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Abstract

Interfacial Reactions and Transport Behaviors ofCO2 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 effeqigyticularly in realms of water, energy, food and
environment are tackling the sustainability of sociefjhese grand challenges are intricately
interconnected, underscoring the importance of addressing these probimngs tine lens ahe
waterenergyenvironment (WHE) nexus, which emphasizes the interlinkages between these
sectorsFor instance, thenprecedented scale of €8as accumulated in the atmosphere, and it
has accelerated global warming and the chainedamental 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, inclugihgrmaceutical and personal care products
(PPCP), heavy metals, harldes or pesticides, and pmoroalkyl substances (PFA)ave 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, thisbesis
to tackle these multifaceted issues by investigating the interfacial chemistries between the natural
or engineered solids and aqueous phases, particularly in the contextsibfi icarbon
mineralization and water remediation.

To mitigate climate chage, we should not only reduce €émissions but also remove the

previously emitted C&from the air. Insitu carbon mineralization is a critical technology to meet



the agenda of carbon dioxide removal from the air (CDR) as the potential capacity aral offer
thermodynamically downhill reaction to store £@ermanently in solid fornDuring the insitu
carbon mineralization, water plays a pivotal role in the interactions at-R#g2tCO; interfaces.
However the kinetics and mechanismsinterfacial reactions the mineralaqueous phasevith
various compositionstill need to be fully understooddditionally, in-situ carbon mineralization
demands substantial water usageerefore, addressing water security become imperative
However, during the water usaged recycling process, the accumulation of ions, including heavy
metals, and the spreading of organic pollutants can intensify the concerns about water security.

Thus, this thesisbdbs objectives are to foc
kinetics and mechanisms occurring at the interested interfaces to address these challenges. At the
mineralaqueous phase for -Bitu carbon mineralization, the effect of parameters, such as
temperature, pH, and mineralogy has been assessed for mineral diesoltiie 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 didgtion studies exploring the effect of various parameters related
to the insitu carbon mineralization provided valuable insights into the reactivity of feedstock and
morphological alterations that can be utilized for reaetigasportation modeling. Alsahe
experiment results may suggest the system boundary to engineer the geologictibra@e
process.

Also, carbonation behaviors were studied in terms of direct carbonation and nucleation.
For the direct carbonation, olivine mineral and peridotite natkieved from a potential GO
storage site were tested, and the effects of parameters including pH, additives, and temperature

were discussed. During thesitu carbon mineralization, dissolved cations and dissolvedc@®



be nucleated and precipitated 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 tiusy/tizens

and kinetics of carbonation duringsitu carbon mineralization.

Lastly, this study explored the kinetics and mechanisms of adsorption at adsorbent
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 saldily 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,hrough understanding the various regimes of interfabés,study may
contribute to the advancement of strategic approaches for addressingnrtpiexc challenges

within the WEE nexus, particularly related to sustainablsiin carbon mineralization.



Table of Contents

LISt Of FIQUIES.......iiiiiiiiiiiiii ittt eme e e e e e e e e e e s smnns s s s s nnnnnnnnnnsnenes V]
[ A0 B 1= o] L= PP PPPUPPPPPPPPP Xi
ACKNOWIEAGMENLS. ...ttt e e Xi
Yoo (8ot o] o DU PP PR PPPPPPRRIN 1
Chapter 1: Background and MOUIVATIQN...........cciiiiiiiiiiieee e 4

1.1. Carbon storage and utilization via carbon mineralizatian.................ccccoeeeiiiinnes 4

1.2. Physical and chemical enhancement for natural silicate mineral dissalution....... 6
1.3. Physical and chemical enhancementdarbonation................coooveiiiiiieen s 11
1.4. Importance of geological GQtorage and related challenges...........cccccccvviiennene. 13
1.5. Water related challenge duringsitu carbon mineralizatioii emerging contaminants

17

1.6. RESEAICH ODJECHVES.......uuiiiiiiiiiiii it 21

Chapter 2investigate the parameters and framewdoksccurate study on dissolution kinetics

and mechanisms of basalt rock atff@m-equiliDrium.............ccceeeiviiiiiiieci, 25
/220 S 1 £ o [¥ [od 1 o o APPSR P PPPPPPI 25
2.2. Materials and MethOUS.........cooiiiiiiiiiii e 27

2.2.1. Sample preparation and characterization............c.ccceeeeeeeereeeeeiiiiineeeeeenns 27
2.2.2. Dissolution eXPeriment.........coiiiiiiiiiii e errer e 28
2.3. RESUItS aNd DISCUSSIONS. ... ..uuuuiiiiiiiiiiiiiieeeiiteie ettt e e e e e e e emmr e e e e e e e e e e e e e e eanaee 29
2.3.1. Effect of Weathering on Dissolution Kinetics of Basalt........................c. 29



2.3.2. Mineralogy and Weathering of Cascadia Basalt................cc...oveeeeeee. 33

2.3.3. Factors Affecting the Reactivity of Cascadia Basall.................cccceveemenns 35
2.3.4. Comparison of Ca dissolution rates of basaltic rocks.................coevveen... 39
2.4, CONCIUSIONS ... oottt e e et e e eeet bttt e e et e e e et e e e e e e e e e e s smmmteeeaaeaeaeeeeesd 42

Chapter 3investigate the impacts of tempéure, pH, chemical additive on peridotite rock

reactivity at rockfluid interface and fafrom-equilibrium for potential geological CGtoraget4

G 200 R [ 11 o To 11 T £ o USRS 44
3.2. Materials and MEthOUS..........oooviiiiiiiiiireeeee e eerne e e e e e e e e e e e e e ans 47
3.2.1. Sample preparation and characterization...............ccccevvcceeeeeeeernnnnnnnnnns a7
3.2.2. Batch dissolution experiment of Tamarack peridotite rack..................... 47
3.2.3. Direct carbonation of Tamarack peridotite rocK.............cccccccevveeeveee... . 48
3.3. Result and DISCUSSIONS..........cccvvvieeiiiiiiimmmeeeeeeeeeeeiininnnnns s smmmeeensnsnnnnnnnneeeeeeeeenn 49
3.3.1. Characterization of Tamarack peridotite rack..................evvvvcemeeeveeennnns 49

3.3.2. Effect of pH and temperature on Tamarack ghatite sample dissolution

KINETICS. .ttt errt e e e e e s eeer e e e e as 51
3.3.3. Dissolution behaviors of Tamarack peridotite rock with carbonic acid as proton
source 55

3.3.4. Understanding mineralogical alterations during dissolution reaction.....58
3.3.6. Assessing the primary factor to enhance the carbonation efficiency.....65

B, CONCIUSIONS .. e e e e e 70

Chapter 41 Investigate the mechanisms and kinetics of olivine from-rniedar-from-
equilibrium at the interfaces of mineral and flugdlavant to peridotite roekosted reservoir

(o0 ] [ 11 ([0] o TR T TR 72



S IO [ 0 £ {0 Yo [T} 101 o VTR 72

4.2, Materials and METNOOS. . ......cuieeee e e 75

4.2.1. Dissolution and direct carbon mineralization using olivine..................... 75

4.2.2. Characterization of Unreacted and Reacted Solids and Quantificatioe of

Extent of CarbON@tION............oooiiiiiii e 77
4.2.3. Determining the Fluid Chemistry and Mineral Saturation States............ 79
4.3. ReSUItS and DISCUSSIBIL........cciieiiiiiiiiiiieaaeeeeeeiiiieee e e s eneseeee e e s ennnneeeeeesenneeed D
4.3.1. Dissolution kinetics of olivine at low pH and high pH....................cceee 79
4.3.2. System evolution due to heating andQECtioN.............oevveviiiiiieirrieaneen. 81

4.3.3. Effect of pH and ion types on direct carbon mineralization kinetics and

morphological change in Solid Phase..............oiieec 34
4.3.4. Solution composition and thermodynamic alterations during direct carbon
MINEralization rEACHIONL...........coviiiieeiiiiiecmr et s e e e e e e e e eeeeeean 93

A, CONCIUSIONS .. ettt ee e e et e e e et e e e eenm e e e e e aeae 99

Chapter 5Nucleation and Growth Behaviors of Hydrated Magnesium Carbonate Phases at

various SurfaceSIuid INTEIACES. ........cooiii e 101
ST I [ 1170 To 18 Tox 1 o] o FOA PP PRUPPPPRPPP 101
5.2. Materials and Methods.............cooiiiiiiiiieene e 106

5.2.1. Mineral surface Preparation.......... ... ieeeieiieiiie e 106
5.2.2. Heterogeneous NUCIEAtION..............uviiiiiiiieeceece e eeee e 106
5.2.3. Atomic force microscopy (AFM) analysis..........cccooeeeiiiiiiiiccciiiie e, 107
5.2.4. RAMAN SPECIIOSCORY. eevuuerrrueeerineeermmmreneeessnaeserneesessnsaannesessneesesnnaanes 108
5.3. ReSUIS AN DiSCUSSION.......ceviiiiiiiiiiiiiii ittt mmee e 108



5.3.1. Phase analysis of precipitantS.............ccoouuiiiiiccerieeeeeeicee e 108

5.3.2. Effect of saturation index for nucleation befa.................ccccvviiiieces 110
5.3.3. Thermodynamic understandings on heterogeneous nucleatian........... 113
5.3.4. Effect of type of CoeXiSting iON.............oovvviiiiiiiiiceeeeeeee e 116
5.4, CONCIUSIONS ....ceiiiiiiiiiiie et e rceee st e et eemme e e e e e e e e e s e emer e e e e e e e annnees 119

Chapter 6: Fate of Emerging Contaminants and their Sorption Behaviors at Recycled Water

Adsorbent Interfaces dugnCarbon Mineralization....................uuuviiiccceeieieeeevi e 121
6.1, INIFOAUCTION. .. .ot ee ettt e e e et e e e e e e e e s emmr e e e e e e e eeeeeas 121
6.2. Materials and Methods............oooiiiiiiiiiiiiee e 125

6.2.1. Preparing adSOorDents...........c.uuiiiiiiiiiiee s 125
6.2.2. Adsorption experiment and aqueous phase analysis................ccccceeee. 126
6.2.3. Characterizaon of adSOrbents................uuuiiiiiiiieeciieeeee e 127
6.3. ReSUItS and DISCUSSION.......cceiiiiiiiiiiiiiimee e e ee b eeeeeeeens 128

6.3.1. FTIR spectra of synthesized biochar adsorbents and base materials.128
6.3.2. Raman spectroscopy for synthesized biochar adsorbents and base ni2&rials

6.3.3. Determination of adsorption perfaance and mechanistic investigation§35

B.4. CONCIUSIONS....coiiiiiiii e eeet et me et e e e e e s smmme e e eeeas 139
Chapter 7: Development of the Engineered Adsorbents for EmeZgingaminants............ 141
7.1, INEFOTUCTION. ... eeeee e e e ettt e e e e e e e s ammr et e e e e e e eeeeas 141
7.2. Materials and Methods............ooooiiiiiiiiiiee e 143
7.2.1. ChemiCaIS......cooi it e e e e e e eeee s 143



7.2.2. Synthesis of UiG66, defectcontrolled UiG66-X (X = FA18eq, FA36eq,

FA100eq), and UI@B6-N (N = -NO2, -NH2) .......ccvevrereieeeereeeeeeeeeeeseeeee e 144
7.2.3. Characterization of synthesized adsorbenis.............ccccoiicriiviiiiiinnnnns 145
7.2.4. AdSOrption EXPENMENL........uuiiiiiiiie e s e ceee e e e rrer e e e e e e aeaes 145
7.3. ReSUIt AN DISCUBON. .....ceiiiiiiiiiiieee e ieeei e e e rmees b e e e s s annn e e e e amns 147

7.3.1. Confirmation of UiQ66 family adsorbent synthesis via adsorbent

ChAraCTEIIZALION. ... ..eeiiiiee it e e ee e 147
7.3.2. Adsorption behavioref different representative emerging contaminant452
7.3.3. Adsorption kinetics of TC with/without coexisting ianS...............ccc....... 156
7.3.4. AdSOrption iSO, ... ee e 163

