluid interface is 

affected by the thermodynamic properties such as temperature, saturation state, and net interfacial 

energy. Furthermore, the net interfacial energy, ɔ, is determined by the interfacial energies between 

substance-nucleate, fluid-nucleate, and substance-fluid as shown in Equation 3, where h is a shape 

factor. (Chevalier, 2014) Also, various factors including the wettability of substrate and ionic 

strength are the parameters that determine the interfacial energies, which are related to the 

interfacial energy between substance-fluid and fluid-nucleate.  
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As one of the parameters, different mineral surfaces can alter the nucleation behavior by 

providing a lower free energy barrier for heterogeneous nucleation relative to the free energy 

barrier for homogenous nucleation.(Fernandez-Martinez, Hu, Lee, Jun, & Waychunas, 2013; Q. 

Li, Fernandez-Martinez, Lee, Waychunas, & Jun, 2014; Molnár, Pekker, Dódony, & Pósfai, 2021) 

For instance, previous research revealed that the nucleation of calcite (CaCO3) has been promoted 

with the presence of smectite, which is a type of clay mineral.(Fodor, Ható, Kristóf, & Pósfai, 

2020; Molnár et al., 2021) Another study reported the enhanced calcite nucleation with mica 

surfaces compared to quartz surfaces as the different types of minerals have different interfacial 

energy of substance-crystal.(Q. Li et al., 2014) The different observations on calcite nucleation 

with mica and quartz substances can be explained with CNT.(Q. Li et al., 2014) According to CNT, 

the less match of the lattice spacing due to the structural differences of nucleate and substance 

causes the increase of the interfacial energy between the nucleate and substance, while the 

interfacial energy barrier can be lowered when nucleate and substance have similar structure, vice 

versa. (Chou et al., 2023; Jung & Jun, 2016; Q. Li et al., 2014) The structural match can be 

described with the contact angle of the nucleating particle and the parent phase. The higher contact 

angle of the nucleate-substrate indicates a more structural mismatch between the nucleate and the 

substrate and a higher interfacial energy barrier. Therefore, it is important to investigate the 

nucleation behavior, particularly for heterogeneous nucleation of solid carbonates with different 

types of possible mineral surfaces, to advance our understanding of geological CO2 storage. 

Furthermore, the contact angle of nucleate-substrate is the result of the interfacial energy balance 

between substrate-nucleate, substrate-fluid, and nucleate-fluid. In this study, therefore, we explore 

the nucleation behavior of hydrous MgCO3 phase at room temperature on different types of oxide 

minerals, quartz (SiO2), magnesium oxide (MgO), hematite (Fe2O3) to determine the effect 
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different mineral substrates. It was to understand the behaviors under similar conditions and 

mineralogy usually found in the subsurface environment. Furthermore, the nucleation kinetics can 

be expressed with CNT as the equations are expressed below:(Chou et al., 2023; Q. Li et al., 2014; 

Lioliou, Paraskeva, Koutsoukos, & Payatakes, 2007)  

 

ὐ ὐὪͼ•Ὢ• ϳὩὼὴ
 
Ὢ•   Equation 4. 

ЎὫ  
 
Ὢ(•)     Equation 5. 

 

In the series of the equations, J, J0, and ‎ indicate nucleation rate, rate constant, and 

interfacial energy (mJ/m2) between nucleated particle and fluid, respectively. Also, k and T refer 

to Boltzmann constant (1.38 × 10-23 J/K) and temperature, while ɋ means molecular volume of 

forming phase (cm3/molecule). ȹgn indicates the free energy barrier for the nucleation (J/mol), and 

it is derived from Equation 1 and 2. Ὢ•) and Ὢͼ•  are interfacial correlation functions 

determining the nucleation barrier affected by the substrate, while • is the contact angle of 

substrate and crystal. 

So far, extensive research has been done on solid carbonate nucleation. In many cases, the 

nucleation behavior was indirectly explored via monitoring pH, cations (Ca or Mg) activities, or 

conductivity of the bulk solution.(Apriani M, 2019; Cheng & Li, 2010; Gómez-Morales, Torrent-

Burgués, & Rodríguez-Clemente, 1996; Y.-P. Lin & Singer, 2005; Lioliou et al., 2007; Molnár et 

al., 2021) These methods using the probing of the bulk solution properties can be utilized to 

understand the formation of Ca or Mg carbonates. However, more is needed to elucidate the 

nucleation behavior at the solid-solution interface. Furthermore, several studies investigated the 

interfacial nucleation behaviors of CaCO3 directly. However, a limited number of studies have 



105 

 

explored the nucleation behavior of hydrous and anhydrous MgCO3 compared to 

CaCO3.(Fernandez-Martinez et al., 2013; Q. Li et al., 2014) This may anticipate the various 

hydration states of MgCO3 phases, unlike CaCO3, due to the hydration shell of Mg ion with higher 

binding energy. This unique property of Mg ion can kinetically inhibit the precipitation of 

anhydrous magnesium carbonate, magnesite, even if it is thermodynamically more 

stable.(Swanson et al., 2014; Tommaso & de Leeuw, 2010) Thus, the formation mechanisms of 

magnesium carbonates become more complicated compared to calcium carbonate. However, in 

nature, Mg ion is an important source of CO2 storage via carbonation, and the olivine (Mg2SiO4) 

is the most reactive mineral regarding dissolution and carbonation and the primary mineral for 

peridotite rock massif.(P. Kelemen et al., 2019; Mervine et al., 2014) Thus, understanding the 

nucleation behaviors of MgCO3 phases is essential. In this work, therefore, we tried to determine 

the relationship between the nucleation behavior and wettability of each mineral to consider the 

interaction between the fluid and substrate.  

In addition, the dissolution of the original minerals alters the ionic strength and salinity of 

the aqueous phase. This raises the question of how the type of existing ion in the aqueous phase 

can alter the nucleation behavior of hydrous MgCO3. One of the critical points of precipitation 

hydrous MgCO3 phases is the reaction between Mg ion and bicarbonate or carbonate with the 

inhibition by hydration shell. For instance, Na and K are the same monovalent cation that can be 

dissolved from the basalt or peridotite rock reservoir. However, they behave differently with water 

and change the water dynamics. Thus, we will examine the effect of different cations on nucleation 

behavior in this experiment. This study aims to provide insightful thermodynamic and kinetic 

information for geological CO2 storage and other engineering applications dealing with 

carbonation with Mg ions. For that, we mainly adopted microscopic and spectroscopic analyses to 
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determine the nucleation behavior, which is benign to the samples without the destruction, such as 

atomic force microscopy (AFM), and Raman spectroscopy to determine the precipitated phase.  

 

5.2. Materials and Methods 

5.2.1. Mineral surface preparation 

During the alteration of ultramafic rock, quartz and hematite is usually the secondary phase 

altered from the original mineral.(Beinlich et al., 2018) Thus, in this research, we prepared three 

oxides, SiO2 (quartz), MgO, and Fe2O3 (hematite), as the subsurface related minerals. Single side 

polished SiO2 (100) and MgO (100) was purchased from MSE Supplies LLC (AZ, USA), and 

Fe2O3 surface was prepared with low speed diamond saw and 1-ɛm alumina powder polishing to 

prepare smooth surface. The initial roughness of each oxide was determined with AFM. 

Additionally, the wettability was examined using water contact angle with deionized water. 

Further, the oxides were washed with 200 proof ethanol (Fisher scientific, NH, USA) and sonicated 

for 30 minutes and dried in the air before the experiment to remove any residual sitting on the 

oxide surface. 

 

5.2.2. Heterogeneous nucleation  

To understand the effect of surface type on heterogeneous nucleation of hydrated MgCO3, 

we setup an experimental apparatus. To mimic the reaction condition of geological CO2 storage in 

basalt or peridotite rock, which is alkaline, we used 100 or 50 mM of Na2CO3 to buffer the system 

at high pH (above 10). As the Mg ion source, we used 100 or 50 mM MgCl2·6H2O salt. The 

chemicals were all ACS reagent grade and purchased from Sigma-Aldrich (MO, USA). Also, the 

concentrations were chosen to supersaturate the solutions regards to nesquehonite (MgCO3·3H2O), 

which is the favored hydrated phase at ambient temperature and partial pressure of CO2. Each 
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solution was prepared separately to avoid the reaction before the experiments. Additionally, we 

tested the effect of different type of monovalent cation by reacting 100 mM K2CO3 with 100 mM 

MgCl2·6H2O solution instead of 100 mM Na2CO3. In terms of reactor, the flow-through reactor 

was adopted to minimize the homogenous nucleation, which can adhere onto the mineral surfaces 

and disguise the heterogeneous nucleation. For the flow-through experiment, we used peristaltic 

pumps, and total flow rate was maintained at 4 mL/min. the experiment duration was 30-minute. 

During the experiment, the pH of mixed solution was around 10.5-10.7. 

 

 

5.2.3. Atomic force microscopy (AFM) analysis 

AFM is a powerful tool to analyze the physical properties of the surface including height 

and roughness by scanning the surface with a tip. This technique enables to imaging surface and 

determine the roughness which related to heterogeneous nucleation in nanometer scale. In this 

experiment, we used AFM (Dimension FastScan AFM, Bruker, MA, USA) under FastScan 

tapping mode in air. The tip was Fastscan-C, and force was 0.4 N. 512 points were scanned in a 

Figure 5.2.2.1. Schematic diagram for experimental setup 
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line with ~3 Hz frequency. The obtained images were processed with Nanoscope analysis software. 

Each ex-situ measurement was done after 30 minutes of reaction. 

 

5.2.4. Raman spectroscopy 

At high pH and ambient temperature, brucite (Mg(OH)2) can be formed preferentially over 

nesquehonite. Thus, it is important to assess the precipitated phase. For that, we adopted Raman 

spectroscopy (inVia Raman spectrometer, Renishaw, U.K) with a 532 nm laser.  

 

5.2.5. Contact angle measurement 

The contact angle of each mineral substrate and water was measured to determine the 

wettability using the contact angle goniometer purchased from Ossila Ltd. (Sheffield, England). 

The mineral substrates were kept in a desiccator before the contact angle measurement. To measure 

the contact angle, a droplet of deionized water was dropped onto the surface with 25 ɛL syringe. 

The volume of the water droplets were less than 5 ɛL. The quartz and MgO used in this study were 

single-crystal substrates, while the hematite substrate consisted of multi grains, while the droplet 

size was smaller than the grain.  

 

5.3. Results and Discussion 

5.3.1. Phase analysis of precipitants 

As indicated in Table 5.3.1.1, various phases, including magnesite (MgCO3), 

hydromagnesite (Mg5(CO3)4(OH)2·4H2O), nesquehonite (MgCO3·3H2O), and brucite (Mg(OH)2) 

had positive logarithm of saturation indexes (SIs), indicating that they can be precipitated in terms 
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of thermodynamics. The SI (ů) can be expressed by the Equation 1 below, where Ksp and IAP refer 

the solubility product of precipitated phase and ion activity products of reactants, respectively.  

 

Saturation index (SI, ů) = IAP/Ksp   Equation 6. 

 

Table 5.3.1.1. Solution concentrations used for experiments and calculated log ů for 

candidate phases 

[MgCl2·6H2O] [Na2CO3] Magnesite Hydromagnesite Nesquehonite Brucite 

mM mM Ln ů 

100 100 8.59 29.04 2.37 7.04 

100 50 8.03 25.90 1.80 6.19 

50 50 7.89 26.13 1.68 6.93 

 

Thus, it is important to determine which phase was precipitated during the reaction, and 

the precipitated phase was first confirmed with Raman spectra using 532 nm, as shown in Figure 

5.3.1.1. In samples, peaks at 1100 cmï1 were observed, which correspond to nesquehonite.  The 

precipitation of nesquehonite, even at the lowest saturation index, indicates the lowest 

thermodynamic driving force, probably due to the high affinity towards water molecules. Mg ion 

generally forms a hydration shell with six water molecules. Therefore, interference of hydration 

shell and kinetically affordable reactions is important for controlling the product phase. Room 

temperature and ambient partial pressure of CO2 are known to be insufficient to produce 

hydromagnesite or magnesite.(Swanson et al., 2014) Furthermore, brucite is also favored to be 

precipitated at high pH as hydroxyl ion (OHï) can form a more stable ion pair with Mg than ion 

pair carbonate ion (CO3
2ï).(Toroz, Song, Uddin, Chass, & Di Tommaso, 2022) However, we found 
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that nesquehonite was mainly precipitated, and it may be attributed to a much higher (~one-order 

magnitude higher) concentration of CO3
2ï than OHï. Based on these results, we could further 

investigate the heterogeneous nucleation of nesquehonite. 

 

 

5.3.2. Effect of saturation index for nucleation behavior 

Figure 5.3.1.1. Raman spectra of precipitants on substrates after nucleation  
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Different minerals are exposed to a fluid containing dissolved divalent cations traveling 

with fluid at the subsurface. During the transportation of the fluid, it can interact with different 

types of minerals that can alter the interfacial energy of fluid-mineral. In this regard, we explored 

different oxides and how they interacted with varied nesquehonite-saturated solutions and focused 

on elucidating the relationship between the chemical property of the substrate (i.e., wettability) 

and the nucleation behavior. 

 

 

Before the reaction, the contact angle of smooth surfaces with deionized water was 

measured to determine the wettability of the surface, and the results are shown in Figure 5.3.2.1. 