7.3.5. Understanding primary adsorption mechanisms and assessing efficient

strategical direction for nexgeneration adsorbents............cccoovviiiiiccciiieeiiiiinns 164

7.3.6. Selectivity and reusability of defect engineered &®FA18eq................ 166

T4, CONCIUSIONS . ...ttt e e ettt e ettt e et ettt et e e e e e e e e e s ammmr et e e e aeaaeeeas 169
CoNCUSIONS and FULUIE WOEK........cooiiiiiiiiiiemee et e e e e e e e e e e 171
RETEIEINCES. ...ttt mnn e e e e 177
Y o] 01T 0o 1) QPP TP T TP 196
APPENTK B ..ottt e e e e e e e e e ——— e e e 197
7Y o] 0= o )G PP 198



List of Figures

Figure 1.1.1Annual industrial waste production and total reserves compared to .S CO
emission.(G. Rim et al., 2@2

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

Figure 1.3.1. Physical and Chemical approaches to enhance the carbonation process

Figure 1.4.1Dissolution rates of Mgand Cabearing mirerals (P. Kelemen, Benson, Pilorgé,
Psarras, & Wilcox, 2019)

Figure 1.4.2. Schematics for @jection approaches of (a) CarbFix, and (b) Wallula Basalt
Project by PNNL

Figure 1.5.1. Schematic diagram of research domains

Figure 2.1.1. The proposed stoeagservoir is located in permeable pillow lavas, fractured and
massive flows along a buried basement ridge in the Cascadia Basin

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

Figure 2.2.3.1. SEM images (middlejdaXRD patterns (bottom) for surface/altered basalt,
glassy basalt, and naglassy basalt

Figure 2.2.3.2. Extraction behavior of Ca for Nglassy, glassy, and surface/altered basalts at 30
°C

Figure 2.2.3.3Cascadia basalt samples from IODP Hole U1362h different depth (aobted

from Fisher et al.2011(A. Fisher, Tsuji, & Petronotis, 200)1and (b) XRD patterns

Figure 2.2.3.4. Ca dissolution rates of Cascadia Basalt rock samples at 30 °C, which were
calculated using two different surface areas

Figure 2.2.3.5. Digdution rates of Cascadia Basin basalt (flow channel vs. massive) as a
function of % Ca.

Figure 2.2.3.6Ca dissolution rates of basaltic rocks including the data from this study. Data
adopted from Gundrandsson et al. (2011)(Gudbrandsson et al., 20tkm&to 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)

Figure 3.3.1.1. (a) PXRD pattern of pristine Tamarack peridotite and (b) Thermogravimetry
analysisresult of pristine Tamarack perditotieXN.O K/min ramping rate)

Figure 3.3.2.1. Dissolutionirketics 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-450 5 € m, Room temper at

Vi



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
regard of Mg. 5 wt% slurry density, 1802 5 € m, Room temperature, 700

Figure 3.3.3.1. Tamarack peridotite rock sample dissolution kinetics with 1 bdyu@ighng at

2271 70 °C, and dissolved (a) Mg, (b) Ca, and (c) Si concentrations, and (d) calculated dissolved
inorganic carbon concentration at 1 bar.&9Q0 equilibrium, while the relative amount of

dissolved inorganic carbon to 22 °C was elaborated.

Figure3.3.3.2. Dissolved C&CarbonTemperature equilibrium diagram with different partial
pressure of C& and equilibrium pH contour. No salt additives.

Figure 3.4.4.1. XRD patterns of pristine Tamarack peridotite rock and after dissolution
experiments at diffrent conditions. All experiments were conducted with 5 wt% slurry density,
and 700 rpm

Figure 3.3.4.2XPS Si2p of (a) pristine Tamarack peridotite rock sample, (b) aftevuB
dissolution in pH 3 HN@solution at 40 °C, (c) 48our dissolution in 1 M HRs solution at 50°C,
and (d) 48hour dissolution in carbonated water with 200 mL 1 bas &®0°C. Red: €) Green:
Q3 Blue: ¢&. All reactions were conducted at 5 wt% slurry density and 700 rpm

Figure 3.3.5.1. Dissolution behavior of Tamarack peridotitd sample under (a, b) 1 bar 200
mL/min CQ flow as proton source, and (c, d) 1 M Hhslution. 5 wt% slurry density, 50 °C,
700 rpm.

Figure 3.5.5.2Particle size distribution of unreacted Tamarack peridotite rock sample size
fraction that used in thagkolution experiment, and after dissolution experiments.

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.

Figure 3.3.6.2. (a) Extents of carimtion of Tamarack peridotite rock sample sample under
different conditions and reaction durations, and (b) dissolved ion concentrations

Figure 4.2.2.1. Particle size distribution (a) and N2 BET isotherm of pristine Twin Sister olivine
sample. Theaveragear t i cl e size was 11.37 em, and the s

Figure 4.3.1.1. Dissolution behavior of olivine at (a) fixed pH 3, and (b) fixed pH 10fabfar
equilibrium conditions at 60 °C, S/L=0.15, 2255 0 & m, and (c) ilastrate (d) sc
the suggested the olivine surface alterations at acidic and alkaline pH, respectively.

Figure 4.2.2.1. TGA data (a) after heating to 185 °C from room temperature, anehfb)uté
direct carbonation experiments for the most enhanced carbokaietic cases (alkaline pH
conditions) by injecting scC{Pco2 = 130 bar)

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 -our reactiong yblue: magnesitez , green: olivineg , grey: talc, and)zed:

vii



serpentine); Talc and serpentine were identified for alkaline cases (1 M KHC& M KOH
and 1.66 M KOH); Reaction condition was 185 °Cef*= 130 bar, S/[= 0.15

Figure 4.3.3.2. (a) XRD patterns oh®ur carbonation products in Naearing systems (b) TGA
analysis for Nabearing alkaline systems

Figure 4.3.3.3. The extent of carbonation as a function of time. The dashed lines indicate the
fitted carbonabn rate to exponential reaction.; Reaction condition was 185c4z~PL30 bar,
S/L=0.15

Figure 4.3.3.4. (a) Quantitative phase analysis at different reaction duration (1 and 10 hours) via
Rietveld refinement, and SEM images aftefitiur reaction (b,)cl mM HNO3, (d, e)

Deionized water, (f, g) 1.66 M NacCl, (h, i) 1.66 M KCI, (j, k)1 M KHgE©0.66 M KOH, and

(I, m) 1.66 M KOH; Reaction condition was 185 °GpP= 130 bar, S/L = 0.15

Figure 4.3.3.5. The-Bour extents of carbonation as the functiothef (a) initial pH without
heating and C@&injection, (b) pH after heating without the €i@jection, and (c) initial total
alkalinity; Reaction condition was 185 °Cgd2= 130 bar, S/L = 0.15; (d) The rates of single
step carbonation expressed in maastfon reacted per second including the rates from this
study. The data adopted from S. J. Gerdemann €Galrdemann et al., 2006@. Gadikota et al.,
(Gadikota, Matter, et al., 201&) Wang et al.(F. Wang et al., 2019nd E. Eikeland et
al.(Eikeland et al., 2015)

Figure 4. 3.4.1. Concentrations of total dissolved (a) Mg and (b) Si ion in the liquid phases as a
function of reactn time. Reaction condition was 185 °CoP= 130 bar, S/L = 0.15.

Figure 4.3.4.2. SEM images after (al}rh carbonation of 1 M KHC&+ 0.66 M KOH, (a2)
5-hr carbonation of 1 M KHC&+ 0.66 M KOH, (a3) 1éhr carbonation of 1 M KHC®&+ 0.66
M KOH, (b1) 10-min carbonation of 1.66 M KOH, (b2}t carbonation of 1.66 M KOH, and
(b3) 16hr carbonation of 1.66 M KOH.

Figure 4.3.4.3. Calculated saturation indexes of available minerals for (a) forsterite, (b) brucite,
(c) magnesite, (d) quartz, (e) serpenteng] (f) talc; red:1 mM HNOS, orange: deionized water,
light green: 1.66 M NaCl, green: 1.66 M KCI, blue: 1 M KH{$¥0.66 M KOH, and purple:

1.66 M KOH). Reaction condition was 185 °pP= 130 bar, S/L = 0.15.

Figure 4.4.1. Schematic illustrates thelggical directcarbonation behaviors occurring within
peridotite rockhost reservoir across a range of pH conditions, from low to-bigtapH, at C&-
rich agueouslivine interface.

Figure 5.2.2.1. Schematic diagram for experimental setup

Figure 5.3.1.1Raman spectra of precipitants on substrates after nucleation

Figure 5.3.2.1. Contact angle of substrates with deionized water. Substrates are MgO (left), SIO
(middle), and FgOs (right).

Figure 5.3.2.2. AFM images of(4-3)) MgO, (b(1-3)) SiG, and(c-(1-3)) FeOs substrates.

viii



From top to bottom, the row indicates the after reaction under 100 mMNgi2D and
NaCOs solution; 100 mM MgCGl-6H20O and 50 mM NgCGOs solution; and 50 mM MgGI6H-0
and NaCOzs solution. The reaction was conducted for 30 rtesiat room temperature.

Figure 5.3.3.1. Relationship between contact angle of-fulistrate and calculated particle
density from AFM image analysis

Figure 5.3.4.1. AFM images after-8@inute 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.

Figure 6.1.1. Schematic diagram of potential adsorption mechanisms between the solid
adsorbents and emerging contaminants

Figure 6.2.2.1. Schematic for experimeqadcedure

Figure 6.3.1.1. FTIR spectra of adsorbents and the base materials used in this study. FTIR
spectra collected from 400000 cm?! with 32 scans.

Figure 6.3.2.1. Raman spectra of biochar adsorbents processed from base materials and CAC

Figure 6.3.3L. Schematic diagram of adsorbent preparation strategy and properties of produced
adsorbents

Figure 6.4.1. Schematic diagram for the proposed adsorption mechanisms

Figure 7.3.1.1 (a) XRD patterns for synthesized 488) UiO-66-NH>, UiO-66-NO>, UiO-66-
FA18ea], UiO-66-FA36eq, and Ui@6-FA100eq, (b) structure oéo topology with 8connected
nodes, and (c) structure faiu topology with 12connected nodes

Figure 7.3.1.2. Nisotherms of synthesized Ui&6 and UiG66 derivatives via physical and
chemical modiftations

Figure 7.3.2.1. Removal efficiency of STZ, TC, and ATZ at pH ~6.2 with pristine@gi@nd
chemically and physically modified derives. Initial concentration of each contaminant was 15
ppm. Adsorption was conducted for 24 hours, with shaking atf#&pand 300 mg/L of
adsorbent dosage.

Figure 7.3.2.2. Emerging contaminant adsorption at different pH ranges. Identical reaction
conditions except pH. Adsorbent dosage (300 mg/L), same ini{d@53pm)24-hour
adsorption for equilibrium, 250 rpm, afight blocked.

Figure 7.3.3.1. Adsorption kinetics of Uieb, UiO-66-NH>, UiO-66-NO., and UiO66-FA18eq
without coexisting ion. The reaction was conducted at pH 6, initial TC concentration of 20 ppm,
250 rpm, blocked light exposure.

Figure 7.3.3.2. Adsorpn 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 lighlock.



Figure 7.3.3.3. Adsorption kinetics of tetraliye at pH 6 under presence of coexisting cations
(a) NG&s', and (b) S@'. The initial TC concentration was 20 ppm, and batch reactor was shaken
at 250 rpm, with lightlock

Figure 7.3.41. Adsorption isotherm of TC to (a) Ui66-NH>, and (b) UiG66-FA18eq fitted
with Langmuir and Freundlich models. The reaction was performed at room temperature, 250
rpm, under lightblock.

Figure 7.3.5.1. (a) Ol1s XPS spectra of i§ UiO-66-NH., UiO-66-NO», and UiO66-

FA18eq, (b) calculated e | at i ve amounHO ,o-QAgre na-Ddr D Zof each
synthesized Ui@b6 family adsorbent, and potentiometric titration curve; 15 mL of 50 mg/60 mL

of 0.01 M NaNQ.