Wettability indicates the interfacial energy between the fluid and substrate, and the interfacial 

energy between the fluid and substrate is regarded as a factor that can contribute to interaction 

behavior with reactants.(Atashin, Varin, & Wen, 2017; Tzachristas, Kanellopoulou, Koutsoukos, 

Paraskeva, & Sygouni, 2022) In previous works, it was indicated that wettability influences CaCO3 

nucleation kinetics and stabilization of amorphous calcium carbonate (ACC), which is a metastable 

form of CaCO3 via interaction with water-containing nuclei and hydrophilic surface. Also, 

hydrophilicity negatively affects the CaCO3 nucleation rate.(Chevalier, 2014; Koishi et al., 2019) 

Similarly, the lowest magnesite (anhydrous MgCO3) content was observed with hydrophilic seed, 

which may contribute to the interaction of the hydrophilic substrate surface with water molecules 

Figure 5.3.2.1. Contact angle of substrates with deionized water. Substrates are MgO (left), 

SiO2 (middle), and Fe2O3 (right).  
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in the fluid and inhibit the water repelling for magnesite formation. According to the contact angle 

measurement, MgO was the most hydrophobic substrate, followed by SiO2 and Fe2O3. 

After measuring the contact angles of mineral substrate-deionized water droplet, we 

scanned the reacted surface of substrates with AFM. According to the results, more significant and 

fewer particles were observed in identical time frames and areas when the saturation index 

increased. This implies that the rate-determining step has been moved to crystal growth from 

nucleation, especially for the highest saturation state (ln(ůnes) = 2.37). Indeed, higher saturation 

can provide more driving force for the reaction, as indicated in Equation 2. 

Interestingly, MgO had the highest particle density (# of nucleates/ɛm2) or area coverage, 

followed by SiO2 and Fe2O3 for all saturation states, as shown in Figure 5.3.2.2. This trend is 

consistent with the hydrophobicity that was measured and increased in order of MgO > SiO2 > 

Fe2O3. This speculates that the nucleation of nesquehonite may prefer the hydrophobic sites 

compared to hydrophilic sites. As discussed, Mg ion is surrounded by six water molecules, and 

carbonate ions have to overcome the water molecule barrier to form the solid carbonates. Hence, 

the more hydrophobic surface may provide the sites where the water concentration is low, due to 

the repulsive force toward the water molecules. Further, higher hydrophobicity may interrupt the 

hydration shell, change the coordination structure, and assist carbonate ion to bond with Mg ion.  
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5.3.3. Thermodynamic understandings on heterogeneous nucleation 

Based on the results from the section 5.3.2, we further explored the nucleation behavior in 

thermodynamic view. In the previous section, we determined that the nucleates are nesquehonite. 

Therefore, we could have derived ɋ from the density of nesquehonite, 1.82 g/cm3; its value is 

1.26×10-19 cm3/molecule. This obtained value can be utilized for interfacial energy calculation.  

Figure 5.3.2.2. AFM images of (a-(1-3)) MgO, (b-(1-3)) SiO2, and (c-(1-3)) Fe2O3 substrates. 

From top to bottom, the row indicates the after reaction under 100 mM MgCl2·6H2O and 

Na2CO3 solution; 100 mM MgCl2·6H2O and 50 mM Na2CO3 solution; and 50 mM 

MgCl2·6H2O and Na2CO3 solution. The reaction was conducted for 30 minutes at room 

temperature. 
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Ὢ• ς σὧέί•ὧέί•     Equation 7. 

  ʒ ςÁÒÃÔÁÎ     Equation 8. 

To adopt the CNT, we use the results for the lowest concentration, 50 mM MgCl2·H2O and 

Na2CO3 solution, as this condition shows the minimum crystal growth. In Table 5.3.3.1, the 

parameters, radius and height of nucleates, and number of particles in a unit area (ɛm2), were 

indicated. These values were obtained by using the software, Nanoscope Analysis ver 3.0. During 

the analysis, the particles higher than 10 nm were excluded based on previous finding that it could 

be the precipitants from homogeneous nucleation.(Chou et al., 2023) Also, particles that have 

smaller height than 2 nm were excluded only for Fe2O3 case due to the roughness of initial 

substrates. As indicated, the radius of nuclei of MgO, SiO2, and Fe2O3 are 42.57, 49.04, and 35.89 

nm, respectively. Also, the heights are 6.56, 3.63, and 4.60 nm. No trend was found with 

wettability. Therefore, we could infer that the property of substrates did not affect the size and 

height. However, it might be because of the limitation of measurement that the setup was not 

capable for in-situ measurement of the nucleate size evolution. On the other hand, the particle 

density showed a negative relationship with hydrophilicity, as shown in Figure 5.3.3.1. 

 

Table 5.3.3.1. Properties of nucleates on different substrates 

 r h Particle density 

 nm nm #/ɛm2 

MgO 42.57 ± 2.99 6.56 ± 0.56 13.98 ± 5.60 

SiO2 49.04 ± 3.32 3.63 ± 0.54 5.58 ± 2.10 

Fe2O3 35.89 ± 4.49 4.60 ± 1.19 5.33 ± 0.95 
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To understand the negative trend in particle density vs. hydrophilicity. we calculated the 

contact angle of nucleating particle-substrate, ʒ, as described in Equation 8. The calculated values 

of ʒ are respectively 8.88, 8.48, and 14.61 ° for MgO, SiO2, and Fe2O3. The contact angles of 

water-mineral substrates and the contact angles of nucleate-mineral substrates showed opposite 

trends. This result indicates that the more hydrophilic substrate has relatively less lowered 

interfacial energy barrier for the nesquehonite nucleation. Also, the calculated values of Ὢ•  

using Equation 7 are 1.1×10-4, 8.89×10-5, and 7.7×10-4, respectively. This speculates that the 

substrates used in this study and the nesquehonite have good structural agreement with the mineral 

substrates we studied here as the obtained values are closer to 0. From the Equation 5, it can be 

inferred that the free energy barrier would be in order of Fe2O3, MgO, and SiO2. Interestingly, 

however, the free energy barrier in SiO2 was lower than MgO, that MgO showed higher particle 

density than SiO2. This behavior may due to the limitation of ex-situ measurement as it cannot 

measure the growth of the primary nucleates. This limitation can cause the less representative 

Figure 5.3.3.1. Relationship between contact angle of fluid-substrate and calculated particle 

density from AFM image analysis 
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values of gyration radius of initial nucleates. Considering this, more advanced techniques, such as 

in-situ grazing incidence small angle X-ray scattering (GIAXS) will be beneficial to adopt for the 

quantitative and more accurate analysis. Still, we could observe that the increase hydrophobicity 

can promote the nucleation kinetics or growth. This behavior is similar to other solid carbonates, 

and opposite to Mn(OH)2, which is hydrophilic.(Chevalier, 2014; Chou et al., 2023; Koishi et al., 

2019) Thus, we could speculate that the more hydrophilic substrate favors to interact with the fluid, 

which is aqueous phase, over to interact with nesquehonite. Furthermore, when we are considering 

the formation of magnesium carbonate, the hydration shell around the magnesium ion hinders the 

reaction. In this regard, the hydrophobic surface could have a lower the local water concentration 

at the interface that hydrophilic surface, which can assist the nesquehonite nucleation.(Kanduļ, 

Schlaich, Schneck, & Netz, 2016) 

 

5.3.4. Effect of type of coexisting ion 

So far, it has been revealed that saturation index, types of minerals, and ionic strength can 

alter the nucleation behavior.(Jung & Jun, 2016) In this section, we explored the effect of 

coexisting ions. Typically, K and Na have the same ion charge, but they have different ionic radii, 

causing different behaviors during the interactions at the interfaces, such as adsorption and 

nucleation.  (Olsson, Chai, Dove, & Cai, 2019; Qu, You, & Liu, 2021) Thus, this sector was tried 

to explore the effect of coexisting ion, specifically for K compare to Na by altering the carbonate 

ion source to K2CO3. We conducted the identical experiment with ln ů=2.37 using SiO2. The 

scanned AFM images after the reaction are projected in Figure 5.3.3.1.  

As shown in the figure above, the amorphous nucleates had been built up with more heights 

in the case of K presence relative to the Na case. The height in the Na case was mostly less than 
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10 nm, while particles with heights exceeding 20 nm were easily found in the presence of K. Also, 

it was shown that the surface of the substrate was covered more in the case of K ion compared to 

Figure 5.3.3.1 (a)-(d). This suggests that the K and Na ions play a role during the nucleation. One 

of the previous papers indicated that the increased ionic strength could aid the heterogeneous 

nucleation on the substrate and also on the formed nucleates and increase the heights. (Jung & Jun, 

2016) In terms of ionic strength, the ionic strength of the K incorporating system was 175.94 mM, 

and the case of Na was 174.65 mM, which is almost identical. Thus, even though the consistency 

of particlesô radius (~100 nm) of particles in both cases, the differences may not be due to the ionic 

strength difference.  

Figure 5.3.4.1. AFM images after 30-minute reaction with different coexisting cation which 

is (a) Na, and (b). (c) and (d) indicates the height profile of the section in (a) and (b) 

respectively. 
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In a previous study, K ion has been reported to reduce the induction time and promote the 

nucleation of ammonium alum in a homogeneous system, while Na ion did not have a considerable 

effect on induction time.(Qu et al., 2021) Qu et al. explained that the incorporation of the K ion 

into the ammonium alum promoted the nucleation rates by substituting the ammonium ion, which 

has similar ionic radii with the K ion.(Qu et al., 2021) In the case of Mg ion, Na ion has a more 

similar ion radius compared to K ion, indicating that the enhanced nucleation by K ion cannot be 

expected for the nesquehonite nucleation. On the other hands, Hofmann et al. studied the 

molecular alteration behavior of calcite at the interface contacting with the water containing 

different cations, Na and K ions. The researchers also observed the different behaviors induced by 

the type of coexisting ion. They observed that K produced plated crystalline during the alteration, 

while Na ion formed amorphous film at the calcite surface.(Hofmann, Voïtchovsky, Spijker, 

Schmidt, & Stumpf, 2016) They suggested that the smaller ion radius of Na ion compared to K ion 

resulted in higher affinity onto the calcite surface and evenly formed the film.(Hofmann et al., 

2016) Furthermore, the Na ion can be hydrated with three water molecules, while K ion barely 

forms the hydration shell and disrupts the water structure.(Mullin, 2001) Therefore, it was 

speculated that the adsorption behavior of monovalent cations onto the substrate surface and water 

network would be different, which can change the interfacial energy barrier. The presence of 

adsorbed K ion may inhibit the structural match of nesquehonite as it can disrupt the water structure 

in nesquehonite nuclei. As indicated in previous studies, the size differences of dissolved cations 

can contribute to the interaction at the substrate-aqueous phase interface in various mechanisms. 

(Qu et al., 2021, Hofmann et al., 2016) In this point of view, further investigation is needed to 

elucidate the mechanisms via molecular dynamics and DFT calculations. 
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5.4. Conclusions 

In this study, we explored the nucleation behavior with synthetic model solutions, 

MgCl2·6H2O, Na2CO3, and K2CO3, to elucidate the effect of mineral surfaces and how the 

properties alter the interfacial interaction with fluid-nucleate-substances, especially for the 

heterogeneous nucleation. Thus, a flow-through reactor with a small volume had set up to 

minimize the adsorption of nucleates from homogeneous nucleation and tested different mineral 

substrates, including MgO, SiO2, and Fe2O3, which are the oxide forms of the major elemental 

composition and can be found at the subsurface. Also, the temperature was set to room temperature 

to mimic the most volume of reservoir in continent. 

According to the Raman results, the nucleated phase was revealed as the nesquehonite; even 

the brucite was more thermodynamically preferred. This is probably due to the high concentrations 

of carbonate ions in all systems. Also, the nucleation rate was accelerated with more saturation, 

and in 30 minutes, the crystal growth became the primary step over the nucleation when the natural 

log value of saturation index was increased to 2.37.  

The analysis of scanned AFM images after the reaction found that the nucleation rate of 

nesquehonite was accelerated following the hydrophobicity. We observed that the decrease in 

contact angle of pure deionized water with the substrate surface matched the increase of particle 

density smaller than 10 ɛm in height. This lowered interfacial energy can happen via the repulsive 

interaction towards water molecules from the hydrophobic MgO surface and lower the free energy 

barrier to react Mg ion with carbonate ions and nucleate the nesquehonite.  

Furthermore, we explored the effect of mineral and coexisting ion types with a SiO2 substrate. 

Through this study, we could observe the different nucleation behavior depending on the cation 

type. The results indicate that the intrinsic property (i.e., ionic radii) altered the interactions at the 
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fluid-nucleate interface and the nucleate-substrate interface. However, there are several 

limitations which should be explored in the future. For instance, more accurate and precise 

quantitative analysis via in-situ measurement is needed to fully understand and determine the 

thermodynamic and kinetic properties that can be incorporated into the modeling. Also, it is 

necessary to detangle the science of the different behavior of K and Na on nesquehonite nucleation 

as it can provide insights into how the chemistry of fluid change can alter the pore network via 

precipitations.  

 

  



121 

 

Chapter 6: Fate of Emerging Contaminants and their Sorption 

Behaviors at Recycled Water-Adsorbent Interfaces during Carbon 

Mineralization  

This chapter includes data from collaborative work with research team at University of 

Texas at Arlington. 

 

 

6.1. Introduction  

In recent years, population growth and urbanization have required increased water 

demands for drinking, agriculture, and other industries, while water security has been affected by 

climate change and anthropogenic pollution.(Boretti & Rosa, 2019; L. Lin et al., 2022) Since this 

water security problem is related to climate change, removing CO2 is also important for water 

security. Unfortunately, water plays a critical role in the carbon mineralization reaction in the 

inherent mechanisms for natural silicate minerals. As mentioned in the previous chapter (Chapter 

1), 25 times higher weight of water relative to CO2 is required in the CarbFix 

scenario.(Abdolhosseini Qomi et al., 2022; Dong et al., 2023; Snæbjörnsdóttir et al., 2020) This 

immense water foot-print related to CO2 mineralization challenge sheds light on concerns for water 

resources. In this regard, several studies have been conducted on utilizing seawater in in-situ 

carbon mineralization; however, this option is unavailable in continent reservoirs. Thus, in-situ 

carbon mineralization on the continent still has challenges related to water requirements, 

emphasizing the exploration of unconventional water resources, such as various wastewater 

streams, including agricultural runoff, treated or non-treated wastewater, or landfill leachate. 
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However, these wastewater streams are not pure and contain various inorganic and organic 

contaminants.(Bolyard et al., 2019; Lam et al., 2023; Santos et al., 2022; Teng et al., 2021) In 

particular, nowadays, a new class of contaminants, called emerging contaminants, have been 

detected in most water bodies, including wastewater, groundwater, surface water, and even 

drinking water. In contrast, wastewater has a higher concentration of emerging 

contaminants.(Bexfield et al., 2019; Chacón et al., 2022; Rout et al., 2021) The emerging 

contaminants refer to certain pollutants, including heavy metals, pharmaceuticals and personal care 

products (PPCP), pesticides, and per-fluoroalkyl substances (PFAS).(Bao et al., 2015; Luo et al., 

2014; Podder et al., 2021) These compounds are generally not effectively eliminated in traditional 

wastewater treatment plants (WWTPs). Thus, the accumulations of these pollutants in the 

biosphere, hydrosphere, and geosphere have been detected.(Chacón et al., 2022; Rout et al., 2021) 

Especially, landfill leachates can directly introduce pollutants with high concentrations into the 

nature without being treated. Therefore, research on landfill leachate treatment is critical to 

improve the water security for a sustainable society.(Gripa et al., 2023; Teng et al., 2021) The 

emerging contaminants are known to cause issues in human health and the ecological system 

potentially.(Bao et al., 2015; Luo et al., 2014; Podder et al., 2021) Therefore, if the emerging 

contaminants are injected during the in-situ carbon mineralization without a treatment process, it 

can potentially cause the unexpected environmental risks including the effects on microbes in the 

subsurface and induce higher concentrations of emerging contaminants in groundwater that 

penetrate into the drinking water resource.(Bexfield et al., 2019) In addition, the emerging 

contaminants have a variety of chemical functionality and ionization states, and these properties 

can alter the in-situ carbon mineralization reactions occurring at the rock and fluid interface. To 
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minimize these unexpected environmental impacts, we need to investigate the fate of these 

emerging contaminants and develop a method to remove them from the environment. 

Among the treatment methods, adsorption technology is a promising candidate to treat the 

unconventional water resources as it can be implemented at low cost, and is easy to operate 

compared to other technologies, such as nanofiltration, reverse osmosis and advanced oxidation 

processes.(Dhaka et al., 2019; Rathi & Kumar, 2021; Sophia A & Lima, 2018) One of the critical 

advantages of adsorption technology is the availability of low-cost adsorbents and their tunable 

properties. Furthermore, the adsorbents can be produced via utilizing the waste stream from 

agriculture or even from the traditional wastewater treatment process, sewage sludge, which have 

been considered as different pollution inputs. Also, these solid waste streams are continuously 

produced during anthropogenic activities, lessening the concerns for additional cost to produce the 

adsorbents. Thus, assessing the potential of the adsorbents from the waste stream to treat the 

emerging contaminants of concerns in the landfill leachate can be a huge opportunity to enhance 

water security and sustainable development. 

As a feedstock to generate the adsorbent, rice husk (RH) and sewage sludge (SS) can be 

good candidates as their annual productions are around 1.9 Mt and 7.2 Mt, respectively, solely in 

the U.S.A.(USDA-NASS, 2024; Venkatesan, Done, & Halden, 2015) Also, these wastes have high 

carbon, oxygen and nitrogen content which can be the source of interaction sites toward the dilute 

pollutants in the aqueous phase.(Runkle et al., 2021) Additionally, waste materials can be obtained 

almost at no cost or even at reduced cost by saving landfill space and waste disposal. These features 

also allow opportunities to create alternative adsorbents of commercial activated carbon 

(CAC), which is a widely used typical adsorbent. Furthermore, extended modification can be 

applied to enhance the adsorption performance. In this regard, this study focused on preparing the 
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adsorbents from these two waste materials, with or without the modification. We characterized 

their properties while assessing their effectiveness compared to CAC in adsorbing the 

contaminants from the synthetic wastewater to mimic the landfill leachates compared.  

Moreover, adsorption can be employed according to various mechanisms as depicted in 

Figure 6.1.1. Typically, adsorption can be classified into chemisorption and physisorption, 

indicating the different interaction mechanisms between the adsorbents and adsorbates. 

Chemisorption has higher binding energy relative to the physisorption due to their chemical 

interactions such as hydrogen bonding, electrostatic interaction, while physical interactions such 

as ́ -ˊ interactions, or weak Van der Waals forces are the major interaction mechanisms for the 

physisorption. Understanding the adsorption mechanism is critical for water treatment process 

development since it can provide the insights how we can strategically approach the target 

pollutants in complex aqueous phases. Thus, spectroscopic analysis, including Raman and Fourier-

transform infrared spectroscopy (FTIR) have been employed in this study to determine the reaction 

mechanisms among the prepared adsorbents and the synthetic pollutant mixture. 
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6.2. Materials and Methods 

6.2.1. Preparing adsorbents 

The sorbents were prepared by our collaborator from University of Texas at Arlington. To 

be specific, the adsorbents included rice husk (RH), rice husk ash (RHA), sewage sludge (SS), and 

sewage sludge char (SSC) and their modified adsorbents were prepared. RHA and SS are firstly 

prepared from RH and SS by thermal treatment at 550 ï 600 °C for 1 hour, then additionally 

carbonized under inert gas (N2) at 500 °C for 1 hour and 700 °C for 0.5 hour, respectively. Steam 

Figure 6.1.1. Schematic diagram of potential adsorption mechanisms between the solid 

adsorbents and emerging contaminants  
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activation was held at three temperatures, 500, 650, and 800 °C, with existence of steam. For the 

chemical modification, three different approaches 1) salt treatment, 2) base treatment, and 3) acid 

treatment were explored. For salt treatment, 30% ZnCl2 was applied since it is known to enhance 

the pore structure and specific surface area. KOH (40%) and phosphoric acid (H3PO4, 30%) were 

used for base and acid treatment, respectively. However, in this study, we only adopted salt 

treatment activation, based on collaborators pre-tests.(Chakraborty, 2022) For the salt treatment 

activation, RH, RHA, SS, and SSC were impregnated with 30% ZnCl2 for 24 hours before the 

thermal treatment at 500 and 650 °C. Unlike steam activation, salt activation performed under inert 

gas, for 1 hour (RH) or 4 hours (SS). Once the adsorbents were activated, the products were washed 

with deionized water, and then dried overnight, and then stored. In this study, commercial activated 

carbon (CAC) was also tested and compared for assessing emerging contaminant removal 

performance with synthesized adsorbents derived from waste streams. 

  

6.2.2. Adsorption experiment and aqueous phase analysis 

For the adsorption experiment, real mixed leachate wastewater collected from two landfills 

at Texas was used. The initial wastewater contained heavy metals (Fe), perfluorooctanoic acid 

(PFOA), and N,N-diethyl-meta-toluamid (DEET) at concentration of 2088, 0.98, and 9.03 ppb. 

0.1 g of each adsorbent was added to 100 mL of leachate wastewater, and then shaken at 250 rpm 

for 24 hours at room temperature. After that, the liquid part was collected and filtered with a 0.22 

Figure 6.2.2.1. Schematic for experimental procedure 
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ɛm syringe filter, and then analyzed for organic emerging contaminant composition using HPLC-

MS/MS (LCMS-8060, Shimadzu, Japan), and the heavy metal concentration using ICP-MS (ICP-

MS 2030, Shimadzu, Japan) at Shimadzu Institute Nanotechnology Research Center of University 

of Texas at Arlington.  

 

6.2.3. Characterization of adsorbents 

6.2.3.1. Fourier-transform infrared (FTIR) spectroscopy 

To determine the reaction mechanism, we needed to determine the surface functionalities 

of the adsorbents. FTIR is an analytical technique resulting in a characteristic infrared spectrum. 

During the analysis, the sample absorbs the energy as specific wavelengths across infrared 

spectrum. These specific vibrational modes in a molecule that causes a change in the dipole 

moment of those functional groups. In this study, we used FTIR (Ŭ II, Bruker, NJ, USA) coupled 

with diamond attenuated total reflectance (ATR) cell. The spectra were obtained from 4000 to 400 

cmï1. Each sample was scanned for 32 cycle with resolution of 4 cmï1.  

 

6.2.3.2. Raman spectroscopy 

 In complement to FTIR analysis, we used Raman spectroscopy as it determines the 

skeletal structure of the material. To be IR active there must be change in dipole moment as the 

functional group vibrates, to be Raman active there must be a change in polarizability of the 

functional groups as it vibrates. Also, whereas FTIR lite absorption at various wavelengths, Raman 

instruments measure slight shift in the frequency of scattered light from a monochromatic source 

incident on a Raman-active sample. In this experiment, we performed Raman spectroscopy (inVia 
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Raman spectrometer, Renishaw, U.K) using 532 nm laser, to examine the aromaticity of 

synthesized adsorbents. 

 

6.3. Results and Discussion 

6.3.1. FTIR spectra of synthesized biochar adsorbents and base materials 

To understand the adsorption mechanisms of emerging contaminant from the leachate 

wastewater, we needed to determine the functional groups existing on the adsorbent surface. ATR 

FTIR is a superior analytical tool for this purpose as the absorption spectra is a fingerprint of the 

vibrations of functional groups. Figure 6.3.1.1 shows the FTIR spectra of raw materials, RH, RHA, 

SS, and SSC, activated biochars, and commercial activated carbon (CAC). In this study, we 

examined the two steam-activated biochars, RHA-800 and SSC-500 that are treated at 800 and 

500 °C with steam, respectively; and salt-activated biochars, RH-500-Zn, SS-500-Zn, and SS-650-

Zn. The accumulated spectra can be found in Figure 6.3.1, and the functionalities found 

corresponding to the FTIR spectra are listed in Table 1.  

Notably, we observed diagnostic peaks for CAC over the infrared spectral range measured, 

demonstrating that CAC is IR-inactive. This behavior is due to the negligible dipole moment 

change stemming from stretching vibrations of symmetric double or triple bonds found in their 

skeletal structure. On the other hand, the raw materials and biochar adsorbents showed several IR-

active functional groups. In common, they showed strong IR absorption at ~ 1000-1250 cmï1, 

indicating C-O stretching mode. As shown in Figure 6.3.1, the raw materials, RH and SS, show 

broad and strong peak at 3000-3600 cmï1 and peaks in range from 1300 to 1800 cmï1, 

corresponding to alcohol O-H stretching mode and C=O stretching, respectively, and is consistent 

with the existence of carboxylic groups. However, these peaks disappeared when the raw materials 
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were treated to produce RHA, SSC or activated at high temperature. From this, we could speculate 

that such polar functional groups are released during adsorbent synthesis, and synthesized 

adsorbents have less hydrogen bonding sites relative to the raw materials. Similarly, the peaks at 

2800-2900 cmï1, which are related to C-H stretching, showed similar trends as with O-H and C=O 

peaks. Additionally, it was revealed that the peak near 1000 cmï1 was retained for all cases, which 

is attributed to aromatic C-H, C-O, or C-N. 

Figure 6.3.1.1. FTIR spectra of adsorbents and the base materials used in this study. FTIR 

spectra collected from 400-4000 cmï1 with 32 scans. 
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Table 6.3.2.1. Possible functional groups of base materials and adsorbents derived from 

FTIR spectra 

Sample 

name 

Activation method 

Wavenumber 

(cmï1) 

Functionality References 

RH Feedstock 3350 Alcohol O-H 

(C L, kumar j, 

Prasad, Zarei, & 

Gopal, 2013) 

  2900 Carboxyl O-H 

(Kaur & Choudhury, 

2021) 

  2800-2900 Aliphatic C-H 

(Mecozzi, Pietroletti, 

Scarpiniti, 

Acquistucci, & 

Conti, 2012) 

  1720, 1630 C=O 

(Mecozzi et al., 

2012) 

  ~1200, ~1050 

C-O, Aromatic C-H 

deformation 

(C L et al., 2013; 

Rahma et al., 2016) 

RH-500-Zn 

ZnCl2 activation of 

RH 

1570 C=O or C=C 

(Elnour et al., 2019; 

Mecozzi et al., 

2012)212, 214 

  ~1200, ~1050 C-O, Aromatic C-H  

(C L et al., 2013; 

Rahma et al., 2016) 

RHA 

Thermal treatment 

from RH 

~1200, ~1050 C-O, Aromatic C-H  

(C L et al., 2013; 

Rahma et al., 2016) 
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RHA-800 

Steam activation of 

RHA 

~1200, ~1050 C-O, Aromatic C-H  

(C L et al., 2013; 

Rahma et al., 2016) 

SS Feedstock 

~3540, ~3410, 

~3300 

Alcohol O-H 

N-H 

(C L et al., 2013; R. 

Davis, 2010) 

  2900 Carboxyl O-H 

(Kaur & Choudhury, 

2021) 

  2800-2900 Aliphatic C-H 

(Mecozzi et al., 

2012) 

  1630 C=O 

(Mecozzi et al., 

2012) 

  1530, 1460 N-O, Aromatic C-C  

  ~1100, ~1030 C-O, C-N 

(C L et al., 2013; 

Kaur & Choudhury, 

2021) 

SS-500-Zn 

ZnCl2 activation of 

SS 

3400 

Alcohol O-H 

N-H 

(C L et al., 2013; R. 