Figure 7.3.6.1. Recycle experiment result of Wi®FA18eq on 20 ppm TC remal. The
adsorption was performed for 2 hours.



List of Tables

Table2.2.3.1 Table forbasalt dissolution conditions and type of basalt in this study and in the
literature

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

Table 3.3.2.1. Dissolution rate of Tamarack peridotite rock at different pH (3 and 4), 22 °C, 5
wt%, 700 rpm

Table 3.4.4.1. Content of "Gstructure in pristine Tamarack peridotite rock and samples after
dissolution under different reaction conditions

Tale 4.2.2.1. The elemental composition of olivine determined by XRF (wt.%)

Table 4.3.2.1. The measured pH before direct carbonation at ambient condition and calculated
pH after heating (@ 185°C) and eidjection (R.o2= 130 bar) using measured Mg and Si
concentrations via ICRDES (Figure 4.3.4.1) after cooling. The neutral pH at 185 °C is 5.66

Table 5.3.1. 1. Solution concentrations used
phases

Table 5.3.3.1. Properties of nucleates on different substrates
Table 6.31.1. Possible functional groups of base materials and adsorbents derived from FTIR
spectra

Table 6.3.2.1. Lorentfitted area of D and G bands, and ratio of area

Table 6.3.3.1. Adsorption performance of synthesized bidondeachate containing Fe, PFOA,
and DEET and compared with commercial activated carbon

Table 7.3.1.1. List of synthesized adsorbents and modification strategy with BET specific surface
area BJH adsorption average pore width determined msotherm

Table 7.3.2.1. Representative emerging contaminants used in this study. The values were
obtained from the referencéShai et al., 2016; Information, 2024b, 2024be hydrodynamic
radius of each molecules was casted using Chem 3D software, and the longest length has
listed

Table 7.3.3.1. Adsorption kinetic models and calculated parameters fé8@kH218eq and Ui©®
66-NH2 with the presence of different ions

Table 7.3.4.1. Adsorption isotherm models and calculsaeameters for Uid6-FA18eq and
UiO-66-NH>

Table 7.3.6.1. The comparison of emerging contaminant adsorption selectivity-664UJiO
FA18eq and purchased activated carbaitial concentration of each emerging contaminant was
20 ppm

Xi



Acknowledgments

Firstly, I would like to express the deepest gratitude to my advisor, Prdflydihg Alissa
Park. Her continuous support, patenknowledge, insights and motivations carried me through
all the stagesfovr i ti ng this thesis. | tthisyooroel withodittherb e p o
supports and guidance.

Besides my advisor, | would like to extend my deepest appreciation to my committee,

Prof. Peter Kelemen, Prof. Christine McCarthy, Prof. Shaina Kelly and Prof. Raymond Farinato
for their insightful commentand encouragement throughout my Ph.D. journey. Their precious
supports and encouragements allowed me to broaden, and enjoy the research.

| also wish to thank my collaborators, Prof. AaMoment, Prof. Kyriakos Stylianou, Dr.

James Leong, Ddacob TielkeandDr. Catalina SancheRoa for their supports, and discussions.
Without their support, it would not be possible to conduct this research.
Al s o, | appreciate to my coll eagues i n Pai
Dr. Guanhe Rim, Dr. Tonkeric, Dr. Sara Hamilton, Dr. Danny Huang, Jonah WilliamsHgan
Annie Lee, Amanda Ooi, Xiaolong Wu, Alex Peng, and Noyonika Roy. It was so lucky to have
them as my colleaguego always inspired me, supported each other, and had fun together all the
time.

Furthermore, | am grateful to my friends,-B@ong An, Jihyo Jeon, Hyosun Jessica Lee,
andJihyeong Yang who started the academic journey together since undergrad, and now develop
their own career. Their spiritual supp@invaluable. Also, | thankie friends whom | met during
my Ph.D., especially but not limited to SaeyoungRhd Jisu Han. | was so happy to share a

piece of life in Columbia University together.

Xii



Last but not least, | sincerely and deeply thank my parents and sister for thegsendle

supports and love throughout writing this thesis and my entire life. It is so evident that it would

not be possible to be here without themQ y o .

Xiii



To myfamily members for their lovandsupport throughout my life

Xiv



Introduction

Since the Indstrial Revolution, human society has rapidly developed and flourished.
Meanwhile, some interconnected side effeptaticularly in realms of water, energy, food and
environment are tackling the sustainability of soci€ghacdn, Reyes, Rivetdontero, &
Barrantes, 2022; I. IPCC, 2014Jhese grand challenges are intricately interconnected,
underscoring the importance of addressing these problems through the temsvaterenergy
environment (WEE) nexus, which ephasizes the interlinkages between these sedtars.
instance, thenprecedented scale of €ltas accumulated in the atmosphere, and it has accelerated
global warming and the chained environmental problems, such as droughts andMlasstsa
Delmotte et al., 2018; Rothausen & Conway, 20TIh)s insecurity for water resources has
encouraged water recycling. At the same time, a new class of anthropogenic contaminants,
including pharmaceutical and personal care pasiu(PPCP), heavy metals, herbicides or
pesticides, and pdluoroalkyl substances (PFAShave been accumulated in natural water
bodies(Sauvé & Desrosiers, 2014; Sophia A & Lima, 20I8jese contaminants are exll
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 arebagjphases, particularly in the
context of insitu carbon mineralization and water remediation

To mitigate climate change, we should not only reduceébissions but also remove the
previously emitted C®from the air(IEA, 2024; Innovation, 2019n-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 stosgp@@anently in
solid form(P. B. Kelemeret al., 2020; Jirg M. Matter & Kelemen, 20@)ring the insitu carbon
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mineralization, water plays a pivotal role in the interactions at RbEkCO;
interfacegAbdolhosseini Qomi et al., 2022; Dong et al.,, 202Bwever the kinetics and
mechanisms ahterfacial reactions ithe mineralagueous phasevith various compositionstill

need to be fully understooddditionally, in-situ carbon mineralizatiodlemands substantial water
usagethereforeaddressing ater security become imperativdowever, 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 sefBnggbjornsdattir et al., 2020)

Hence, this thesis aims to achieve fundamental understandingatiore kinetics and
mechanisms occurring at the interfaces of interest to tackle these challenges in the context of WEE
nexus, especially related to geologicalfrage.

In chapter 1, literaturéasreviewed to understand the backgrounds related teefiearch
problems stated for this thesis, and the scientific and engineering questions related to the research
objectiveswere examined

In chapter 2, the dissolution behavior of basalt rocks was investigated in a mimicked in
situ carbon mineralization leted condition at fafrom 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 determindtimoadeling
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
temperatureandpH to provide isights on irsitu 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 chaptéis study comparethe reaction



temperatee, and additivesand assess which parameter has more impasttent of carbonation
enhancement

Chapter 4aims to understand the fundamental interaction behaviors during the hydrated
MgCOQzs, nesquehonite (MgC{BH-0) heterogeneousucleation and growtfhis study explored
the effecs of different mineral surface and tried to understeggiilts in terms of thdifferences
in substratewettability. Also, the effect of different background ions was investigated to get
valuable implications on how the paretwork or mineral surfaces evolve.

In chapter 6 and 7, emerging contaminant removal technol@gjinvestigated using
biochar and MOFs. From this study, we examine their emerging contaminant removal
performance, and determuhehe reaction mechanisms. §hstudy explored the relationship
between thesurface functionality of adsorbents antheir performances, including removal
efficiency and selectivity. Also, the effect of different background ions, such as alkali and alkaline
earth metals, sulfatand ntrate on adsorption kinetics were assessed as these ions can be easily

dissolved from the rock matrix and during thesitu carbon mineralization.



Chapter 1: Background and Motivation

1.1. Carbon storage and utilization via carbon mineralization

As addresed, Carbon mineralization &promising approach to mitigate climate change via
fixing CO> as thermodynamically stable solidsuch as calcium carbonate (Caf;Oand
hydrous/anhydrous magnesium carbonates@Ww M g4 Ga and Mg can be resourced from
natural silicate minerals and industrial wastes, such as fly ash, construction and demolition wastes,
and their CQ storage and utilization potential is enough to deal with the global annual energy
related CQemission, whichwas measured 87.4 Gtin 2023IEA, 2024)The Mission Innovation
Carbon Capture, Utilization and Storage Experts' Wonkskport 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 £#nissionglnnovation, 2019)
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Mineralization is a chemical process that involves the reaction of divalent ions like Ca, Mg,
and Fe with CQ to form solid carbonates. This concept was initially introduced by
Seifritz(Seifritz, 1990)and further developed by Lackn@&ackner, Wendt, Butt, Joyce Jr, &
Sharp, 1995)The mineralization reactionsrea 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 serpentines8i4Qs(OH)a), olivine (MgSiOs) and
wollastonite (CaSig) 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
abundancas shown in Figure 1.1(Gadkota, Fricker, Jang, & Park, 2015; G. Rim et al., 2021)

Mineralization can be classified into two primary categorieg:situ and in-situ.
(Gerdemann et al., 2007; P. Kelemen et al., 2&EX33itu mineralizationinvolves the extraction
of minerals from their original source and subsequent reaction witht€@roduce stable
carbonate¢Gadikota et al., 2015; Gadikota & Park, 20T%)e rapid and efficient carbonation
reactionmakest an economic friendly favored approach. Moreover, the availability of feedstock
is abundant, iduding mineral waste, mine tailings, coal ashes, steel slags, red mud and
construction and demolition materigRenforth, 2019)The annual production rates of these
minerals and industrial wastes increase over the years due to the demand of com{Batdcks.
James, Matter, Renforth, & Teagle, 2021; Campbell et al., 222 potential of capturing GO
(Epot) depend on mi n e rcarpasifions of Mg or Ca rich minerals, for instance, olivine
(forsterite) range from 789 to 938 kg Cé&X, wollastonite has 5683 CQOy/t and serpentine
(lizardite, antigorite and chrysotilaps betweerd94-715 kg CQ/t.(Bullock et al., 2021; Renforth,
2019)Consequently, the total G@emoval potential via mineralization is substantiapessally

when the reaction rate is enhanced through engineered routes.



Ex-situ mineralization can be implemented through various operational processes,
including singlestep (direct gasolid reaction) or twestep (indirect gatiquid-solid reaction)
appoacheqGadikota & Park, 2015)n the singlestep process, aombined dissolution and
carbonation process is employ@hdikota et al., 2015; G. Rim et al., 2024)ich simplifies the
CQ; fixation. This singlestep process may represent thesiim carbon mineralization asell.
However, this method may result in mixed solid residues, preventing the attainmentpfihigh
carbonates. Therefore, a tgtep mineralization (i.e. dissolution and carbonation) is economically
favored, and produced carbonates and separated resiidues can be utilized in different

industries to offset the associated d@tanhe Rim, Wang, Rayson, Brent, & Park, 2020)

CQ+H,07z H,CQz H'+*HCQz 2 B+C G 1)
CaMgS, O, OH, +nH'Y CaMd 68 i0 Hy+mH,0 (2)
caMmg +cdz caMgCQ (3)

Moreover, feedstocks usdd 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, @f¢hitworth et al., 2022By incorporating carbon mineralization
techniques into metal recovery processes via hydrometallurgippiroaches, we can

simultaneously address carbon emissions and ensure a sustainable supply of criisal met

1.2. Physical andchemical enhancement fomatural silicate mineral dissolution
The natural silicate minerals are good sources for the carbon mineralizdbiaever,
relatively slow reaction rates and the formatiora &i-rich passivation layer kinetdly limit the

reaction, and requireaw materials pretreatmefdr ex-situ mineralization and high chemical



consumptionto enhance the reactivippA. Sanna, Uibu, Caramanna, Kuusik, & Mardtaler,
2014)Thus various approactsehave been conducted to enhance the dissolution and carbonation
efficiency. During the dissolutiona Si-rich passivation layer forms and inhibit the further
dissolution. Park and Faaeveloped an internaln¢situ) grinding techniquehat demonstrated
lower energy consumption compare to external grindumgng exsitu procesgA.-H. A. Park &
Fan, 2004Moreover, they inorporated 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 Si@yer from the surfacef the
serpentine by fracturing it into smaller fragments, as confirmed by particle size distribution
analysis and SEM imagéA.-H. A. Park & Fan, 2004)he utilization of acidic solvents during
the leaching process in-situ grinding (20 vol.%) can significantly enhance the efficiency of Mg
conversion by accelerating the dissolution rate of serpeffiind. A. Park & Fan, 2004)

Various studies have suggested methods to eliminate the established passivation layer in
order to overcome thanitation of achieving a high level of carbonati@hulcour et al., 2015; A.
H. A. Park & Fan, 2004lowever this research did not elucidate the mechanisms through which
different media (e.g. glass beads, zireobheads, alumina beads, etc.) remove thecBilayer,
whether through abrasion (i.e. achieving larger particles mixed with ultrafine particles) or
fragmentation (i.e. achieving very fine particléSuanhe Rim, Marchese, Stallworth, Greenbaum,
& Park, 2020Hence, Rim et allesigned an internal grinding reaction system to comprehensively
investigate the effects, of grinding loadings, agitation speed, tetopeland pressure of reaction,
in order toprovide insights for designing the procésk. Becker, Kwade, & Schwedes, 2001;
Guanhe Rim, Wang, et al., 202Z0)efindings indicate that the performance of physicalation

during the grinding process is determined by the stress intensity of the grinding media which is



related to its size, density and Youngo6és modul

media(Guanhe Rim, Wang, et al., 2020@) was observed that fragmentation/pulverization
performed better in removiriye passivation layer compared to abrasion, thereby enhancing the
efficiency of metal extraction. This was attributed taltdity to break particles into smaller sizes,
resulting in a larger reactive surface area being exposed and preventingtie gf newly
generated precif@tes(Guanhe Rim, Wang, et al., 2D2An increased stress intensity of the
grinding media leads to a pulverization mode, and the optimal range for this intensity is between
10° to 10* N-m for heaitreated serpentine, with performance decreasing beyond this
range(Guanhe Rim, Wang, et al., 2020he mechanisms ah-situ grinding was identified
through?®Si MAS NMR analysis, and results indicated that the passivation layer was dramatically
removed in the presence of 0.1 M ofraie solution along with 2.25 mm zirconia beads, by
exposing a more soluble and reactivé @nstatite) structure and distorting crystalliné Q
strucutre(Guanhe Rim, Marchese, et &Q20)

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 Mgbearing minerals to promote the dissolution psscand further increase the overall
carbonation raté-arhang et al., 201Mhermal activation (<700C) of serpentine prior to the
leaching process can increase the initial Mg dissolution rate due to the formation of a more reactive
intermediate, MgSiO7, and the enhancement level depends on thiedpsolvents and follows
the order as hydrolyzing salt (MEl) > weak acid (CECOOH) > strong acid (HCRaschman,
Fedor ol kov §, Ti&s téghnique ks pronisihg f8r yemoving bound hydroxyl groups,
reorganizing the mineral structure, and increasing mineral porosttyr research group, we have

also employed heat pretreatment to serpentine taneehthe reactivity for dissoluti¢@uanhe



Rim, Marchese, et al., 202Bjowever, the high energy consumption associated with heating
samples to such high temperatures is a concerreldre, 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 theléaghing efficiency by 1.5 times higher
than thabf 0.1M HCI. Additionally, the reaction rate was fast, with 80% of Mg digaglwithin
10 minutes(A. H. A. Park, Jdhav, & Fan, 2003The dissolved F&/Fe** 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 jmgvirat
precipitation of iron on the reactive sites of serpentieH. A. Park et al.,, 2003Yhe iron
complex extracted from the solution can be further processed to iron axidevalue added
products, which can have applications as chemical looping sofeénts™: Lee. Fan. & Park, 2009)

Parkbés group also conducted experiments
oxalate, citrate, gluconate) for enhancing the dissolution rate-bé@ang mirrals (wollastonite)
by forming a more stable metahelate complex to enhance mineral dissolution among the
mineralization procesdd. Zhao, Park, Lee, & Park, 201Bhe experiments were conducted with
a DBR under fafrom-equilibrium conditions, and different concentrations of chelating agents and
associated pH impacts were investigated. The results showed that higher etinosraf ligands
significantly improved calcium extraction, except for oxalic acid due to the low solubility of
calcium oxalatéH. Zhao et b, 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 EDTA and Ca when the activity of EDTAIs low at a pH of 2.8, whil¢he

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 Mir{tégZhao et al., 2013) proper ligand should
be designed to enhance mineral dissolution without interfering with the subsequent formation of
magnesium and calcium carbonat@sdikota, Swanson, Zhao, & Park, 20I4erefore, acetate
is preferable for extracting Ca for carbonation purposes rather than EDTA due to difficulty in
liberating Ca for carbonates formation.

Various bigenic organic acidse(g.acetic acid, propionic acid, butyric acid and valeric
acid)were also exploreth extract metal ions from steel slags with a fixed pH @¢1@1g, Huang,
Rim, Park, & Park, 2020Compared to the inorganic acid (HCI or HRQall organic acids
performed much better in Ca, Mg and Si dissolution due to the formatiomofe stable complex
between metal ions and ligan@adikota, Swanson, et al., 2014 the alkyl groups of biogenic
organic acids increasthe electronegativity of the ligand strengthens, leading to a high binding

stability between ligands and metal id@adikota, Swanson, et alQP4)
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Figure 1.2.1. Various approaches to enhance dissolution rate of divalent cations from
natural silicate minerals
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1.3. Physical andchemical enhancement foicarbonation

The accelerated carbonation reaction kinetics enables more efficient carboninatienal
and Parkdés group util i zed :hydrdtidnecrystahnucleatidndand i v e s
reaction witha carbonate/bicarbonate source in the liquid ph@&® hydration is considered the
ratelimiting step in CQ dissolution reactionCarbonic anhydrase (CA) is an efficient catalyst to
enhance C&hydration by transferring Cnto bicarbonate (HC¢®) and further accelerate carbon
mineralization. The core active site is zinc (Zn) in the CA, anslldcated in the center of the
metalloezymeg(Patel, Park, & Banta, 2013he mechanism can be illustratedFigure 1.2.2
Zn?* acts as dewis acid facilitating the water degtonation by forming Z+OH, which binds C@
to generate a zinc bicarbong&@hegwidden & Carter, 200@icarbonate ions are released from
the site of CA which is regenerated by binding with another watglecule to restart the
cycle(Chegwidden & Carter, 200@atel, et al. developed a methodrtoriobilize CA as a whole
cell which can eliminate the need for enzyme purification, reducing the cost artatfagilthe
recycling and separatidiatel et al., 2013)lthough the catalytic activity of the immobilized CA
was lower compared to the free enzyiteintroduction stillresulted inover a50% increase in
CaCQ precipitation compared to the uncatalyzed readfiratel et al., 2013Moreover, the
thermal stability was significantly enhanced for this wka#é catalystPatel et al., 2013)
Furthermore, authors modified the enzyme with additiba GPA peptide (PEVPEGAFDTAI
derived from the calciurbinding site of glycophorin A which can accelerate the calcite
formation by enhancing the nucleation due to the increase interaction between calcium and
peptde (Patel, Park, & Banta, 2014p overcome the challenge asgted with immobilizing CA,
the SARS coronavirus smaéinvelope proteimvas introduced by generating more small pores on

the membrane to assist the transfer of(@Atel et al., 2013)
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Par kos |l ab I n w earbonagoa tpeakssed gvith Ohler vapas an
additive(Fricker & Park, 20137 high CQO; pressure was applied to emite the carbonation since
very little carbonates were formed under ambient pressure. At zero pressuf®, abkbonation
will not occur until the temperatumeachest 0 0, and only 17.6% conversion efficiency was
achievedFricker & Park, 2013However, Mg(OH) carbonation was significantly improved after
increasing vapor pressure. At temperatures of
by 33 and 58 times, respectivéhricker & Pak, 2013) A higher BO pressure facilitates
predominate products shifting from hydrated magnesium carbonates (hydromagnesite and
nesquehonite) to anhydrous carbonates with increasing tempdfaioker & Park, 2013)
Furthermore, we continuously investigated introducing more water into Mg({O#)ing slurry
to proceed carbonation and it showed similar results to those in previous itigipressure
carbonation. Nevertheless, the m&@tT time increased due to the limitation of heat transfer
compared to gasolid reactiongFricker & Park, 2013)

The kinetics had been studied for the carbonation of Mg{QH)ry(Fricker & Park,
2014) It was noted that various metastallarbonates phases were generated at different
temperatures follTowi g mDewaltd@ds odukbéesunder 3
while hydromagnesite was favored at 150 , al
formed more slowly compared to the other phases, and its solubility is high in the carbonated
solution(Fricker & Park, 2014Additives were introduced to enhance the kineticsanbonation
and improve the transformation from hydrated magnesium carbonates to anhydrous carbonates

under 150 .(Fricker & Park, 2014; Pivelmann, Putnis, RuiAgudo, & Austrheim, 2012)
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Figure 1.3.1. Physicahnd Chemical approaches to enhance the carbonation process

1.4. Importance of geological CQ storage and related challenges

Despiteefforts to enhance the esktu carbon mineralization process, however, the resource
treatment related to transportation, grirgdiand high consumption of the chemical additives limit
the efficacy of the esitu carbon mineralization process.&xtudyin 2005 indicated that esitu
carbon mineralization mayearly doublehe cost ofatypical fossil fuel power plant, per unit of
usable energy producéMetz, Davidson, De Coninck, Loos, & Meyer, 200%ius, it is required
to implement m-situ carbonmineralization where direct injection of Cfeither in the form of
carbonated water or supercritical £@ react with mierals underground. In contrast-gitu
carbon mineralization, situ carbon mineralization does not require the resource pretreatment
process,or multi-step processes to complete the reaction, and its potential capacity is several
gigabns of CQ.(A. Sanna et al., 201#revious pilotscale workssuch asCarbFxd project in
Iceland andPaci f i c Nort hwest Nat iWallula Basalt #djectrimt or y 06 !
Washington, U.S.Aindicated that more than 95 % and 60 % of injected Wé&e safely miaral
trapped as carbonates in two yeaespectivelyGislason et al., 2010; White et al., 2020)is

suggest that large amoustof CO, can be securely stored via accelerategitn carbon
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mineralization. In adtion, atmospheric C®keeys increasing, andhe global temperature has
risen 1.1°C higher than préndustrial valueslespite significant decarbonization effofts* 2024
IPCC, 2022;1. IPCC, 201415 yrgeny of climate change undersesthe need o€O; removal from the
air (CDR) and permanent storage at a competitive.q@stB. Kelemen et al., 2020; Masson
Delmotte et al., 2018; National Academies of Sciences &itieel 2019; UNEP, 2017 this
regards, geological CQtorage is essential and should be accompdnyiddferent technologies,
such as decarbonizaticand renewable energy technologider the 2C scenario or netero
emission.