Davis, 2010) 

  2900 Carboxyl O-H 

(Kaur & Choudhury, 

2021) 

  2800-2900 Aliphatic C-H 

(Mecozzi et al., 

2012) 

  1600 C=O or C=C 

(Mecozzi et al., 

2012) 
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  ~1050 C-O, C-N 

(Kaur & Choudhury, 

2021) 

SS-650-Zn 

ZnCl2activation of 

SS 

1600 

C=O, unsaturated 

C=C 

(Mecozzi et al., 

2012) 

  ~1030 C-O, C-N 

(C L et al., 2013; 

Kaur & Choudhury, 

2021) 

SSC 

Thermal treatment 

from SS 

1600 C=O 

(Mecozzi et al., 

2012) 

  ~1100, ~1030 C-O, C-N 

(C L et al., 2013; 

Kaur & Choudhury, 

2021) 

SSC-500 

Steam activation of 

SSC 

1600 C=O 

(Mecozzi et al., 

2012) 

  ~1100, ~1030 C-O, C-N 

(C L et al., 2013; 

Kaur & Choudhury, 

2021) 

 

6.3.2. Raman spectroscopy for synthesized biochar adsorbents and base materials 

As shown in 6.3.1 section, FTIR is a powerful tool to determine the functional groups in 

materials, yet it cannot fully reveal the functional groups that do not have a dipole moment change 

upon infrared interrogation. For instance, adsorbent CAC did not show any significant peaks in 

the 400ï400 cmï1 range from FTIR analysis. In this regard, Raman spectroscopy can be a 
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complimentary analytic tool since Raman spectra can identify the aromaticity in solid particles and 

the graphitic structure arising from aromatic rings. Therefore, we performed the spectroscopic 

analysis especially for activated biochar adsorbents, while the raw materials, RH, and SS did not 

show any significant peaks in the interested Raman shift range. In Raman spectra, there are two 

major peaks for aromaticity at ~1340 (D band), and ~1590 cmï1 (G band). Both major bands 

indicate the graphite-like aromaticity with different degree of order. The D band and G band 

represent the amorphous aromatic rings, and vibration of sp2-hybridized carbon atoms in ordered 

aromatic rings, respectively.(dos Reis et al., 2023; C. C. Zhang, Hartlaub, Petrovic, & Yilmaz, 

2022)  

With baseline substitution and fitting with a Lorentz function, the ratio of the two bands, 

ID/IG, was calculated for each adsorbent and is listed in Table 6.3.2.1. As indicated in Figure 6.3.2.1, 

CAC showed sharp D and G bands unlike in FTIR. This may suggest that purchased CAC mostly 

consists of graphite-like carbon without other functionality. This feature allowed us to hypothesize 

that CAC does not have sites for electrostatic or hydrogen bonding with the emerging contaminants, 

whilst it can offer ˊḯ  interaction and/or cationḯ  interaction. In addition, the physical adsorption 

of hydrophobic emerging contaminants onto CAC surface can be occurred via hydrophobicï

hydrophobic interaction in the aqueous phase.  

Furthermore, all prepared biochar adsorbents had D and G bands, but showed different 

ID/IG ratio values. The higher value of ID/IG ratio means higher defects or disorder in the adsorbents. 

According to Table 6.3.2.1, CAC showed the highest ratio and followed by SS-650-Zn, SS-500-

Zn, SSC-500, RHA-800, and RH-500-Zn. In general, SS based adsorbents had higher defects in 

their structure compared to RH based adsorbents regardless of the activation methods. This result 

may be attributed to structured aromatic rings in rice husk, emphasizing that the properties of 
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biochar is highly dependent on the feedstock.(Kumar, Sangwan, Dhankhar, & Bidra, 2013) 

Interestingly, increasing the activation temperature generated more disorder for both RH and SS 

based adsorbents. In FTIR spectra, we observed decreasing aliphatic C-H, alcohol C-O, and C=O 

bands. Combining both trends, it can be anticipated that the defects had been generated during the 

release of volatile functional groups, and aromatic rings remained in disordered. The cases of RH-

500-Zn and SS-500-Zn may support the proposed hypothesis as SS showed higher absorption 

intensity at wavenumber corresponding to aliphatic C-H, alcohol C-O and C=O bonds relative to 

RH. 

Figure 6.3.2.1. Raman spectra of biochar adsorbents processed from base materials and 

CAC  
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Table 6.3.2.1. Lorentz-fitted area of D and G bands, and ratio of area 

Adsorbents 

Activation 

method 

ID IG ID/IG ID+IG 

CAC  79341 42767 1.86 122109 

RH-500-Zn ZnCl2 154484 2025084 0.76 356992 

RHA-800 Steam 141920 158169 0.90 300089 

SS-500-Zn ZnCl2 53260 54286 0.98 107546 

SS-650-Zn ZnCl2 159861 78124 2.05 237985 

SSC-500 Steam 143513 156963 0.91 300475 

 

6.3.3. Determination of adsorption performance and mechanistic investigations 

Based on the adsorption analysis, the adsorption performance of each adsorbent was 

determined and compared with CAC. The purpose of this section is to evaluate whether the 

materials produced from wastes from agriculture and water treatment processes can remove 

emerging contaminants in real leachates efficiently compared to the commercial adsorbents, that 

are widely used in real wastewater treatment plants. Figure 6.3.3.1 illustrates the strategy of 

adsorbents preparation and their physiochemical properties. 

As indicated, the base materials thermally treated with high heat (> 500 °C) for 1.5 hours, 

and further activated with steam at different temperature, and produced adsorbents (SSC-500, and 

RHA-800) showed relatively low BET specific surface area (< 50 m2/g), and no aliphatic C-H 

groups or O-H groups in their structure.(Chakraborty, 2022) This behavior was different from what 

we expected. We speculated that the steamïactivated adsorbents probably have high specific 

surface area as the adsorbents were treated at high temperature, or enhanced functionality 
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including O-H group as it was treated under steam. Alternatively, the ZnCl2ïactivated adsorbents 

were directly generated from the waste, RH and SS. These adsorbents (SS-500-Zn, SS-650-Zn, 

and RH-500-Zn) had higher BET specific surface area (> 100 m2/g), and RH-500-Zn showed 

higher value than SS-500-Zn or SS-650-Zn.(Chakraborty, 2022) Similar to steam activation 

method, higher temperature decreased the C-H or O-H functionality, meanwhile ZnCl2 activation 

promoted the formation of sp2-hybridized C=C double bounds. The advantageous characteristics 

of adding ZnCl2 salt during biochar production were also reported in previous studies, and it was 

expected that addition of ZnCl2 can enhance the Lewis acidity on the surface and assist the 

aromatic production.(Minaei, Zoroufchi Benis, McPhedran, & Soltan, 2023; Paredes-Laverde et 

al., 2021; Sun, Huang, Chi, & Yan, 2018; Xia et al., 2016)  

 

 

Table 6.3.3.1. Adsorption performance of synthesized biochar for leachate containing Fe, 

PFOA, and DEET and compared with commercial activated carbon 

 

Activation 

method 

Fe PFOA DEET 

Figure 6.3.3.1. Schematic diagram of adsorbent preparation strategy and properties of 

produced adsorbents 
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Adsorbed Conc. 

(ppb) 

Adsorbed Conc. 

(ppb) 

Adsorbed Conc. 

(ppb) 

RHA-800 Steam 730 

Negligible 

adsorption 

Negligible 

adsorption 

SSC-500 Steam 598 -0.04 9.03 

RH-500-Zn ZnCl2 179 0.13 5.69 

SS-500-Zn ZnCl2 767 0.11 -4.57 

SS-650-Zn ZnCl2 572 0.13 -2.26 

CAC  364 0.12 8.08 

 

 As indicated in Table 6.3.3.1, Fe was removed better by all synthesized biochar adsorbents 

in this study, except RH-500-Zn. From this result, it can be estimated that the functional groups, 

such as C=O or CïO are important interaction sites with Fe via complexation or electrostatic 

interaction.(Ambaye, Vaccari, van Hullebusch, Amrane, & Rtimi, 2021) On the other hand, 

cationḯ  interaction makes a minor contribution for Fe adsorption due to the lower adsorption of 

CAC compare to the other cases. One of the possible explanations of low performance of RH-500-

Zn is that the deposited Zn occupied the interaction sites so only limi ted locations are allowed for 

Fe adsorption. Similarly, we observed that Fe adsorbed at lower concentration on SS-650-Zn 

compared to SS-500-Zn and SSC-500, which correlated with a reduced or similar intensity in FTIR 

spectra, respectively even though it has higher surface area than either SS-500-Zn or SSC-500. 

Additionally, PFOA adsorption on RHA-800 and SSC-500 was much lower than the ZnCl2ï

activated biochar, indicating that addition of ZnCl2 promoted PFOA adsorption mechanisms 

compared to steam activation. According to FTIR and Raman analysis, we observed that the 
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functionality or degree of aromaticity did not correlated with PFOA adsorption efficiency. On the 

other hand, the pore-filling mechanism probably contributed to higher PFOA adsorption of ZnCl2ï

activated adsorbents compared to steam-activated adsorbents due to the higher specific 

surface.(Ambaye et al., 2021) DEET is a widely used pesticide, and shows a high log Kow value 

(2.02).(Information, 2024a) In its structure, it has one amide functional groups, and other than that, 

there are hydrophobic and aromatic functional groups. From these features, we anticipated ḯ́ 

interaction, or Van der Waals interaction, which could be the major contributors to the adsorption 

mechanisms.(Ambaye et al., 2021) Interestingly, only SSC-500 and RH-500-Zn adsorbents 

showed effective adsorption and others did not properly remove DEET from the aqueous phase, 

or they even released DEET into the aqueous phase. We saw negative adsorption, which means 

DEET was released from the adsorbents made from SS. It may be due to the concentrated DEET 

in SS, and the emerging contaminant was not pyrolyzed during the activation. Since the initial 

concentration of DEET in the leachate was 9.03 ppb, the removal efficiency for SSC-500, RH-

500-Zn, and CAC are 100%, 63%, and 89%, respectively. As CAC showed a good removal 

capacity, we can consider that ḯ́ interaction and Van der Waals interaction contribute to DEET 

adsorption. However, according to Raman spectral analysis, the degree of disorder of aromatic 

rings does not show significant correlation with adsorption behavior. Furthermore, the specific 

interaction mechanisms could not be derived from FTIR or surface area measurement, suggesting 

more information is needed to understand the difference in adsorption performance. 
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6.4. Conclusions 

In this study, we aimed to develop low-cost adsorbents from agriculture and wastewater 

treatment waste, that are produced routinely in our society. To produce the enhanced adsorbents, 

we explored various methods to synthesize the adsorbents, such as thermal treatment coupled with 

steam activation, and ZnCl2 activation. After synthesizing the adsorbents, we performed 

spectroscopic analysis, including ATR FTIR and Raman spectroscopy. These two complimentary 

techniques are powerful in determining the existing functional groups and aromaticity.  

From FTIR result, we could conclude that treating the feedstock at higher temperature 

reduced the alcohol OïH and aliphatic CïH functional groups. This trend originated from the 

destruction and release of volatile functional during the treatment and activation. By comparing 

the absorption intensity, SS contained more O-H and C-H content, relative to RH. CïO or C=O 

functional groups were retained, regardless of the treatment or activation method and it may be 

due to the initial content of O inherently in the feedstock. Importantly, the purchased CAC was 

IR-inactive.  

Raman spectroscopy indicated that all produced biochar adsorbents have aromatic rings in 

their structure, and the degree of disorder was ranked in decreasedorder of SS-650-Zn, CAC, SS-

500-Zn, SSC-500, RHA-800, and RH-500-Zn. We concluded that rice husk-based adsorbents 

showed more ordered crystalline graphitic structure, which may be originated from ordered 

aromatic ring structures in the feedstock. Thus, the physiochemical properties are highly dependent 

on the types of feedstock. Also, ZnCl2 activation enhanced the specific surface area of the 

adsorbents compared to steam activation, which can promote the PFOA uptake via physical 

adsorption mechanism. 
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The prepared adsorbents showed similar or better performance relative to CAC. For Fe, 

ZnCl2 activation helped to enhance its removal from the aqueous phase. We are speculate that 

there is an optimal concentration of additional ZnCl2 for each feedstock and treatment temperature. 

Also, existence of CïO or C=O bonds promoted the adsorption performance for Fe. For the organic 

substances, the interaction mechanisms were not clearly determined with the limited information 

in this study, although physisorption mechanisms and ˊḯ  interactions seemed to play the major 

driving force. Thus, further investigations, including analyzing the functional groups before and 

after the adsorption is needed. The proposed adsorption mechanisms are illustrated in Figure 6.4.1. 

Furthermore, each adsorbent showed better removal efficiency for a specific emerging 

contaminant, not for all emerging contaminants. For instance, SS-500-Zn showed great adsorption 

performance for Fe, while it showed less adsorption of PFOA, and negatively affected DEET 

adsorption. In this regard, one of the promising strategies to develop the low-cost adsorbent is 

blending the adsorbents and using them in a reactor to maximize the removal performance. 

Figure 6.4.1. Schematic diagram for the proposed adsorption mechanisms 
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Chapter 7: Development of the Engineered Adsorbents for 

Emerging Contaminants   

This chapter is based on the following manuscript to be submitted: 

ñStrategical design of Zr-based MOFs for emerging contaminant removal from aqueous phaseò 

 

 

7.1. Introduction  

In the past decades, the enormously increased usage of chemicals for agriculture, 

livestock, human activities introduces a new class of the contaminants that threat the Water-

Energy- Environment (WEE) Nexus.(González Peña, López Zavala, & Cabral Ruelas, 2021; Klein 

et al., 2018; Sharma et al., 2019) These dilute and diverse contaminants are called as emerging 

contaminants, and include artificially synthesized organic chemicals such as pharmaceuticals and 

personal care products (PPCP), pesticide, PFAS, and etc.(Bao et al., 2015; Luo et al., 2014; Podder 

et al., 2021) Emerging contaminants are now of concern because they have the potentials to 

exacerbate health problems and ecological issues such as antibiotics resistance or endocrine 

disruptions.(González Peña et al., 2021; Hou et al., 2023; Laxminarayan et al., 2016) In particular, 

antibiotics such as tetracycline (TC), and sulfathiazole (STZ) have been widely used for not only 

human, but also in livestock and agricultural industry. Pesticides such as atrazine (ATZ) are also 

widely used globally as well as herbicides in agriculture. These contaminants can be easily 

introduced into the natural ecosystem via runoff.(Hou et al., 2023; T. H. Y. Lee, Chuah, & Snyder, 

2022; Tudi et al., 2021) Meanwhile, conventional water treatment methods cannot remove low 
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concentrations or diverse types of emerging contaminants efficiently.(Chacón et al., 2022; Rout et 

al., 2021) As a result, these types of contaminants, and others, are now detectable in various water 

bodies, including surface water, groundwater, and even in drinking water.(Cunningham, Binks, & 

Olson, 2009; Daughton, 2001; Guzzella, Pozzoni, & Giuliano, 2006; Javid et al., 2016; Milovac, 

2023; Organization, 2012; Petrie, Barden, & Kasprzyk-Hordern, 2015) Furthermore, these water 

resources containing ECs can re-enter to our society as drinking water or irrigation water for 

agriculture, and have the potential to accumulate EC content in natural systems. Therefore, it is 

important to develop strategic removal technologies with feasible cost and energy consumption.  