However, there are geral challenges to conduct-gitu 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 contributirag such
mineralogy, porosity, permeability, wettability, and surrounding conditions like ionic strength, pH,
anddissolved CQ.(Liang, Tsuji, Jia, Tsuji, &atsuoka, 2017)S. Zhang & DePaolo, 201 Fpr
instancethe rock reservoir is a mixed matrix with differenineralcontent, while each mineral
hasa wide range of dissolution rat@s shown in Figure 1.4(P. Kelanen et al., 2019This
implies the reactivity of each site varies and need to be assessiér, the porosity, permeability
and wettability can alter the accessible area for the reaction, adding another layer for assessing the
potential of insitu carlmn mineralization. In additionsnultistep reactions occur simultaneously
during the insitu carbonation, which makes the reaction complex and still controversial, and hard
to decouple the parameters for engineering the geologicakto@ge. It is due tthe alteration
of both mineralogy and fluid chemistry, atiése ultimately determirtbe rate of mineralization.
Therefore, understanding both dissolution and carbonation behaviors -atateskinterface with

different aquatic chemistry is necessarptoject the reaction progress and assess thestéage
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potential of different locations of isitu carbon mineralization, especially by adopting the

modelling works.
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Figure 1.4.1. Dissolution rates of Mg and Ca bearing minerals (P. Kelemen, Bensol
Pilorgé, Psarras, & Wilcox, 2019)

So far, mmerous studies havetudied direct carbon mineralization of olivine
((Mg,Fe)xSiOs) examining the influences 00 , temperature, and additiv@Shizmeshya,
McKelvy, Squires, Carpenter, & Béarat, 2007; Gadikota, Matter, et al., 2014; Jiajie Li, Jacobs, &
Hi t ch, 2019 ; , 20@Cr Wang ret ale 201%nése studies indicate enhanced
carbonation with highe® , optimized around 185°C, andth theadditionof bicarbonate ion
sources, such as NaH@@ KHCO;s.(Chizmeshya et gl2007; Gadikota, Matter, Kelemen, Brady,

& Park, 2020; Gadikota, Matter, et al., 2014;
et al.,, 2019)Gadikotaet al. conducted carbonation with olivine in the presence of NaCl and
NaHCG at 185°C.(Gadikota, Matter, et al., 201A)mixture 0of0.64 M NaH@®s and 1.0 M NaCl

has been reported to significantly enhance the mineralization pafadssne (Gadikota, Matter,
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et al., 2014 he results showed that NaHg&xts as a buffer agetut prevent pH decreasing when
reacting with CQ.(Gadikota, Matter, et al., 2014his is an important findingas it suggest
carbonation behavior can be enhanced by ulssgenvronmentally impadul chemicals, like
NaHCQ. However, the reaction parameters are not yet fully explored in termsrofdleetheir
importance Particularly,role of pH for direct carbonation is essential to elucidate as it is deeply

related to dissolibpn and carbonation kinetics and mechanisms.

Dissolved CO
2

Cap Rock

Solid
Carbonate

Carbonate

Figure 1.4.2. Schematics for CO2 injection approaches of (&arbFix, and (b) Wallula
Basalt Project by PNNL

As mentioned, two different pilot scale works forsitu carbon mineralization have been
demongrated with basalt roclone byCarbFixin Iceland andthe other byPNNL in Washington
The wo projecs have used two different strategies for injecting.C@hich are injecting C&
dissolved water (CarbFix) and wateearing supercritical C&Wallula) (see Figure 1.4.2). Both

approaches successfully stored 2C& the subsurface, while CarbFix showed enhanced CO
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storage kinetics compatdo the Wallula Basalt project by PNN{Gunnarsson et al., 2018;
McGrall et &, 2017; White et al., 2020)his behavioiis attributed to bypassing dhe water
trapping step of CarbFix project as they inject the-@i®solved water. However, this approach
requiresanintensive amount of water, approximately 25 tiressamount ofwater relative to Ce

by weight(Abdolhosseini Qomi et al., 2022; Dong et al., 2023; Snaebjornsdaéttir et al.,R20320)
that, the formation water and/or water bodies nearby, such as sea water, treated wastdaater an
surface water can be utilized, and a part of the used injection water can be renyagdrd of

the water scarcityl herefore it is important to determine the fluid chemistry evolution during the
in-situ carbon mineralization, and the effectsatiéred fluid chemistry on carbon mineralization
as meansof recycling the water and redng the water footprint. Moreover, we also have to
consider the possibleontaminantsfrom the water sources and the carbon mineralization
operations, which can impiathe ecosystem or surrounding water bodies that can be utilized for
agriculture or drinking water near the injection s{t@exfield, Toccalino, Belitz, Foreman, &

Furlong, 2019)

1.5. Water related challenge during insitu carbon minealization i emerging
contaminants
As mentionedanimmense amount of water is required in CarlbF&x  m asdvatér plays
a critical role during carbonatiofAbdolhosseini Qomi et al., 2022; Dong et al., 2038getal
demand for watehnas increased due to population growth and urbanization, while climate change
has caused water insecurity, anbre frequent droughts and flood@oretti & Rosa, 2019;
MassonDelmotte et al.,2018) Therefore, the immense water fgwint for in-situ carbon

mineralization led to concesmbout the water resource. In this regard, several studies have
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explored utilizing sea water in-gitu carbon mineralizationhoughthis option is unavailabli

the continent reservoithatare not near the oce@vioigt et al., 2021; WolfBoenisch, Wenau,
Gislason, & Oelkers, 201D)his indicates that the huge water footprint for the continensitu

carbon mineratation 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 waststvatens are not pure, and
containing various inorganic and organic contaminé®syard, Motlagh, Lozinski, & Reinhart,

2019; Lam, Yang, Ergas, & Arias, 2023; Santos, Anjos, de Medeiros, & Montagner, 2022; Teng,
Zhou, Peng, & Chen, 2021n 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 concentfati@ emerging
contaminantg¢Bexfield et al., 2019; Chacon et al., 2022; L. Lin, Yang, & Xu, 2022; Rout, Zhang,
Bhunia, & Surampalli, 2021yhe emerging contaminants refers to {o@ncentration pollutants
including heavy metals, pharmaceuticals and personal care products (PPCP), pesticides, and per
fluoroalkyl substances (PFAS3ao, Wei, Yao, Ruan, & Zeng, 2015; Luo et al., 2014; Podder,
Sadmani, Reinhart, Chang, & Go&021) These compounds are generally not effectively
eliminated during the traditional wastewater treatment plants (WWTPSs); thus, the accumulations
of these pollutants in biosphere, hydrosphere, and geosphere has been d€ieate et al.,

2022; Rout et al., 202Bspecially, 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 critid® meet the water security and sustainable sadi@typa, Daflon, de
Almeida, da Fonseca, & Campos, 2023; Teng et al., Z0& gmerging contaminants are known

to potentially cause issues for human healtheoaogical system@ao et al., 2015; Luo et al.,
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2014; Podder et al., 202Therefore, if the emerging contaminants are injected during thiéuin
carbon mineralization without a treatment process, they can t@dtencause unexpected
environmental risks, including effects on microbes in the subsurface and a higher concentration of
emerging contaminants in groundwater that might be penetrate to drinkingBextéeld et al.,
2019)In addition, the emerging contaminantsé&ahe variety of functionality and ionization state,
and these properties can alter thaitn carbon mineralization reactions occurring at the rock and
fluid interface. In order to minimize these unexpected environmental impacts, we need to
investigatethe 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 dusthicentralized 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, 2008e of the
advantages of adsorption technology is the availability ofdost adsorbents, such as biochar or
activated carbon. Further, the adsorbents can be produced viagtiiz 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 canebbuge opportunity to enhance water security and sustainable
development

On the other hand, theatlitional adsorbents, such as activated cadyah biocharare
showing relatively good adsorption propertegdsacheap pricehowever, it has disadvantages

its diversity of chemical and physical properties due to its dependency on feedstock, and limited
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methods for regeneration, which gasult insecondary contaminatioxBan et al., 2023; Larasati,
Fowler, & Grdnham, 2021; Samonin et al., 20IB)is suggests the need to develop engineered
materials, such ddetalOrganicFrameworks (MOFs)MOFsareanovel platform for removing
contaminants as they have high specific surface area, and various physicochengcaégsaph
astheir high tunability in metal and ligand structure and stability over multiple c{leska et

al., 2019)Especidly, zirconiumbased MOFs, such as UiO and MIL classes well known to be
stable for long periaglin aqueous phase with wide pH conditigAsmadijokani et al., 2022;
Dhaka et al., 201®Based on these propeHijeseveral studies utilized MOFs as appended materials
or catalysts for emerging contaminant remddiaka et al., 2019Moreover studies have
examinedmethod ofdeveloping modified MO§as adsorbents, such as physical modification via
defect controlling, and chemical modifications via changing the organic linkers into with different
functional groupsr doping different metalgr. Cao, Mi, Li, & Wang, 2021; Fan et al., 2023-H.

G. Kim et al., 2021However, modification metha@dhave not yet been comprehensively studied,
andthe primary interaction mechanistimat can enhance the adsorptjmerformance should be
elucidated as is important for the innovative development on advanced adsorbents. Moreover,
is important to examine the effects adexisting ions or other emerging contaminaasthe
presence of other substaraan interferehe adsorptioomechanismg$Ma et al., 2020; Nguyen et

al., 2021; Yan et al., 2024; Y. Zhao, Gu, Gao, Geng, & Wang, ZlXi@ pbtained relationships
can be utilized to elucidate the fate of the emerging contamimkamisg the insitu carbon
mineralization and provide insights for the process design during the adsorption water treatment

process.

20



1.6. Research objectives
Based on the backgrounds and challenges, the ultimate goal of this thesis is to understand

the essendl interfacial reaction mechanisms and transport behavior of &@ emerging
contaminants removal at various séiligid interfaces, with the appropriate framework to develop
comprehensive technologies for the WEE nexus. In order to achieve theselgoé&bdiptving
research aims have been studied with detailed scientific and engineering questions, which are:
Aim 17 Investigate the parameters and frameworks for accurate study on dissolution kinetics and
mechanisms of basalt rock at-faom-equilibrium.

1 How does the mineralogy affect dissolution kinetics?

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

at farfrom-equilibrium and geological C{storagerelevant conditions?

Aim 21 Investigate the impacts of tenrpture, pH, and chemical additives on peridotite rock
reactivity at rockfluid interface and fafrom-equilibrium for potential geological GQtorage.
1 How does temperature, pH, and gdbbling affect dissolution kinetics?
1 How does themorphology of the ack particlesevolve during the dissolution, and how
does it affect dissolution behavior?
1 What are the important parameters to enhance direct carbonation behavior, and how do the
parameters affect the kinetics and mechanisms?

1 How does the fluid chemistrywelve during the direct carbonation?

Aim 37 Investigate the mechanisms and kinetics of olivine from-riedarfrom-equilibrium at

the interfaces of mineral and fluid relevant to peridotite #loag&ted reservoir condition.
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1 How does the pH affect minémaorphology and mineral carbonation kinetics?
1 What is the driving mechanism of the direct carbonation and what is the potential capacity
to store C@?

1 What are the effects of existing ions on the direct carbonation behavior?

Aim 47 Understand the hydte magnesium carbonate nucleation behavior at various surfaces
fluid interfaces to provide insight on-8itu carbon mineralization reservoir evolution
1 How do minerals with different wettability affect nucleation kinetics?

1 How do ceexisting ions affechucleation behavior?

Aim 57 To enhance the emerging contaminants removal from wastewater and understand the
interaction mechanisms at watmisorbent interfaces via spectroscopic analysis.
1 What modification method can enhance the removal of emergingroorénts from the
wastewater?
1 What are the possible interaction mechanisms for adsorbing the emerging contaminants?

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

Aim 6 i To develop the engineered emerging contamiredgorbent and understand the
fundamentals of interactions at the engineered matgatdr interfaces.
1 How will the chemistry of the aqueous phase affect the interaction between the emerging
contaminants and adsorbent?
1 Which interaction mechanism is dommado remove the emerging contaminants and how

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

1 What is the rausability of the engineered material?

Through answering the questiona, this thesis ultimately aims to provide the scientific

and engineering insights to address sustainability and clirakted crises.
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Chapter 2: Investigate the parameters and frameworks for accurate
study on dissolution kinetics and mechanisms dfasalt 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:
ACOz reaction rates in sukeafloor basalimplications for geologic carbon sequestration at

offshore Washington State and British Colundbia

2.1. Introduction

With the urgency related to the climate change ¢risesneedo captue carbon emissions
from point sourcesand air and then store the d#on safely and permanentiyias been
emphasizedPCC: 2022; National Academies of Sciences & Medicine, 2¢385|ogical CQ storage is a promising
option, as it can store G@ith security as it is thermodynamilyafavored, and has large capacity
globally.(Gadikota, 2021; Lackner et al., 1995; Juerg M. Matter et al., 2016; Seifritz, AB20)
subseafloor basalt has advantagesifpecting and storing C&as it can utize seawater during
the injection and minimize social concerns, such as land use and water contanaastitirock
i s the most abundant consistslof pyroxeng, plagiodaserfeldspérsandc r u s
low content of olivine. Therefore, it contains divalent cations sucltads€ium, iron, and
magnesium, which react with G@ form thermodynamically stable carbonate mirg(hines
& Worden, 2004; Dave Goldberg999; Seifritz, 199050 far, twepilot scale field studies have

been performed fdyasalt formationswhich areCarbFidd projectat IcelandandP N N L éaflulaW
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project at Washington state, U$Battu, Miller, Cao,Owen, & Schaef, 2024; Gislason Sigurdur

& Oelkers Eric, 2014; Lahiri, Miller, Cao, Depp, & Schaef, 2023; McGrail et al., 2017;
Sneebjornsdottir et al., 2017; Sneebjérnsdottir et al., 20#@yestingly, theserojects have
realizedrapid carbonmineralizdion ratein reservoir, as most of the injected £€nveted ino

solid carbonate within two yearsvhich ismuch faster than theriginally estimatedi 12 years.