Adsorption is one of the efficient approaches to remove emerging contaminants from the 

water bodies with relatively low cost and easy to installation in both decentralized and centralized 

facilities.(Dhaka et al., 2019; Rathi & Kumar, 2021; Sophia A & Lima, 2018) Traditional 

adsorbents, such as activated carbon and biochar are showing relatively good adsorption properties 

with low cost, however, it has disadvantages in its variability of chemical and physical properties 

due to its dependency on feedstock, and limited methods for regeneration, which can result in the 

secondary contaminations.(Fan et al., 2023; Larasati et al., 2021; Samonin et al., 2013) On the 

other hand, Metal-Organic-Frameworks (MOFs) are a novel platform for removing contaminants 

as they have high specific surface area, and various physicochemical properties arising from their 

high tunability in metal and ligand structure, and stability over multiple cycles. Especially, 

zirconium-based MOFs, such as UiO, and MIL classes are well known to be stable for long periods 

in an aqueous phase with wide pH conditions.(Ahmadijokani et al., 2022) Based on these 

properties, several studies tested MOFs for emerging contaminant removal in variable 

forms.(Dhaka et al., 2019) Moreover, various MOF modification methods have been explored, 

such as defect control method, alternating the functional groups in linker organic molecules, or 
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doping in different metals.(Y. Cao et al., 2021; Fan et al., 2023; H.-G. Kim et al., 2021) However, 

a comprehensive study on modification methods has not yet been done, and most of the studies 

have not elucidated the primary interaction mechanism, which is important for the innovative 

development on advanced adsorbents. Moreover, coexisting ions or other emerging contaminants 

can affect the adsorption mechanisms.(Ma et al., 2020; Nguyen et al., 2021; Tran et al., 2020; Yan 

et al., 2024; Y. Zhao et al., 2012) Thus, it is important to understand the parameters for emerging 

contaminant adsorption behavior and the selectivity to specific emerging contaminants, which still 

need to be investigated. Therefore, this study was designed to investigate the adsorption kinetics 

and mechanisms with physically or chemically modified UiO-66 to compare the efficacy of each 

modification methods on emerging contaminant adsorption. For the modification, we decided to 

perform a defect control using modulator, formic acid, and functionalized the linker with electron-

donating (nitro) and electron-withdrawing (amino) groups to control the chemical properties. 

Herein, we tested different types of representative emerging contaminants, two types of antibiotics, 

TC, STZ, and one type of herbicide, ATZ, to elucidate the complexed interactions among the 

various emerging contaminants and engineered adsorbents. We also determined the effects of 

aqueous environment, such as pH, and types of ions on adsorption behavior. To determine the 

practical availability of the modified UiO-66, we conducted the reusability experiments.   

 

7.2. Materials and Methods 

7.2.1. Chemicals 

Zirconium tetrachloride (ZrCl4, 99.5%) was purchased from 1PlusChem LLC., (CA, 

USA). Terephthalic acid (H2BDC, 99%), and 2-aminoterephthalic acid (H2BDC-NH2, 98%) were 

attained from TCI Chemicals (Tokyo, Japan). 2-nitroterephthalic acid (H2BDC-NO2, 99%), N,N-
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dimethylformamide (DMF, ACS reagent grade, 99.8%), methanol (MeOH, HPLC plus grade, 

99.9%), formic acid (FA, ACS reagent grade, 96%), acetonitrile (ACN, Gradient grade, 99.9%), 

sodium nitrate (NaNO3, ACS reagent grade, 99%), hydrochloric acid (HCl, ACS reagent grade. 37 

%), and sodium hydroxide (NaOH, ACS reagent grade, 97%) were purchased from Sigma-Aldrich 

(MO, USA), and nitric acid (HNO3, Trace metal grade, 70%) was purchased from Fisher Chemical 

(NH, USA). As the representative emerging contaminants, tetracycline (TC, HPLC grade, 98%), 

sulfathiazole (STZ, Vetranal grade), and atrazine (ATZ, Pestanal grade) were purchased from 

Sigma-Aldrich (MO, USA). As a comparable sorbent, activated carbon was purchased from 

Sigma-Aldrich (MO, USA) 

7.2.2. Synthesis of UiO-66, defect-controlled UiO-66-X (X = FA18eq, FA36eq, FA100

eq), and UiO-66-N (N = -NO2, -NH2) 

We prepared UiO-66 and modified UiO-66s in this study. To prepare pristine UiO-66, 4 

mmol of ZrCl4 and stoichiometric H2BDC were dissolved each separately in 10 mL of DMF and 

sonicated for 30 minutes. After that, two solutions were mixed and further sonicated for 10 

minutes. The homogenous mixture was half-filled in a 25-mL size PTFE-line glass vials, and 2 

mmol of HNO3 was added as the modulator. The half-filled glass vials were placed in an oven 

preheated to 120 °C for 24 hours. After that, the oven was cooled to room temperature and white 

crystals were collected via centrifugation (5000 rpm, 20 minutes) and washed several times with 

fresh DMF and MeOH to remove unreacted chemicals. 

For the defect-controlled UiO-66, we chose FA as the modulator and its concentration was 

based on the previous research.(Shearer et al., 2016) To introduce the defects, we added 18, 36 

and 100 equivalent-molar of FA instead of HNO3 during UiO-66 synthesis, and denoted these 
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samples as UiO-66-FA18eq, UiO-66-FA36eq, and UiO-66-100eq. The solvothermal and washing 

process were identical to UiO-66 synthesis. 

Chemically modified UiO-66-NH2 and UiO-66-NO2 were prepared in the same way as 

UiO-66 described above, while the H2BDC was replaced with H2BDC-NH2 and H2BDC-NO2, 

respectively. The solvothermal and washing process were identical to UiO-66 synthesis. 

7.2.3. Characterization of synthesized adsorbents  

To analyze the crystalline structure of synthesized UiO-66 and modified UiO-66, powder 

X-ray diffraction (PXRD, Xôpert3, Panalytical, U.K) was used with Cu KŬ radiation (ɚ = 1.54 ¡). 

The specific surface area and pore size distributions was determined from N2 isotherms measured 

using a gas adsorption analyzer (ASAP 2020 Plus, Micromeritics, GA, USA) at 77 K. X-ray 

photoelectron spectroscopy (XPS, VersaProbe II, PBI, MN, USA) was applied before and after 

the adsorption of emerging contaminant to understand the surface chemistry of the adsorbents. 

Potentiometric acid-base titration (888 Titrando, Metrohm, Herisau, Switzerland) was performed 

on UiO-66, UiO-66-FA18eq, UiO-66-NH2 and UiO-66-NO2 to determine their Brønsted acidities. 

For the potentiometric titration, 50 mg of each sample was pre-soaked in 60 mL of 0.01 M NaNO3 

solution overnight, and pH adjusted to 3 before the titration by adding 1 M HCl. During the 

titration, 0.1 M NaOH was added in rate of 0.01 mL/min. 

7.2.4. Adsorption experiment 

For the adsorption experiments, the concentrations of emerging contaminants were 

analyzed with HPLC-UV-Vis (Shimadzu, Japan). The mobile phase was isocratic flow with 0.4 

mL/min H2O and 0.1 mL/min ACN, and Hypersil GOLDTM C18 column was used for separation. 

For the measurement, 1 mL of liquid samples were collected from the batch after a certain reaction 

time, then filtered with 0.22 ɛm filter. After the filtration, the aliquot was analyzed, and the 
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absorbance at 220 nm was measured to calculate the concentrations of emerging contaminants. A 

calibration curve was generated for every analysis. This method was maintained for all emerging 

contaminant concentration analyses. 

7.2.4.1. Adsorption of different emerging contaminants 

As the stock solutions, 20 mg of TC, STZ, and ATZ were separately dissolved in 10 mL 

of MeOH. 3 mg of adsorbents were pre-soaked in 9.8 mL of deionized water (DI water) and pH 

was adjusted with 1 M HCl and NaOH. 75 ɛL of stock solution was added into to system, and 

more DI was added to make total volume of 10 mL. Then, it was shaken covered at 250 rpm for 

24 hours to approach the equilibrium. The shaking speed and reaction time were maintained for 

other experiments if there is no specific comment. Additionally, selectivity of UiO-66-FA18eq 

towards the emerging contaminants was also determined. 20 mg of emerging contaminants were 

dissolved together in 10 mL of MeOH, and 100 ɛL of the stock solution was added. The removal 

efficiency was calculated based Eq. 1, where C0 and C refer the initial concentration of emerging 

contaminant and concentration after adsorption experiment, respectively. 

2ÅÍÏÖÁÌ %ÆÆÉÃÉÅÎÃÙ  ρππ Ϸ    Equation 1. 

7.2.4.2. TC isotherm 

For the TC isotherm experiment, 10 g/L TC stock solution was prepared with 1:1 (v/v) 

MeOH:H2O solution. The stock solution was further diluted to 5000 and 1000 mg/L with DI water 

as needed. For the experiments, 3 mg of UiO-66-Fa18eq and UiO-66-NH2 was pre-soaked 9.8 mL 

of DI water and pH was adjusted with very small amount of 1 M HCl and 1 M NaOH. Different 

initial concentrations (1-200 mg/L) were tested, and MeOH/H2O was lower than 0.01 (v/v) to 

avoid any co-solvent effect. The reaction proceeded over 24 hours while it was shaken at 250 rpm 

with a cover to block the light.  
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7.2.4.3. TC adsorption kinetics study 

For the kinetic experiment, initial TC concentration was set to 20 mg/L. 40 mL of solution 

with same adsorbent dosage (300 mg/L) was used. Different coexisting ions (0.1 M of NaCl, KCl, 

MgCl2, CaCl2, NaNO3, Na2SO4) were tested to elucidate the effect types of coexisting ions on 

kinetics. 

7.2.4.4. Recyclability test 

Recyclability was examined for 5 cycles. After 2-hour adsorption with 20 mg/L initial TC, 

adsorbents and solution were separated by centrifuge (5000 rpm, 20 min), and charged with same 

volume of MeOH and regenerated for 4 hours. The liquid phase and solid phase were separated 

via centrifuge and the solid was dried under vacuum at 80 °C, before the new cycle of adsorption-

regeneration.  

 

7.3. Result and Discussion 

7.3.1. Confirmation of UiO -66 family adsorbent synthesis via adsorbent characterizat

ion 

After synthesizing the 6 types of MOF adsorbents (neat UiO-66, UiO-66-FA18eq, UiO-

66-FA36eq, UiO-66-FA100eq, UiO-66-NH2, and UiO-66-NO2), we first analyzed their crystalline 

structure with PXRD. As shown in Figure 7.3.1.1 (a), the major peaks at 7.5 and 8.6 ° were 

observed for all adsorbents, indicating the synthesized adsorbents were well crystalized with fm3m 

symmetry as reported in previous literatures except for UiO-66-FA100eq.(Chakarova, Strauss, 

Mihaylov, Drenchev, & Hadjiivanov, 2019; Jiangtian Li, Musho, Bright, & Wu, 2019) In the case 

of UiO-66-FA100eq, we could observe a low intensity peak at 7.5°, and a broad peak around 8-
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10°. This may because of the excess amount of formic acid relative to the linkers, which inhibited 

the reactions between the linker and metal cluster and crystalline structure formation. Thus, in the 

following study, we excluded UiO-66-FA100eq due to its structural instability. Previous research 

showed crystalline structure even when they added 100 equivalent-molar of FA, and this result 

may have originated from the higher concentration of FA that we used lesser amount of DMF 

compared to the literature.(Shearer et al., 2016) Additionally, we observed distinctive peaks at 

around 4° and 6° (red arrows) for defect-controlled samples (UiO-66-FA18eq and UiO-66-

FA36eq). These peaks indicate the formation of reo structure by adding formic acid during the 

solvothermal reaction.(Chammingkwan et al., 2020; Cliffe et al., 2014; Feng et al., 2020) In detail, 

the added formic acid created vacancies in pristine UiO-66 crystal structure by inhibiting the 

reaction between the Zr-O and carboxylic acid functional group in linker molecules. According to 

XRD patterns (Figure 7.3.1.1. (a)), the defect-controlled UiO-66s showed crystalline structure 

when we added formic acid up to 36 equivalent moles relative to a mole of the linker. In the case 

of UiO-66-FA100eq, we observed that the peak intensities were significantly reduced (Figure 

7.3.1.1. (a)), suggesting that the crystalline structure could not be formed adequately with an excess 

amount of FA. The schematic structure of defective UiO-66 (reo structure, UiO-66-FA18eq and 

UiO-66-FA36eq), and defect-free MOFs (fcu structure) for UiO-66, UiO-66-NH2, and UiO-66-

NO2 are illustrated in Figure 7.3.1.1 (b) and (c), respectively. In fcu topology, a metal node is 

coordinating with 12 terephthalate (BDC) ligands. On the other hand, the reo structure is reported 

to have the missing cluster defects in structure.(Cliffe et al., 2014; Shearer et al., 2016) In this 

structure, nodes are only 8-connected, indicating four less connections are formed between the 

metal cluster and ligands compare to pristine fcu topology. Thus, more exposure of not connected 
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Zr-O (ɛ3-O and ɛ3-OH) probably results in an to increase the Lewis acid sites, which can be the 

interaction sites.(Feng et al., 2020)  