Based on these previous investigations, it has been revealed that basalt is a critical feser
geologicalC@Qst or age, and for that, it I s necessary
Thus, in this study, we aimed to explore the reactivity of basalt rock collected freseafldor,
especially for its kinetics.

The Cascadia &sin consists of angneous basementhich has beemroveredby thick
sedimentsand this geological feature can be found at oceanic ridge f{&nks. Davis et al.,
1992)This structure is advantageous for geologicab G@rage as the covering sediment can
prevent injected C®leakage due to its low permeability. Also, this basin is widely spread;
therefore, darge areas accessible frorthe existingocean drilling expedition@. Fisher, Urabe,

& Klaus, 2004)Figure 2.1.1 illustrates the cressction of the regiomotedin the map, and
indicating theseismic data, seafloor bathymetry, and existing drill core.

Previous research modelede CO, potential of basal rockat Washington State and
British Columbiaoffshore with accomplished geological data, and the authaygestd that 50
MMT of CO2 can be potentially storepermaneny.(David Goldberg et al., 2018Jhis study,
therefore,focusa on the laboratory measurements of the reactivity rates in basalt formations,
particularly investigating the kinetics and reactivity of the Cascadia basalt safoplesing on
the Ca extraction. One ofthe challenges regarding the geologicabGtrage 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 faartenfork studies

to assess not only for the feasibility, but also for the sensitivity analysis. To enhance the sensitivity
and accuracy in our study, we performedial experimental testing on representative oceanic
basalt (Caribbean basalftjior to theCascadia basalt sampie set the experimental boundary
conditions.Through this study, we aimed forthorough understanding of the initial reaction

kineticsat far-from-equilibrium which impacs the CQ storage capacity.
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Figure 2.1.1. The proposed sirage 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 experimentbdsalt from two locations. One of
them is CaribbeatkKN54-26-20, R/V Knorr, 1976)asalt, 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 basaihi Cascadia Basinpllected from an International Ocean

Discovery Prograndrilling site from Hole U1362A (Figure 2.1.1). In this study, we divided the
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Caribbean basalt intinreeparts,which are 1) surface/altered?) glassy, an®) nonglassy This

was designed to explore the effect of mineral composition on the dissolution kinetics.
Surface/altered basalt, glass basalt, and-glassy basalt indicate the degree of expose to
surroundings. We observed that the sample had different mineralogical pregedy,will be
discussedTo set the system boundary for the dissolution, the Caribbean basalt samples were
ground into fine particles for the dissolution experiment indedle, and Cascadia basalt was also
ground into 4566 5 0 -sizenparticles. After # reduction of size, the particle size distribution
and mean particle size were obtained using a laser particle size anBb@anan CoulterlLS 13

320 USA). Phase analysis was done by powderax diffraction (PXRD XPert3 PANalytical).
Scanning eleebn microscopy coupled with energy dispersiveay spectroscopy (SEMDS,
SIGMA VP, Zeiss) was adopted for morphological and elemental composition analysis. The
specific surface area of each sample wesasured via Brunaug&mmettTeller (BET) surface

andysis (NOVAWin, Quantachromge

2.2.2. Dissolution experiment

A Differential Bed Reactor system (DBR) wdssignedo determinethe initial dissolution
rateat farfrom-equilibrium conditions, anthe DBRsetup used in this studyillustrated inFigure
2.2.2.1 For the experiment, we preparagpH 3 solution usingitric acid and fresh reaction
solutionwas injected into the DBR reactor with continuous flow rate (10 mL/min), to maintain the
pH. 20 mg offinely ground Carribean basalt was consumed, while 580f@@scadia Basin basalt
was used for the experimen®e used nitric acid to mifihe experiments were performed for 2
hours at 30C and ambient pressure. For the liquid analysis, the collected effluent was filtered

with 0.22 nm syringefilter and quencha using 2% nitric acid solution to avoid further reaction
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The elemental composition analysis of liquid effluents was conductedI@RAES (Horiba
Jobin Yvon, Activa S modglTo assess the dissolution rate and its uncertainty, we applied both
specific sirface area (Aet) measured by Brunau&mmettTeller (BET) and specific geometric
surface area (o which is calculated wittheassumption that the particles are spherical (Eq. 1)
for dissolution calculation, and compared the resit&quation 1d and} are diameter of particle

and density of the sample, respectively.

Aw 7 Equation 1.

30°C, 1 bar 30°C, 1 bar

10 mL/min 10 mL/min 30°C. 1 bar

10 mL/min

In-Line Pump Liquid sampler

Liquid to Waste

10% HNO;
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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 basdlirstvas
characterized and its dissolution behawias exploredFigure 2.2.3.5hows theobtainedSEM
images of the surfaaltered, glassy, and ngassyoceanic dredgbasalt, as well as the average
particle sizeandtheir X-ray diffraction patterngf each ground basalt samphksccording to the
XRD patterns shown in Figure 3, all samples cordiglagioclase, olivine, restatite (pyroxene),
and augite (pyroxene), which are Ca, Mg, and/or Al bearing minerals, as expected. However,
glassy basalt showedl significant difference from others in terms of the relative intensity for
plagioclase to pyroxene group, implying thak tplagioclase in glassy basalt is less than
surface/altered basalt and rglassy basaliThis difference in phase composition also may explain
the color difference depicted in the pictures of the glassy basalt arglassy basalt in Figure
2.2.3.1.To dudy how the differentock sample typesgffect the dissolution kinetics under acidic
condition, we performed DBR experiments as explained in section 2, and the results are shown in
Figure 2.2.3.2Figure2.2.3.2illustrates thedissolved Ca concentrati@s a function of time at pH
3.

According to the resultshé nonglassy basalt exhitadthe highest Ca extraction efficiencies
reaching76%in 2 hours. On the other hantigtglassy basalt and surface/altered babaltved
much less extraction comparethe nonglassy basaltn the previous study, it was revealed that
the dissolution rate increasescording tothe anorthite content (Caf/8iOg), which is the
representative mineral for plagioclg§gudbrandssonWolff-Boenisch, Gislason, & Oelkers,
2014; Yang, Min, & Jun, 2013)Iso, the dissolution rate of anorthite is approximately-orger
of magnitudefaster than enstatite at pH 3, and ambient temper@Budbrandssn et al., 2014;
Oelkers & Schott, 200Ihus, the slower Ca extraction kinetics of glassy basalt compared to the

norntglassy basalt malge anticipatel to the relatively low concentration pfagioclasan glassy
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basalt as indicated in Figu223.1. Indead, the XRD pattern of surface/altered basalt has no
significant difference with noglassy basalt as much as glassy basalt, however, their dissolution
rates were markedly different. One of the possibilities could be a thin passivatiofrilaethat

may form during the alteratiorRind refers to a Siich coating of the surface which is hard to
detect with XRD, but can be detected with lemgvelength spectroscopy, such as Visikar
Infrared (VNIR)(Minitti, Weitz, Lane, & Bishop, 2007The coating is also stable under acidic
condition; thus, it can effectively inhibit the basalt dissolution occurred ytomr
exchangdgHorgan, Smith, Cloutis, Mann, & Christensen, 2017; Minitti et al., 200/é) minor
differences between surface/altered basalt anehtassy basalt were observiedXRD patterns
at2d v al~@le26, 28, 148; relatad to quartzwhich may explain the difference in the

dissolution rate(Jiajie Wang, Yagi, Tamagawa, Hirano, & Watanabe, 2024)
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Figure 2.2.3.2. Extraction behavior of Ca for Norglassy, glassy, and surface/altered basalts
at 30°C

Additionally, we could obtain high extraction efficienmynonglassy 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 sizess than 10m). This enhanced dissolution can be
adopted for exsitu carbon mineralization that extracts Ca or Mg frasilicate mineral at acidic
pH and carbonates the leachate at alkaline pH. However, the fast dissolution rate demonstrated in
Figure2.2.3.2is not representativa ageological injection site, where therface aredo-volume
ratio is low. Thus, to perform the representative study faitingeological C@storagewe used

alarger particle sized60-650 mm) for Cascadia Basisamples.

2.3.2. Mineralogy and Weathering of Cascadia Basalt
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Following the Caribbaa basalt, the characterization angsolution experiments were then
performed using the Cascadia Basin basaltic rock sarfiplesiODP Hole U1362A. The XRD
analysis was performed tieterminghe mineralogy of Cascadia basalt from different depth. The

baslt samples could be classified into two groups, flow channel basalt and massive basalt.
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Figure 2.2.3.3. Cascadia basalt samples from IODP Hole U1362A with different de|
(adopted from Fisher et al.,2011(A. Fisher, Tsuiji, & Petronotis, 2011) and (b) XRD patterns
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Figure 2.2.3.3 (a) and (b) indicate the coll@ttdepth and group of the samples and their XRD
patterns, respectivehAs shown in Figure 2.2.3.3 (b), the mineralajythe 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 camgigantly affect the calculated dissolution rates.

2.3.3. Factors Affecting the Reactivity of Cascadia Basalt

Following the investigation of mineralogy and weathering of the samplégtailed
investigation of the dissolution rates of Cascadia Basin basalt IODP Hole 1362A was
performed, with emphasis on the kinetics of Cagginaction The extent of Ca extraction profiles
of each Cascadia basalt sample during the 2 h dissolution experiment is shown ir2 Ridde
The initial dissolution rates (mbh?/s) were obtained for the basalt in terms ofe@taction The

dissolution rate¢r) were calculated from equation 1.

i E— Equation 1

[Ca], m;, A, and t indicate the extracted concentration of calcium ion during the reantes,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
(AseT) and specific geometric surface aregegAto understad 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 onhe surface area decision. The dissolution rates were in the rangé'étd ao*!
molcdcn?/s, and 10 to 10%2° molcdcn?/s when we adopt the geometric surface area and

specific surface area from BET analysis, respectively.
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Figure 2.2.3.4. Ca dissolution rates of Cascadia Basalt rock samplas30 °C, which were
calculated using two different surface areas

Between the two stace areas, the 48 is generally considered for the calculation of
dissolution rate by many other mineral dissolution studies. For example, Marieni et al.
(2020 Marieni, Matter, & Teagle, 202@)sed the geofor thedissolution study o€ascadia Basin
basaltic rock samplelsom 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 Figur@.2.3.4.as a green highlighted box, and it is almost comparable to ourTdais,

the Ageo Was considered for evaluations of initial dissolution rates in this study. Indeed, it is
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important to keep it mind that the dissolution rate is a function of specific suaf@a, thus
deciding the effect surface area is essential to minimize the uncertainty for the simulations. Since
the Ayjeo@Ssumes: nonporous, andgphericalparticle, which minimize the available surface area,

the rate calculated withgdcan be consliered a system boundary for the simulation.
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Figure 2.2.3.5. Dissolution rates of Cascadia Basin basalt (flow channel vs. massive)
function of % Ca.