Additional characterization of physical properties on 5 adsorbents were performed via 

BET analysis. According to the results shown in Figure 7.3.1.2, all adsorbents showed type II 

isotherm, and the specific surface area, pore width are identified in Table 7.3.1.1.(Brunauer, 

Deming, Deming, & Teller, 1940) According to the results, UiO-66-FA18eq showed the highest 

surface area and followed by UiO-66, UiO-66-NH2, UiO-66-NO2, and UiO-66-FA36eq. Increased 

surface area of UiO-66-FA18eq relative to pristine structure is due to the generated defects and 

increase of active sites while it maintains the crystalline structure. Meanwhile, UiO-66-FA36eq 

had lower specific surface area. This may attribute to the collapse of micropore structure due to 

increased defects.(Kang et al., 2019) The increased average pore width of UiO-66-FA36eq also 

can be explained by the decreased micropore structure (< 20 ). The chemically modified UiO-

66-NH2 and UiO-66-NO2 showed specific surface areas lower than 1000 m2/g which are in 

agreement with previous literatures.(DôAmato et al., 2021; Luu, Nguyen, Nguyen, & Hoang, 2015; 

Tang et al., 2021) Through the characterization, we confirmed that the adsorbents were 

successfully synthesized except for the high FA concentration cases. 
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Figure 7.3.1.1 (a) XRD patterns for synthesized UiO-66, UiO-66-NH2, UiO-66-NO2, UiO-66-

FA18eq, UiO-66-FA36eq, and UiO-66-FA100eq, (b) structure of reo topology with 8-

connected nodes, and (c) structure of fcu topology with 12-connected nodes 
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Table 7.3.1.1. List of synthesized adsorbents and modification strategy with BET specific 

surface area BJH adsorption average pore width determined via N2 isotherm 

Chemical 

Structure 
Modification 

strategy 

Specific Surface 

Area 

(m
2
/g) 

Average Pore 

Width 
(nm) 

UiO-66 Pristine 1287.92 2.12 

UiO-66-NH
2
 

Linker 

functionalization 
(Chemical) 

792.04 6.24 

UiO-66-NO
2
 

Linker 

functionalization 
(Chemical) 

951.86 3.83 

UiO-66-FA18eq 
Defect engineering 
(Physical) 

1671.76 3.55 

Figure 7.3.1.2. N2 isotherms of synthesized UiO-66 and UiO-66 derivatives via physical and 

chemical modifications 
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UiO-66-FA36eq 
Defect engineering 
(Physical) 

654.81 4.92 

 

7.3.2. Adsorption behaviors of different representative emerging contaminants  

  With 5 synthesized adsorbents, UiO-66, UiO-66-NH2, UiO-66-NO2, UiO-66-FA18eq, and 

UiO-66-FA36eq, we determined the adsorption capacity of representative emerging contaminants 

that are tetracycline (antibiotics), sulfathiaxazole (antibiotics), and atrazine (herbicide). The 

selected emerging contaminants are widely used chemicals and detected in natural systems. The 

physical and chemical properties of each chemical is listed in Table 7.3.2.1. As indicated in Table 

7.3.2.1, hydrodynamic radiuses of all model emerging contaminants are smaller than the average 

pore width (Table 7.3.1.1). Based on this, we could assume that there is a negligible limitation for 

emerging contaminants to approach the active interaction sites due to molecular size. Also, the 

emerging contaminants have different pKa (dissociation constant) and pKow (Octanol-Water 

partition coefficient) values. Thus, we aimed to elucidate the primary interaction mechanisms and 

removal capacity of each adsorbent based on different chemical properties of representative 

emerging contaminants selected in this study.  

 

Table 7.3.2.1. Representative emerging contaminants used in this study. The values were 

obtained from the references.(Chai et al., 2016; Information, 2024b, 2024c) The 

hydrodynamic radius of each molecules was calculated using Chem 3D software, and the 

longest length has listed 

Chemical 

Structure 
 

Tetracycline (TC) 
 

Sulfathiazole (STZ) 
 

Atrazine (ATZ) 
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As described in Section 7.2.4, the initial concentration was fixed to 15 ppm due to the low 

solubility of Atrazine in water and we firstly conducted the adsorption experiment near pH 6. We 

chose this pH value as the primary pH to avoid different charges among the emerging 

contaminants. At this pH range, all pollutants show a neutral charge. After the adsorption, the 

equilibrium pH values were slightly changed, but they did not exceed pH 6.5, the most significant 

change observed in ATZ adsorption. The removal efficiency is calculated based on Equation 1, as 

shown in the method section. As shown in Figure 7.3.2.1, the removal efficiency of each emerging 

contaminant at pH ~6.2 was significantly different. Notably, the removal efficiencies were higher 

in the order of TC, STZ, and ATZ regardless of the modification methods. In the case of pristine 

UiO-66, the differences in TC removal efficiencies were higher than 85% and 90% compared to 

STZ and ATZ, respectively. This behavior may be attributed to the different polarity and 

hydrophobicity of molecules as the removal efficiency was decreased with increased pKow. This 

finding suggests that the synthesized UiO-66 and its derivatives are more effective for hydrophilic 

emerging contaminant removal and less contribution to ˊ-ˊ interaction or Van der Waals 

interactions. In contrast, hydrogen bonds or electrostatic interactions at metal nodes can be the 

potential candidates for the major interaction mechanisms. 

 

Hydrodynamic 

radius (nm) 
1.04 1.14 0.99 

pKa 3.3, 7.7, 9.25 7.24 1.6 

pKow -1.37 0.05 2.61 

Solubility in 

water (ppm) 
231 373 33.0 
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Interestingly, for TC, chemically modified adsorbents showed lower removal efficiency 

compared to pristine and defect-controlled adsorbents. This result suggests that the major 

adsorption mechanism for TC had been suppressed when UiO-66 was chemically modified. 

Furthermore, significant depression of adsorption was observed when the linkers were 

functionalized with an electron-withdrawing group (-NO2), compared to an electron-donating 

functional groups in linker molecules. This may be based on the degree of Lewis acidity 

enhancements induced by the functional groups, such that the nitro functional group may introduce 

higher acidity than the amino functional group.(Chakarova et al., 2019; G. Lee, Yoo, Ahmed, Lee, 

& Jhung, 2023; Timofeeva et al., 2014) In this regard, tuning the acidity via electron-donating or 

electron-withdrawing at pH near 6 can inhibit the adsorption interaction.  

On the other hand, opposite adsorption capacity tendencies were observed in STZ 

adsorption. We speculated from these results that increased acidity can enhance STZ adsorption. 

Figure 7.3.2.1. Removal efficiency of STZ, TC, and ATZ at pH ~6.2 with pristine UiO-66 

and chemically and physically modified derives. Initial concentration of each 

contaminant was 15 ppm. Adsorption was conducted for 24 hours, with shaking at 250 

rpm, and 300 mg/L of adsorbent dosage. 
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ATZ showed the lowest adsorption behavior among the three model pollutants, while the pristine 

UiO-66 showed the best performance. However, it is challenging to elucidate the reason for 

modified acidity since ATZ is a non-polar and hydrophobic molecule.  

 

Furthermore, we explored the adsorption behaviors of three model emerging contaminants 

at different pH conditions. pH was controlled with standard acid and base, as described in the 

method section. As illustrated in Figure 7.3.2.2, removal efficiencies order for emerging 

contaminants were identical as shown in Figure 7.3.2.2 through all tested pH ranges, and TC were 

Figure 7.3.2.2. Emerging contaminant adsorption at different pH ranges. Identical 

reaction conditions except pH. Adsorbent dosage (300 mg/L), same initial C0 (15 ppm), 
24-hour adsorption for equilibrium, 250 rpm, and light blocked. 
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significantly more adsorbed regardless of pH and adsorbent that almost 100% of TC was removed 

with adsorption onto UiO-66 family except for UiO-66-NO2. This demonstrates that the UiO-66 

family is a highly potential adsorbent class to remove polar emerging contaminants. This will be 

a strong advantage for hydrophilic emerging contaminant removal from the aqueous phase. At pH 

at around 4 and 7, a significant portion of TC is positively or negatively charged, respectively, due 

to the dissociation of functional groups in its molecular structure.(Ma et al., 2020) Thus, the 

electrostatic interaction may not be the major interaction mechanism between UiO-66s and the TC 

molecules. In particular, the removal efficiency decreased when pH increased in the case of STZ. 

This result demonstrates that the lower pH assists the adsorption mechanism of STZ onto UiO-

66s. At pH higher than 7.24, STZ dissociates and shows negatively charged. Thus, our experiment 

condition (~pH 7.5) would consist of neutral and negatively charged STZ. Thus, the lower removal 

efficiency at higher pH may be due to the different charges of STZ. Further discussions on STZ 

adsorption behavior at different pH will also be described later. Regarding ATZ, UiO-66 showed 

increased removal efficiency following pH, while UiO-66-NO2 showed decreased adsorption. 

Other adsorbents, UiO-66-NH2, UiO-66-FA18eq, and UiO-66-FA36eq, showed removal 

efficiency approximately in the range of 0~7 % with considerable variation. Additionally, UiO-

66-FA36eq had similar or lower removal efficiencies relative to UiO-66-FA18eq, which may be 

attributed to the micropore structure collapse indicated in the previous section. In this regard, we 

only explored the UiO-66-FA18eq case as an example of a physical modification method. 

 

7.3.3. Adsorption kinetics of TC with/without coexisting ions  

In the previous section, we confirmed that UiO-66s can adsorb TC effectively. Based on 

the previous results, we further investigated TC adsorption kinetics to determine the more 
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advantageous modification direction to enhance the overall performance. Thus, we increased the 

initial concentration of TC to 20 ppm, collected the samples at a particular reaction time, and 

analyzed the adsorption kinetics using HPLC-UV-Vis. Figure 7.3.3.1 depicts the adsorption rates 

of UiO-66, UiO-66-NH2, UiO-66-NO2, and UiO-66-FA18eq have been depicted under ideal 

condition, which has no additive ions. During a 2-hour experiment, we revealed that the defect-

controlled adsorbent, UiO-66-FA18eq, can adsorb TC the most in identical reaction time that TC 

was adsorbed approximately 70% in 20 minutes, and the rates were fast in order of UiO-66, UiO-

66-NH2, and UiO-66-NO2 in the 2-hour time frame. From this experiment set, we revealed that 

physical modification via defect engineering can enhance the removal rate. In contrast, chemical 

modifications cannot offer such an advantage regarding kinetics. The enhanced performance is 

likely due to the increased adsorption site in UiO-66-FA18eq, which is the consequence of reo 

structure. 

Figure 7.3.3.1. Adsorption kinetics of UiO-66, UiO-66-NH2, UiO-66-NO2, and UiO-66-

FA18eq without coexisting ion. The reaction was conducted at pH 6, initial TC 

concentration of 20 ppm, 250 rpm, blocked light exposure. 
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Additionally, we explored the effect of coexisting ions since water bodies contain various 

ions in the real world. Thus, we determined the effect of four types of cations (Na+, K+, Mg2+, and 

Ca2+) and two anions (NO3
ï and SO4

2ï) in this study (Figure 7.3.3.2). Notably, adding cations 

suppressed adsorption rates and capacities of adsorbents compared to no coexisting ion condition. 

Exceptionally, UiO-66-NO2 exhibited almost similar adsorption capacities regardless of the types 

of coexisting cation, which is approximately 20% removal. According to the results in Figure 

7.3.3.2, the adsorption capacity has been decreased in the order of Mg2+ > Ca2+ > Na+ > K+. For 

instance, TC removal efficiencies with UiO-66-FA18eq were reduced to 44.4, 59.6, 83.3, and 88.5 

% for Mg2+, Ca2+, Na+, and K+, respectively, from 92.5% of no ion case. This order is consistent 

with the hydrodynamic radius of cations. Thus, the inhibitory effect of background cations on TC 

adsorption rates and capacities can be attributed to the hindrance of interaction sites where 

hydrogen bonding is offered.(Ma et al., 2020; Nguyen et al., 2021; Tran et al., 2020; Yan et al., 

2024; Y. Zhao et al., 2012) Additionally, divalent cations, Mg2+ and Ca2+, can coordinate with TC, 

which can further inhibit the adsorption of TC.(Jiang, Cai, Liu, Shi, & Wang, 2023) The TC 

adsorption behavior of the pristine UiO-66 case can support this hypothesis. According to the UiO-

66 case, the gaps in adsorption capacity have been reduced unlike the case of no coexisting ion. 

Still, however, the defect-engineered UiO-66-FA18eq showed faster adsorption rates with most 

cations. Therefore, it is clear that physical modification via defect control can be preferable for 

further development of emerging contaminant adsorbents.  
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In Figure 7.3.3.3, the adsorption kinetics study results in the presence of anions are 

illustrated. The anions also showed a negative effect on adsorption rates and capacities, especially 

for UiO-66 and UiO-66-FA18eq. On the other hand, NO3
ï showed a milder negative effect 

compared to SO4
2ï for UiO-66 and UiO-66-FA18eq. This behavior was observed for different 

adsorbents, and it may be attributed to competition between the TC and anions and stronger charge, 

which can cause stronger interactions.(J. Cao et al., 2018; W. Li et al., 2019; Vo & Kim, 2021; 

Wu, Xie, He, Guan, & Zhang, 2016) Notably, the inhibitory effect of additive anions is not 

Figure 7.3.3.2. Adsorption kinetics of tetracycline at pH 6 under presence of coexisting 

cations (a) Na, (b) K, (c) Mg, and (d) Ca. The initial TC concentration was 20 ppm, and 

batch reactor was shaken at 250 rpm, with light-block. 
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significant when applied to chemically modified UiO-66, UiO-66-NH2, and UiO-66-NO2. In 

particular, the adsorption rate and capacity of UiO-66-NO2 were enhanced unlike other conditions 

and adsorbents, allowing us to speculate that the sulfate anion may aid the adsorption of TC. 

However, most of the adsorption (> 20% removal) happened in a very short time. The mechanisms 

behind this should be further investigated in future research. Overall, UiO-66-FA18eq and UiO-

66-NH2 can be the best candidates for universal pH and various ion environments from physical 

modification and chemical modification, respectively. 

 

 

To further gain the insights into the adsorption mechanism, the four kinetic models were 

fitted with the adsorption data for UiO-66-FA18eq and UiO-66-NH2, which show the best 

performance from physically and chemically modified adsorbents, respectively. In this research, 

we used pseudo-first-order (Eq. 2), pseudo-second-order (Eq. 3), Elovich (Eq. 4), and intra-particle 

diffusion models (Eq. 5) as described below. 

 

Figure 7.3.3.3. Adsorption kinetics of tetracycline at pH 6 under presence of coexisting 

cations (a) NO3
ï, and (b) SO4

2ï. The initial TC concentration was 20 ppm, and batch 

reactor was shaken at 250 rpm, with light-block 
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ÌÎή ή ÌÎή Ὧὸ    Equation 2. 

ὸ     Equation 3. 

ή ÌÎ‌‍ ÌÎὸ     Equation 4 

ή Ὧὸ ὰ      Equation 5. 

 

In the formula, qe (mg·gï1) and qt (mg·gï1) indicate the adsorbed amount of TC by 

adsorbent at equilibrium and at time t, respectively. Also, k1 (minï1), k2 (g·mgï1·minï1), and ki are 

rate constant for pseudo-first-order adsorption, second-order adsorption, and intra-particle 

diffusion adsorption, respectively. Ŭ and ɓ are constants for the Elovich model, indicating the rate 

of chemisorption at zero coverage of adsorbent (mg·gï1
·minï1) and the extent of covered surface 

and activation energy for chemisorption (g· mgï1), respectively. As shown in Table 7.3.3.1, TC 

adsorption for both UiO-66-FA18eq and UiO-66-NH2 are surface chemical reaction-controlled 

reactions, indicating there was no intra-particle diffusion limit as we expected with adsorbent 

characterization (Table 7.3.1.1). Further, both adsorbents mostly showed the best fit with the 

Elovich model. The Elovich model assumes that the adsorption occurs at specific sites and 

activation energy for adsorption increases linearly with active surface coverage.(Largitte & 

Pasquier, 2016) Thus, as we hypothesized, metal nodes can be considered the specific adsorption 

sites for hydrogen bonding between TC and adsorbents. Interestingly, we revealed that the orders 

of ɓ values for both adsorbents with different co-existing ions are identical as Mg2+ > Ca2+ >= 

SO4
2ï >= NO3

ï > Na+ > No ion > K+
, which is similar to the order of adsorption capacities. In this 

regard, the revealed results can support the hypothesis that the ions inhibit TC adsorption. 

Additionally, the activation energy of the óNo ionô case is slightly higher than K+. However, it can 

be acceptable as the adsorption kinetics for the óNo ionô case and K+ case had minimal differences.  
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Table 7.3.3.1. Adsorption kinetic models and calculated parameters for UiO-66-FA18eq 

and UiO-66-NH2 with the presence of different ions 

  Pseudo-first-order Pseudo-second-order Elovich 
Intra-particle 

diffusion 

Adsorbent  q
e
 k

1
 R

2
 q

e
 k

2
  R

2
 Ŭ ɓ R

2
 k

i
 R

2
 

UiO-66-

FA18eq 

No 

ion 

46.2

2 

0.06

3 

0.96

8 

65.5

7 
1.90 

0.98

7 

21.1

2 

0.07

4 

0.99

9 
9.77 

0.93

1 

Na
+
 

46.1

0 

0.05

6 

0.97

6 

57.9

7 

2.01×10
ï3

 

0.99

2 

16.9

5 

0.08

5 

0.99

0 

10.0

0 

0.97

4 

K
+
 

61.4

9 

0.09

2 

0.99

5 

67.7

5 

1.39×10
ï3

 

0.93

4 

14.1

3 

0.06

7 

0.98

1 

12.5

6 

0.94

2 

Mg
2+

 
30.6

4 

0.04

3 

0.97

7 

46.5

5 

5.95×10
ï4

 

0.91

3 
3.76 

0.16

5 

0.98

7 
5.16 

0.99

0 

Ca
2+

 
35.0

5 

0.04

6 

0.97

1 

37.1

7 

2.79×10
ï3

 

0.98

9 

10.0

6 

0.13

6 

0.99

2 
6.23 

0.98

5 

NO
3

ï
 

45.4

3 

0.06

2 

0.95

8 

59.5

2 

1.75×10
ï3

 

0.97

9 

12.1

1 

0.12

1 

1.00

0 
7.18 

0.99

2 

SO
4

2

ï
 

42.7

9 

0.04

4 

0.98

7 
4.12 

2.88×10
ï1

 

0.97

9 

12.1

1 

0.12

1 

0.96

2 
7.18 

0.99

2 

UiO-66-

NH
2
 

No 

ion 

46.7

6 

0.03

0 

0.95

1 
3.72 0.79 0.986 23.21 0.12 0.976 6.09 

0.97

8 

Na
+
 

51.3

9 

0.02

9 

0.92

9 
37.66 4.57×10

ï3
 0.994 13.73 0.11 0.993 6.80 

0.96

9 

K
+
 

50.4

7 

0.04

5 

0.94

0 
50.97 2.78×10

ï3
 0.988 18.62 0.10 0.992 8.99 

0.96

5 

Mg
2+

 
60.3

8 

0.01

2 

0.93

3 
24.39 1.65×10

ï3
 0.929 2.48 0.19 0.980 3.65 

0.98

2 

Ca
2+

 
54.8

3 

0.01

9 

0.94

8 
28.30 4.59×10

ï3
 0.994 8.44 0.16 0.994 4.96 

0.98

8 

NO
3

ï
 

49.4

0 

0.02

4 

0.88

6 
32.74 7.69×10

ï3
 0.998 16.90 0.13 0.996 5.80 

0.94

2 

SO
4

2

ï
 

47.9

2 

0.02

9 

0.90

2 
25.21 3.94×10

ï3
 0.963 29.27 0.16 0.943 3.94 

0.68

0 
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7.3.4. Adsorption isotherm 

To understand the adsorption mechanisms of two promising cases, UiO-66-FA18eq and 

UiO-66-NH2, we explored their isotherm. Also, we fitted their isotherm with Langmuir and 

Freundlich models, which are widely used for adsorption mechanism studies.(Jiang et al., 2023; 

Y. Zhao et al., 2012; Zhuang & Wang, 2021) In Figure 7.3.4.1, we revealed that UiO-66-FA18eq 

has a better fit with Langmuir, and UiO-66-NH2 fits better to Freudlich model, while both models 

had benign R2 values (>0.94). The equations for the Langmuir and the Freundlich models are 

described in equation 6 and 7, respectively. As above, qe indicates the adsorbed amount of pollutant 

(mg·gï1) at the equilibrium; qm means maximum adsorption capacity (mg·gï1); KL and KF are the 

constants for Langmuir model (mgï1) and Freundlich model (mg·gï1), respectively; Ce is pollutant 

concentration in the aqueous phase at the equilibrium (ppm).  

 

ή       Equation 6. 

ή ὑὅ
ϳ

      Equation 7. 

 

Remarkably, the qm and KF values of UiO-66-FA18eq that are calculated from Langmuir 

and Freundlich models, respectively, were higher than the values for UiO-66-NH2. Especially from 

the Langmuir model, it was found that the maximum adsorption capacity of UiO-66-FA18eq was 

double of the value from UiO-66-NH2. In this regard, we could conclude that UiO-66-FA18eq will 

be beneficial to use to deal with higher concentrations. 

 

Table 7.3.4.1. Adsorption isotherm models and calculated parameters for UiO-66-FA18eq 

and UiO-66-NH2 
 

Langmuir Freundlich 
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 q
m
 R

2

 K
F
 R

2

 

UiO-66-Fa18eq 180.44 0.967 64.18 0.962 

UiO-66-NH
2
 96.63 0.945 59.30 0.999 

 

 

7.3.5. Understanding primary adsorption mechanisms and assessing efficient strategic

al direction for next-generation adsorbents 

To further understand the primary adsorption mechanisms, we conducted an XPS analysis. 

In general, three distinct peaks are observable in O1s XPS spectra of UiO-66, indicating oxygen-

based bonds in metal nodes that ñZr-O-Zrò (~530 eV), ñZr-O-Cò (~531 eV), and ñZr-O-Hò (~533 

eV) as shown in Figure 7.3.5.1(a).(Mukhopadhyay et al., 2021) Based on the calculated area for 

each peak, we plotted the relative content of each oxygen species in Figure 7.3.5.1(b), and we 

confirmed that physically modified UiO-66-FA18eq had more hydroxyl group exposure than other 

materials. UiO-66 showed the lowest Zr-O-H content in its structure, followed by UiO-66-NH2 

Figure 7.3.4.1. Adsorption isotherm of TC to (a) UiO-66-NH2, and (b) UiO-66-FA18eq 

fitted with Langmuir and Freundlich models. The reaction was performed at room 

temperature, 250 rpm, under light-block. 
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and UiO-66-NO2. Interestingly, even though the relative content of Zr-O-H was higher than UiO-

66, it showed a slower adsorption rate and capacity. This may be attributed to the lower surface 

area, which that reduces the available interaction sites for TC adsorption, or the hindrance effects 

of the amino and nitro groups. In the previous kinetics section, we revealed that UiO-66-NH2 had 

a higher activation energy value, ɓ, compared to the UiO-66-FA18eq. It suggests that chemical 

activation inhibits TC adsorption even though it enables alternating the metal nodeôs acidity. 

In addition, we performed a potentiometric titration (Figure 7.3.5.1(c)) for UiO-66, UiO-

66-NH2, UiO-66-NO2, and UiO-66-FA18eq. The results were consistent with the previous studies 

that defected UiO-66-FA-18eq showed more content of ə1-OH2, which is pKa around 7.3 than 

UiO-66 and UiO-66-NH2.(Ibrahim et al., 2019; Klet, Liu, Wang, Hupp, & Farha, 2016; Somjit et 

al., 2022) Additionally, UiO-66-NH2, and UiO-66-NO2 demonstrated the plateau region at pH ~8.5 

and ~6.7, respectively. In contrast, these plateaus were not observed for UiO-66 and UiO-66-

FA18eq. Especially, the lowered pKa value for UiO-66-NO2 can be ascribed to its conjugation 

characteristic with electron-withdrawing, while the opposite behavior is available for UiO-66-

NH2, which is functionalized with the electron-donating group.(Stasyuk, Szatylowicz, Krygowski, 

& Fonseca Guerra, 2016) Thus, it can be estimated that hydrogen bonding of TC via M-OH2 or M-

OH in UiO-66-FA18eq enhanced the adsorption, while the conjugated interaction sites in UiO-66-

NO2 group distracted the adsorption of TC at the reaction pH range around ~6.2. Furthermore, in 

the case of STZ, the adsorbents would show an increased negative charge as pH increases. Thus, 

it may inhibit the STZ adsorption (Figure 4(a)). Also, the decrease in ATZ adsorption with UiO-

66-NO2 within pH increase and the opposite trend with UiO-66 may relate to the conjugation 

behavior. From this potentiometric titration, we could elucidate the mechanisms of enhanced 

behavior of UiO-66-FA18eq and suggest insightful mechanisms for chemically modified UiO-66s. 
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7.3.6. Selectivity and reusability of defect engineered UiO-66-FA18eq  

As an extended study, we explored the selectivity of UiO-66-FA18eq when competitive 

adsorption happens to gain insights into the adsorption behavior in a complex system. Thus, we 

prepared the binary mixtures of emerging contaminants, ATZ&TC and STZ&TC, and calculated 

the selectivity coefficient following Equation 8 below.  

 

Figure 7.3.5.1. (a) O1s XPS spectra of UiO-66, UiO-66-NH2, UiO-66-NO2, and UiO-66-FA18eq, 

(b) calculated relative amount oxygen in ñZr-O-Hò, ñZr-O-Cò, and ñZr-O-Zrò of each 

synthesized UiO-66 family adsorbent, and potentiometric titration curve; 15 mL of 50 mg/60 

mL of 0.01 M NaNO3 
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3
Ў   ȟ   ϳ

Ў ȟϳ
    Equation 8. 

 

Table 7.3.6.1. The comparison of emerging contaminant adsorption selectivity of UiO-66-

FA18eq and purchased activated carbon; Initial concentration of each emerging 

contaminant was 20 ppm 

 UiO-66-FA18eq 

Activated carbon 

(purchased from Sigma) 

 Selectivity Std. dev. Selectivity Std. dev. 

ATZ/TC 0 0 0.89 0.06 

STZ/TC 0.13 0.03 0.90 0.02 

 

The lower coefficient (S) indicates a stronger preference for the adsorption of TC

. In this study, we compared the selectivity of UiO-66-FA18eq with commercially availab

le activated carbon to determine if UiO-66-FA18eq demonstrates better selectivity than th

e widely used activated carbon. The results showed that UiO-66-FA18eq removed 0% of 

ATZ and 99.0% of TC from the ATZ-TC system, while it removed 12.7% of STZ and 

97.8% of TC from the STZ-TC system. With activated carbon, higher removal efficiencie

s were observed: 88.9% of ATZ and 100% of TC, and 90.0% of STZ and 100% of TC 

were removed from the ATZ-TC and STZ-TC systems, respectively. During the process, 

higher selectivity can provide opportunities to recover desired chemicals or design more c

ontrollable processes for water remediation. As indicated in Table 7.3.6.1, UiO-66-FA18e

q showed significantly higher selectivity toward TC in both the ATZ-TC and STZ-TC ca

ses. Particularly in the presence of TC, a negligible amount of ATZ was adsorbed, indic

ating that TC preferentially occupies the interaction sites when competing with ATZ. The

 lower selectivity of activated carbon can be attributed to its complex functionality and 
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multiple available interaction mechanisms. Based on these results, it is suggested that a t

wo-step process could be developed: first, separating and recovering TC from contaminat

ed water using UiO-66-FA18eq, and then removing the remaining emerging contaminants 

with activated carbon to remediate the water.  