Figure2.2.3.4 alsallustrates the measured dissolution raseé€ascadia basin basalt samples
from IODP Holel362A as a function otollectiondepth(K. Becker, Fisher, & Tsuji, 2013)he
lithostratigraphy of théasaltdrom the Cascadia basin enable the separation of samplefidrom
channeland massive basalt coreallowing for an analysis based on tbegree of alteration,

indicated as flow channel basalt and massive basalt (Figure 2.2.3.3(a)). Moreover, according to
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Figure 2.2.3.3(a), both layers (flow channel and massive basaljphad mineralogy adensity
depictedin contrast, and iis particularlynoticeablein the flow channel§A. T. Fisher, Alt, &

Bach, 2014)The flow channebasalts have been identified as normal -oudanridge basalt
containng olivine and pyroxendFigure 2.2.3.3(b)), which are readily dissolving under acidic
condition(® T- Fisher et al., 2014The massive basalts, on the other hasithwed less vange in
contrast, indicating the larger one portion of the basalt was not exposed to the aqueous phase.
This structure potentialllyas an impact on themagnitudeof Ca, Mg, and Fe extraction rates. Based
onthe literatureplagioclase grains would yield higher Ca extradiiivanolivine grains yielding

higher Mg and Fe extractiqi@udbrandsson, WoHBoenisch, Gislason, & Oelkers, 2011; Welff
Boenisch et al.,, 2011Hlowever, for these samples, the Ca extractions appear to be fastest,
interestingly.

Conparing 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 cared@ngjssolution kinetics
of basalts. As discussed with surface/altered Caribbean basalt aigthasy basalt, in general,
the dissolution kinetics of ngporous materials, such as silicate minerals cafittiee usingthe
shrinking core modgPan. Ling, Park, & Chiang, 2018; Safari, Arzpeyma, Rashehi, & Mostoufi, 2049) regardsto this
model, the dissolution rate can be slow down when the ash layer (or rind) has formed as the
diffusion rates of the reactantand productsn this layerare much slower than the chemical
reaction occuing at the surface of unreacted particle cdiée speculate that the degree of
alteration from slight to moderate can change the rate determining step from the chemical reaction
to alteredlayer 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 b@sahd 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 chemichreaction 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 relativiébym and slow reaction

kinetics when compared to the massive basalts.

2.3.4. Comparison of Ca dissolution rates of basaltic rocks

Previousstudies explorethe effect ofpH (e.qg., pH = 3L2) and temperatures (T =125 °C)
on basalt dissolution kineti¢&udbrandsson et al., 2011; Marieni et al., 2020; Stockmann, \Wolff
Boenisch, Gislason, & Oelkers, 2011; Todd Schaef & Peter McGrail, 20@3jissolution step
has generally been regarded as thedatermining stepfaCO. mineralization.These researches
used basalt rocks frothe ColumbiaRiver (Sanchaef and Mcgrail) and Iceland where Wallula and
CarbFix projectsook place respectivelyUnder in situ conditions, aimjection of supercritical
CQO; into seawatesatuatedformatiors would create a low pH conditisn(pH ~3, 4) by forming
carbonic acid in the aqueous phase, at least before aqueous phase carbanieatialized to
bicarbonate or precipitated as carbonates. pblconditiors in the laboratory will terefore be
most representative of the-gitu dissolution rates near the gi@jection site As shown inFigure
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 wittreasing pH since the major mechanism for the
dissolution is proton exchange. In this paper, the rates were determined at pH 3fem-far

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

(Figure 2.2.3.6).

: N 25 °C @ Gundbrandsson et al. 2011 (crystalline basalt)
10 F 40 - 50 °C A Stockmann et al., 2011 (basaltic glass)
- 70 - 75 °C steady-state | O Schaef and Megrail, 2009 (flow top basalt)
- ) B Schaef and Mcgrail, 2009 (flow interior basalt)
m & Marieni et al., 2020 (basalt from hole U 1362A)
r _K P Marieni et al., 2020 (basalt from hole U1362A)
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Figure 2.2.3.6. Ca dissolution rates of basaltic rocks including the data from this study. Data
adopted from Gundrandsson et al. (2011§5udbrandsson 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

Part T, Pcz,o pH pH|[React Mater
si ozl ] ][bacontr type
em
This studf 4510 30(7 10% 3 Di ffenncryst
6 8 HNg) bed basal
Gudbrandsi4512 57 |7 NI—!‘CI, 27T |Mi xed|cryst
al ., 75 HCI 11 basal
2 0 (GLdbrandssor| N HO H
et al., 2011) 4
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Stockmann451225 |17 NaH(;,CG.EMixed basal
2 0 (Sfockmann et 70 Cag;l 110 gl ass
al., 2011)

Na OH,

HCI
Schaef 4210|125 |17 HNQ 3T | Mixdef|[fl ow
Mcgrail ., | 200 90 Li OH |7 top/ i
(Todd Schaef & basal
Peter McGrall,
2009)
Mar i eni 6312 40|1 ) 46 Batch,|cryst
2 0 @V@rieni et al., | seawatfbasal
2020) 5. 7

Interestingly, our dissolution rates at pH 3, projectingffam equilibrium condition and

initi a |

di ssol

uti on,

ar e

around

100 t

me s

measuremefGudbrandsson et al., 201Which weremeasured at the identical temperature and

pH, and also under fdrom-equilibrium condition. This difference could dae b adifferent rate

measurement method. Gudbrandsson et al. (2GL@lprandsson et al., 201mheasured the rates

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

wasmeasured with short reaction time (2 h) in this paper. Therefore, the rate measurdhent in

study by Gudbrandsson et al., may include the diffustmtrolled regime, which can decrease

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

rates

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

was al

SO

storage takeglace ovegeological time frame. To be mapecific the differences such asrtace

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

discrepancy of resuttompared t@xpectationln this regard, it is essential to be considerate when

applying the rates measured in the laboratory écfifld injection During the fieldscale work,
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the flowrate of injection fluicandreservoir temperature can be varidterefore there isneed to
determine which dissolain rate (i.e.initial or steadystate ratg can represent the site
appropriatelyand reactivaransport behavior, while the laboratory experiments conducted in this
study can provide an upper bound ofitu dissolution rate of basalt samples from the Cascadia

basin.

2.4. Conclusions

The mineralization of C@in basalt offers the advantagf safe, longerm 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 disdation/carbonation reactions. Therefore, laboratory measurements of the
specific reservoir properties and dissolution kinetics are essential inputs for effective modeling of
the insitu mineralization process, the evolution of the basalt reservoir ovey éind the C®
storage efficiency in these environments.

This study used core samples from the Cascadia Basin to measure the dissolution rates with
mimicking CQi basali seawater system to determine the effect of the degree of alteration, which
was uncerta from XRD measurementsEExperiments were conducted using a differential bed
reactor system to measure dissolution rates at pH 3 af@,3Imulating faiffrom-equilibrium
conditions.The laboratory results for the Cascadia samples indidhte the masge basalt
appears to be more reactive than flow channel basalt, potentially due to the prior hydrothermal
alteration in flow channel units. Bke results confirmed that the mineralogy, and the degree of
alteration is one of the most important fastttvatd et er mi ni ng t he roekos

storage potential.
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Moreover, we omparedthe resultswith prior kinetic data from the literatur&rom the
comparisonthe dissolution ratemeasured in this studyarefound to bdasterthan the previously
measured in basalt samples from the identical sites of W@lhdial Schaef & Peter McGrall,
2009)and CarbFixStockmann et al., 20100, sequestration projects measurgttersteady
stae conditions but wererelatively similarto the data from Mrieni, et al than mesaured initial
dissolution rate before the steashate dissolutioiMarieni et al., 2020)These results may
attribute to the different framework of rateeasurement setuwherewe measured the dissolution
rate for the initialstate representing the fast injection flowrate, and fresh surface, afidnfiar
equilibrium.

From these studies, it was found that therkarge variability in reaction rates withe
potential for complete mineralizatipemphasimg the importance of choosing appropriate
effective surface area, degree of alterati@md timeframe for measuring the dissolution gte

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 CO- storage

3.1. Introduction

Climate change and its impaais sustainabilityhave beerwidely recognized amajor
pressinghallenges for human society. &ddresshe climate crisis, it isnperativeto decarbonize
andlimit global warming below 1.5 or 2 °C compdte the preindustrial level(Allen et al., 2018;
Rogelj et al., 2016; UNFCCC, 201Bgspite the effortseduceCO, emissiors, atmospheric C®
levels have increased,with temperature alreadgpproximately 1.1 °Cabove preiindustrial
level(Lan, 2023; Lenssen et al., 2019; Team, 2028)over CO, emissionsarestill projected
to be over gigatons every ydg#iiedlingstein et al., 2023)his current situation emphasizes the
needs to facilitate nainly decarbonization, but also the technologiagable of removin@O»
from the air inatimely manne_léMassonDelmotte 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 C&orage via carbon mineralizatio©arbon
mineralizationhas been regarded as a promising method as it offers huge capacity and
thermalynamically stableenoughto offset some energy input during the DAC prodgssB.
Kelemen et al., 2020; Lackner et al., 1995; Juerg M. Matter et al., 2016; Seifritz,SID¢H))
pilot-scale insitu carbon minalization studiediave preliminarily focused obasalt reservoirs,

and the previous studiebave demonstrated higher conversion of injecteck @b solid
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carbonateshan their expectiafGislason Sigurdur & OelkefSric, 2014; Juerg M. Matter et al.,

2016; McGrall et al., 2006; McGrall et al., 2017; Snaebjornsdéttir, Gislason, Galeczka, & Oelkers,
2018; Snaebjornsddttir et al., 2017; Snaebjérnsdottir et al., 20RM)e other hand, peridotite reck

host reservoirs hanot yet been explored as the paotle CQ injection site. Peridotite rock is

the major composition of the upper mantle, aekposeit o t he Eart hés crust v
Peridotite is primarily composetf olivine ((Mg,Fe}SiOs), whichreactsapidly withCOp, as it is
far-from-equilibrium with CQ in air or fluid containing C@(F- Kelemen et al., 2019; P. B. Kelemen & Matter,
2008)v/arious researches have investigated the geological carbon storewggbat peridotite rock

at Samail ophiolite in Oman and United Arab Emirates, and other locé@on® et al., 2023; P.

B. Kelemen & Matter, 2008; Mervine, Humphris, Sims, Kelemen, & Jenkins, Z0fel$amalil
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 (@sKelemen et al., 2019)

In the U.S., there are several srapfieridotite rock reservoirthian OmanThe Tamarack
intrusionin Minnesota is one of the unaltered peridotite rock intrissiand hasasii b o wl 0 s hap e
that capped with loypermeabilitygabbro caprock(Taranovic, Ripley, Li, & Rossell, 2015hese
geological features allowhe Tamaeck bowl shape intrusion tstand outasa potential sitdor
CO storage. In this regard, assessing the reactwit/reaction mechanisms (idkssolution and
carbonationpf Tamarackareimportant togaininsights into how much C{can bestored Yet,
the heterogeneity of the rock mineral composition and physiochemical proptakl be
addressed fathe accurate and precise determinationis$olution kinetics and mechanisms, as

well as carbonatiopotential
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Thus, this study aied to investigate the dissolution kinetics of historic Tamarack fine
grained sample under the conditions relevant to geologicak G@rage, focusing ompH,
temperaureseffect onkinetics.In this study, thelissolution behaviowas determined by analyzing
the morphological and chemical changesbhoth rock and fluid during experimerilso, we
targeted estimation of threystem boundaries fgeological CQ storage

Furthermorethe studyexplored the direct carbonation behaviorT@marack peridotite
rock Thisis because that igitu carbon mineralization is characterized by-ste@ carbonation,
in whichdissolution and carbonation occur simultaneously. Thissnigcessary to understand the
direct carbonation behavior to fully assess thsitn carbon mineralization potential in Tamarack
even though the dissolution haften been regarded as the ritaiting step for carbon
mineralization For examplesome pevious studies indicated that carbonation can be the rate
determining step faheoverall reactior> *2Thus, the reaction paths can be complex at the rock
fluid interfacesandmay be controlled by various equilitaiinvolving other potential preciptes
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 MgCO
kinetically(Swanson, Fricker, Su, Park, 2014; Tommaso & de Leeuw, 20F0¢vious studies
revealed that the parameters, including temperature and chemical additives, and the presence of
seeding surfaces affect carbonation kineticsppét afew studies were conductedth reservoir
related temperature (<100 °C) with olivine, and efewerstudiesvereconducted with peridotite
rock, which is a mixture of various mineratsludingpyroxene, feldspaserpentine, brucitgnd
ta|C_(Gadikota, Mater, et al., 2014; Johnson et al., 2014; Miller et al., 2019; Sendula et al., 2021; Swanson et a‘.—,ﬁ@%@fore’ this
research also aims to understand the direct carbonation behavior of peridotite rock retrieved from