Additionally, we assessed the recyclability of UiO-66-FA18eq. Since UiO-66-FA18

eq has more structure defects, it may be less stable than the pristine UiO-66, and the ad

sorption performance can be degraded. Thus, we established 5 cycles of TC adsorption a

s described in the method section. As a result, ~90% of removal efficiency was kept thr

oughout the five cycles (Figure 7.3.6.1). From this result, we confirmed that defected Ui

O-66 could be stable for multiple cycles in water treatment, and it is an affordable direc

tion for future adsorbents. 

Figure 7.3.6.1. Recycle experiment result of UiO-66-FA18eq on 20 ppm TC removal. 

The adsorption was performed for 2 hours. 
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7.4. Conclusions 

This study explored the strategic approaches to designing MOFs to enhance the removal 

of emerging contaminants. For that, we synthesized six MOFs, which are pristine UiO-66, UiO-

66-NH2 (chemically modified), UiO-66-NO2 (chemically modified), UiO-66-FA18eq (physically 

modified), UiO-66-FA36eq (physically modified), and UiO-66-FA100eq (physically modified) to 

determine which direction of modification can further enhance the adsorption capacity. UiO-66-

FA100eq, however, did not form a proper crystalline structure, which may be due to the excess 

amount of formic acid, which inhibited the reaction between the metal Zr metal cluster and 

terephthalate linker. Thus, we tested the adsorption behaviors of three representative emerging 

contaminants (TC, STZ, and ATZ) with five adsorbents. In the adsorption experiments at fixed 

initial contaminant concentration and pH, we revealed that UiO-66 and UiO-66 derivative 

adsorbents were superior to removing TC from the aqueous phase, even though TC is hydrophilic. 

On the other hand, synthesized adsorbents did not effectively adsorb STZ and ATZ, which 

may be attributed to their less polar or non-polar properties. Further, we revealed that defective 

UiO-66, which is physically modified, showed better adsorption performance on TC compared to 

chemically modified UiO-66 both thermodynamically and kinetically. Notably, cations (K+, Na+, 

Mg2+, and Ca2+) and anions (NO3
ï, and SO4

2ï) decreased the adsorption rate and capacity of TC to 

UiO-66-FA18eq and UiO-66-NH2, and the inhibitory effect of cations increased as hydrodynamic 

radius increased as it can hinder the adsorption sites. This behavior and characterization showed 

that hydrogen bonding at metal nodes (ɛ3ïOH and ɛ1-OH2) is probably the primary interaction 

site. Also, defective UiO-66 and UiO-66-FA18eq demonstrated selective adsorption of hydrophilic 

TC over hydrophobic emerging contaminants used in this study (STZ and ATZ) and showed good 

removal efficiency over five cycles. Overall, the physical modification direction enhanced the 
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adsorption performance over the chemical modification direction. Thus, in future works, it will be 

valuable to explore the defective MOFs to adsorb different emerging contaminants or append them 

to other supports to apply in the real water remediation process design. 
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Conclusions and Future work 

 In this study, different interfacial chemistries related to the Water-Energy-Environmental 

(WEE) nexus were explored, including dissolution/carbonation behaviors at the natural mineral-

water interfaces and adsorption behaviors at the engineered materials-water interfaces to 

understand and enhance the CO2 and emerging contaminant removal.  

For carbon dioxide removal (CDR), in-situ carbon mineralization is essential for storing 

CO2 permanently in solid carbonate form. To assess the potential of geological CO2 storage, 

numerous drawbacks, such as varied reaction rates, undiscovered reaction mechanisms, the effects 

of parameters, and their sensitivity, should be addressed. In this regard, this study explored 

mineral-fluid interfaces to understand dissolution kinetics, direct carbonation, and nucleation 

behaviors.  

The dissolution kinetics is generally considered the rate-determining step for the overall 

carbon mineralization process. Thus, we investigated two primary rocks, basalt and peridotite rock, 

in Chapter 2 and Chapter 3, and olivine mineral, which both rocks contain, in Chapter 4. These 

chapters investigated the dissolution kinetics at far-from-equilibrium and acidic pH conditions to 

mimic the rock (mineral)ïwaterï CO2 interface near the CO2 injection sites. From the study, it was 

revealed that the degree of alteration, or morphology, affects the dissolution rates. In Chapter 2, it 

was found that the dissolution rate decreases when the alteration degree increases in the case of 

sea-floor basalt. 

Further, this study demonstrated that choosing the proper parameters, such as geometric 

surface area vs. BET-specific surface area, is essential for long-term in-situ carbon mineralization, 

as it can lead to a massive discrepancy in results in the future. In Chapter 3, the peridotite rock 

retrieved from Tamarack showed an almost identical dissolution rate with Mg-rich olivine, as it is 
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the dominant phase in the rock. Also, this study determined the impact of pH and temperature, and 

it was revealed that in the acidic pH condition, the rate shows a linear relationship with pH (slope: 

-0.5) and an exponential relationship with temperature with a coefficient of 0.022. In this regard, 

it can be concluded that the dissolution reaction at the natural silicate rock or mineralïaqueous 

phase interfaces has different sensitivity toward each parameter. On the other hand, dissociated 

CO2 is the major proton source during the in-situ carbon mineralization. This led to a decrease in 

the acidity of the fluid when the temperature was elevated. Therefore, optimizing the partial 

pressure of CO2 and temperature is critical for engineering geological CO2 storage due to the 

thermodynamic barrier during the in-situ carbon mineralization. In addition, we observed the Q 

structure shift of silicate during the dissolution. Higher acidity causes more polymerization of 

silica tetrahedral. Meanwhile, the most acidic case (1 M HNO3) did not show the mass transfer 

limited kinetics during the 2-day dissolution experiment and decreased particle size. This may be 

due to the liberation of the Si-passivation layer or the stabilization of dissolved Si with other ions 

from the mineral matrix suppressing the formation of the passivation layer. 

On the other hand, it is essential to consider the carbonation step to fully understand the 

interfacial chemistries related to in-situ CO2 storage to meet CDR. It is the ultimate step in storing 

CO2 permanently. During the geological CO2 storage, the dissolution and carbonation sites can be 

identical or nearby unless the dissolution occurs far from equilibrium. Except for the injection 

spots, the surrounding groundwater and dissolved basic ions increase the pH. In this point of view, 

the direct carbonation behaviors of peridotite rock and olivine were explored in chapters 3 and 4. 

In Chapter 3, the impacts of temperature and additives on the extent of carbonation were 

determined. By comparing the extent of carbonation after a specific reaction time, it was concluded 

that increasing temperature from 70 °C to 90 °C is a slightly more effective direction to enhance 
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the carbonation kinetics relative to adding salts, including HCO3
ï without temperature increment. 

However, in terms of overall operational cost, it should be assessed which direction will be more 

environmentally and economically feasible. In addition, the strategies can be further explored, 

such as reusing the injected water with alkalinity recovery or increasing the reservoir temperature 

by utilizing the released heat during the carbonation.(P. B. Kelemen & Matter, 2008) In Chapter 

4, the study focused on assessing the effect of pH, which plays a critical role in both dissolution 

and carbonation. Since the pH increases by reacting with rock surfaces and mixing with preexisting 

alkaline groundwater, pH should be high during direct carbonation. Thus, we compared the direct 

carbonation rates of different initial pH cases, ranging from pH 3 to 14. Based on the starting pH 

condition, the equilibrium pH at the reaction condition was divided into weak acidic and basic 

conditions. It was found that the case starting with high pH showed faster carbonation kinetics and 

a more significant extent of carbonation relative to acidic cases, even though olivine dissolution 

occurs more in acidic cases. By exploring the thermodynamic driving force, it was speculated that 

the formation of talc and serpentine aids the formation of magnesite at higher pH. From this point 

of view, temperature can be considered the primary parameter to enhance the CDR rate via in-situ 

carbon mineralization. 

Also, this study also aimed to investigate the nucleation behavior of hydrated MgCO3, 

nesquehonite, with different mineral surfaces to elucidate the interfacial interaction mechanisms 

of all possible CO2 storage routes. The Mg and HCO3
ï or CO3

2ï can be retained in the aqueous 

phase after the dissolution and traveling, while the ions can interact with various mineral surfaces 

and be precipitated. In Chapter 5, the nucleation behavior was determined with different mineral 

surfaces, and at the reaction conditions, nesquehonite was precipitated. These results confirmed 

that the nucleation rate, free energy barrier, and interfacial energy between the precipitated 
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nucleation and mineral surface depends on the types of mineral. This implies that preferential 

nucleation and precipitation may be caused during in-situ carbon mineralization, which can change 

the pore network and ultimately change CO2 storage behavior. 

Furthermore, different nucleation behaviors were observed when the coexisting ion 

changes. Relative to a sodium ion, enhanced particle formation was observed, and the nucleation 

resulted in chunky particles when the potassium ion exists in the aqueous phase. This behavior 

may relate to the hydrated radii difference of K and Na, which may coordinate differently with 

primary nuclei. However, further investigations should be conducted to elucidate the mechanisms 

that affect the effect of cations on nucleation behavior. 

As mentioned, intensive water is needed to accelerate the in-situ carbon mineralization 

rates. However, due to water scarcity, recycling the injected fluid is essential to minimize the 

environmental impacts. However, emerging contaminants can be found even in the groundwater 

and surface water, and there are chances of accumulation and of introducing the emerging 

contaminant to surroundings during the repeated injection of fluid and recycling of the formation 

water. Also, various water streams, including landfill leachate, can be utilized for in-situ carbon 

mineralization. This study, therefore, aimed to understand the fundamental adsorption mechanisms 

and kinetics with various emerging contaminants and adsorbents. First, in Chapter 6, biochar 

adsorbents were produced from sewage sludge and rice husk, which are representative solid wastes 

via various preparation methods. In Chapter 6, it was found that chemical activation helped the 

removal of Fe from the aqueous phase, and coordination or electrostatic interactions are speculated 

as significant interactions. Relative to commercial activated carbon, the waste-based biochar had 

more O content and, therefore, showed better performance for Fe removal. In terms of organic 

pollutants, physical adsorption was regarded as the major interaction, and it is related to the 
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chemical properties of tested emerging contaminants. However, some drawbacks, such as limited 

regeneration methods of consumed biochar, the potential for secondary pollution, and highly 

dependent, complex, and inconsistent adsorption capacities, should be overcome for biochar.  

In Chapter 7, we adopted UiO-66s as the platform to study the strategic direction to 

develop the engineered adsorbents. In this chapter, physical modification and chemical 

modification directions were tested with three different types of organic contaminants. It was 

found that UiO-66 and its derived adsorbents can preferentially remove the hydrophilic emerging 

contaminant, tetracycline, from the aqueous phase. It was also confirmed that the selectivity 

towards tetracycline was more significant compared to commercial activated carbon. These 

characteristics of UiO-66 platforms can be an advantage in terms of water remediation. Also, 

increasing the defect sites can offer more sites for adsorption, and it poses more benefits for 

removing hydrophilic tetracycline compared to the chemically modified methods. It was revealed 

that the coexisting ions, both cations and anions, suppressed the interaction between the UiO-66s 

and emerging contaminants. However, UiO-66-FA18eq, physically modified adsorbents, still 

showed the best performance regardless of the existence of the ions.  

In summary, it is expected that the comprehensive understanding conducted in this study 

for various interface regimes can contribute to the advancement of strategic approaches for 

addressing complex challenges within the WEE nexus, particularly related to sustainable in-situ 

carbon mineralization. 

In future work, knowledge and behavioral gaps between lab-scale experiments and pilot-

scale tests are required to be filled. Thus, other parameters related to operational conditions should 

be investigated based on the fundamental findings in this study. As one of the approaches, the 

reactive transport model and sensitivity analysis can be incorporated. 
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Furthermore, this study revealed that aqueous chemistry, such as alkalinity, pH, and types 

of background ions, affects dissolution and carbonation kinetics and thermodynamics. The 

findings can be utilized to formulate the aqueous chemistry during water recycling for in-situ 

carbon mineralization. Thus, injection fluid aqueous chemistry optimization should be investigated 

to enhance the reactivity and maximize carbon storage to mitigate climate change. 

For water recycling, we found MOFs can be promising adsorbents, and physical 

modification methods can improve their performance further. Based on these findings, a next-

generation of adsorbents, such as MOFs appended with hydrogel or synthesized with supporting 

materials, can be developed, which has lower cost and more stability in operation conditions. 

Furthermore, real water bodies, like heavy metals, have more complex compositions. Therefore, 

investigations on the influences of heavy metals on adsorption would be valuable in the future 

direction. In the future, focusing on the adsorption of emerging contaminants and studying 

environmentally benign regeneration methods, such as photo-degradation or electrochemical 

processes, is needed for more efficient processes. In particular, electrochemical processes can 

separate the precious metals dissolved during the in-situ carbon mineralization process, including 

Ni. 
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Appendix A 

 

 

  

Appendix A. (a) The particle size distribution of ground Tamarack peridotite rock sample 

and (b) its N2 isotherm 
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Appendix B 

 

 

  

Appendix B. The dissolution rate of Mg of Tamarack peridotite rock sample at different 

stirring rate. 3 wt%, room temperature, 150-425 ɛm fraction. 
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Appendix C 

 

 

 

 

 

 

 

 

 

Appendix C. Schematic of the proposed process design for the enhanced EC removal and 

resource recovery coupled with in-situ carbon mineralization process. 