Tamarack to assess the impact @& parameters, including temperature and chemical additives.
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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) grouttte core samples into 0.42%2 mm fraction,
and we ground them further using pestle and mortar intd 426/ and +1504 25 e m f r act i
for direct carbon mineralization and dissolution experiments, respectively. Once the different size
fractions were céécted 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 iauprestudy
revealedGadikota, Matter, et al., 201@nce samples were prepared, each fraction was analyzed,
determining its specific surface area, particle size distribution and elemental compositiorpusing N
BET isotherm by an adsorption analyZbticromeritics, ASAP 2020 Pl)sparticle size analyzer
(LS 13320 XR, Beckman Coultenespectively (Figure 3.2.1.1). The elemental composition was
analyzed viaX-ray fluorescencXRF, Shimadzu, EDX’000) analysis. For the initial phase

analysis, r ay di ffraction ( Malasvadaptad. Panal yti cal , XO0j

3.2.2. Batch dissolution experiment ofTamarack peridotite rock

The batch dissolution experiments wemnductedrom room temperature to 7, 100
mL of 5 wt% slurry was charged in a beaker and stirred at 700 rpm. Also, in this study, we
determined dissolution kities with various proton supplying methods 1) maintained pH at 3 or 4
by adding 1 M HNQ@to imitate the pH, achieved by G®I>O equilibrium in the early injection
stage, 2) continuous G@issociation via bubbling without further pH control to determireptH

evolution and associated dissolution kinetics, and 3) 1 M Hid@roject the system boundaries
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for mineral and fluid evolution. At certainte, 1 mL of slurry was obtained, and filtered with
0.22 em nylon syringe filter andsfarelerneeatal hat e
composition analysis using IGBES Agilent, ICP-OES 5110. The remaining solid residue was
analyzed with XRD, Xray photoelectron spectroscopy (XPS, PHI, Versaprobe Il) and scanning
electron microscope coupled with energy dispersiveayX spectroscopy (SEMDS, ZEISS,

Sigma VP).

3.2.3. Direct carbonation of Tamarack peridotite rock

The direct carbon mineralization experim® wereconductedin batch system Rarr
Instrument Company4590 Micrg. To assess the carbonation behavior, experiments were
conducted at temperature of 790 °C. Also, sipercritical CQ(0 = 90bar) was injectednd
pressure was maintained using the connestgthge pump (Teledyne ISCO, 500D). For the
experimentsye charged the glass lined vessel with 20 mL of 15%i1<P55 0 e m and put
reactor. After that, the reactaras heated to desired temperature, followed by iGf@ction. The
heating step took less than 20 minutes for all casesrdactiorsolutionswereprimarily deionized
water, but we also tested 1 M KHe® 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 limitation# this study, we tried to imitate the pure £8fream that can be obtained
from various CQ capture processes including directa@pture, and/or flue gas captuaed that
are likely to be injected into igitu mineral carbonation targesfter the specific reaction tim@
or 3 days)the reactor was cooled to belé®@°Cto collectliquid and solidoroducts. The collected
sampeswereseparated 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 appliedDuring the TGA run, the furnace was und@erNz environmen (50 mL min'?! for
sample flow) and he temperaturevasramped ta80 °C andheld therdor 10 minutes to remove
any residual moisture in the sampad not to destroy any possible hydrous magnesium carbonate

speciesThe temperaturevas therramped up t@50°C at a rate ofl0 °C miri?.

3.3.  Results and Discussions
3.3.1. Characterization of Tamarack peridotite rock

The minerabgical phase and elemental analysis are essential for understanding the
reactivity of rock samples. Firstly, we performed PXRD on ground Tagiaperidotite 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 6% of Tamarack pedotite rock sample. Plagioclase feldspar,
pyroxene, and clay minerals such as talc were also determined. Also, small amounts of magnesite
(MgCO0s) were found in the sample, suggesting that the small degree of Tamarack reservoir has
been potentially carbaed. This also confirmed with TGA analysis, that 0.81% of weight loss
was measured in between 5600 °C, matching to magnesite decomposition (Figure 3.3.1.1 (b)).
Furthermore, elemental composition of Tamarack peridotite rock sample was analyzed using XR
as tabulated in Table 3.3.1.1. As shown in Table 3.3.1;D:@ontent was around 0.59 wt%,
indicating the presence of chromite in the Tamarack sample. Also, the weight contes®@0f Al
was significantly abundant in Tamarack mixture (4.40 wt%) comparégpical olivine mineral
(see Chapter 4). This significant content of@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 dissotiy@nd recovered during the-situ carbon mineralization
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process. However, the contents of monovalent ion oxide) Had kO, were not detected with
XRF. The absence of Na and KO may due to the detection limit of XRF since we confirmed
the presence dhe 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 cfamarack peridotite rock by XRF (unit: wt%)

SiO2 FeO Al20s ca0 MgO
4351 11.97 4.40 197 36.60

" cr0s  T0:  NO MO Cu0
0.5 0.3 0.2 0.17 0.14
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Figure 3.3.1.1. (a) PXRD pattern of pristine Tamarack peridotite and (b) Thermogravimetr
analysis result of pristine Tamarack perditotie (N, 10 K/min ramping rate)

Based on the XRF result, the theoretical capacity for G@rage was calculated,
following the equation below (Equation Bnd the maixmum storable C@weight per a gram of

Tamarack peridotite samplis 0.405 g based on XRF elemental composition analysis. As
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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 carbonatidfs.

0w 0.4059CQOy/g sample Equation 1.

Additionally, the mean particle sizes for R8150em, and 1500 425em are 149.4 and

426.4em, respectively, while the BET specific surface areas are 0.0513 and 0.8@80 m

3.3.2. Effect of pH and temperature onTamarack peridotite sampledissolution 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
agueous phase and divalent cations (Mg and Ca) in mmetalkes. 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 & wsbape profile of dissolution rate with pH, where the slowest dissolution
occurs at neutral pﬁ:_udbrandsson et al., 2014; Oelkers, Declercq, Saldi, Gislason, & Schott, 2018; Y. Zhang, Rimstidt, Huang, & Zhu,
2019 Thus, we conductefiamarack peridotite samptissolution experiment at room temperature
and different pH values. As described, pH was maintained by adding droplets of 1 i &NO
the dissolution kinetics results have been illustrated Figure 3.3 Beldissolution rate (i =
dissolved ion) is calculated based on the BET specific surface area (SSA), 0%8§g0Imwing

the equation below (Equation 2), and the rates are listed in Table 3.3.2.1.
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Figure 3.32.1. Dissolution kinetics ofTamarack peridotite rock at pH 3 and 4, (a)Ca, and

Mg; (b) K, and N&; (c) Si, and (d) Fe 5 wt% slurry density, 1504 2 5

700 rpm.
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As examined in this study, the dissolution rates increased for all measured ions including

Si when pH deciesed to 3 from 4. RegardiMyg, the rate at pH 3 was 2{8ld higher than at pH

4, which is similarto olivine dissolution behavioryg
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activity compared to enstatitag [H*]1°?) in acidic condition(Oelkers et al., 2018; Oelkers &

Schott, 2001AIso, the rates for Mg dissolution were measured as 2.30ai6 0.82x16 mol-m-

2.s at pH 3 and 4, respectively. These rates are similar to those reported for olivine dissolutio
rates, while the logarithm values of enstatite dissolution rates are varied in rar@eoof
13(Oelkers, 1999; Oelkers et al., 2018; Oelkers & Schott, ZDA1Y, the reactivity of Tamarack
peridotite samplean 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 dissolkitietics 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. Aledwere selectively dissolved from the
plagioclase relative to Al, or Al was rapidly-peecipitated, while either case potentially suggests

higher Al concentration in solid mineral.

Table 33.2.1. Dissolution rate ofTamarack peridotite rock at different pH (3 and 4), 22°C,
5 wt%, 700 rpm

Unit:

%108 Mg Ca Mg + Ca
mol-m2.s?t

pH 3 2.30 0.78 3.2

pH 4 0.81 046 1.28

Furthermore, as shown in Figure 3.3.2.2, we explored the dissolution behavior of Tamarack
peridotite sample at different temperaturad @aH 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 ae 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 atffam-equilibrium during the dour
reaction. Thus, we could use data from the entire experiment duration tatalte activation

energy forTamarack peridotite roctissolution 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 wamtrolled by surface chemistry reaction.
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Figure 3.3.2.2. Dissolved concentrations of (a) Mg, (b) Ca, and (c) Si of Tamarack perido
rock sample at pH and different temperatures, and (d) Arrhenius plot of Tamarac
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Additionally, we determined the relationship between the Mg dissolution rate and
temperature. It was found that the rate was proportional ¥?10where T refers the reaction
temperature in absolute tenmpture.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 EquatioB below, wherea represents the dissolution coefficient.

i wd0 8pme Equation3.

Notably, this equation indicates pH and temperahaee opposite impactsn the rate,
therefore, it i;mecessaryo find the optimal pH and temperatwenditionswhen we are targeting
in-situ carbonation storagé&his is because that the major proton source for mineral dissolution
during the geological Cfstorage is typically the dissolved gQvhereas the concentration of
dissolved CQdecreases as temperature increases. From this point of view, we furthercexplore
the dissolution behavior ofamarack peridotite rockith 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 dissolutietics 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 stralugiagithe
ex-situ carbon mineralization. However, iase of iRsitu carbon mineralization, carbonic acid
from CQ dissociation is the major source for proton exchange reaction atfinetal interface.
Carbonic acid is a weak acid, and the total concentration of dissolvedéc€ases when the

reaction tenperature rises due to the equilibrium. Also, the basic metal ion release from mineral
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matrix buffer the HO-COx-mineral interface, therefore pH will not be maintained as low as initial

pH of injection. Previous pH monitoring results from fisichle CQ injection into basalhosted
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Figure 3.3.3.1. Tamarack peridotite rock sample dissolution kinetics with 1 bar C¢

bubbling at 227 70 °C, and dissolved (a) Mg, (b) Ca, and (c) Si concentrations, and

calculated dissolved inorganic carbon concentration at 1 bar C&H20 equilibrium, while

the relative amount of dissolved inorganic carbon to 22C was elaborated.
reservoir demonstrated that pH increased from acidic condition to basic condition, mainly because
of mixing with preexisting alkaline groundwater and basic mineral dissol(tiarrg M.Matter,
Takahashi, & Goldberg, 2007; Snaebjornsdaottir et al., 20h8)efore, we conducted Tamarack
peridotite rock dissolution experiment while €®as continuously provided at 1 bar as proton

source, and measured dissolved concentrations and pH ch&ije#0 °C (Figure 3.3.3.1).
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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 initiate 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 adntént,

can buffer the pH.

1 bar

30 bar

60 bar
— 90 bar
— 120 bar
pH 2.8 — 150 bar

o
|

»
1

-
1

pH 3.0

T 1
20 40 80 80 100
Temperature (°C)

Dissolved Inorganic Carbon (M)
N
1

Figure 3.3.3.2. Dissolved C® Carbon-Temperature equilibrium diagram with different
partial pressure of COz, and equilibrium pH contour. No salt additives.

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 agueous phelaéve to 22 °CFrom these results, we could determine
that temperature greater than 50 °C with 1 atm of S@ot preferred to enhance the dissolution

kinetics of Tamarack peridotite rockn addition, at the equilibrated pH, the major species of
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dissolved carbonate is bicarbonate ion (HOQwhich can react with dissolved Mg or Ca, and be
precipitated in solid carbonate, such as nesquehonite (M88&D). However, in this reaction
condition, no solid carbonate phases were saturated, and therefarecipitant was observed.

On the other hand, previous work suggested that by reducing the partial pressurg pHCO
increases to alkaline condition and solid magnesium carbonate precipitates due to the increased
relative amount of bicarbonate and caraie iongG. Rim et al., 2021)n 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 duintil the condition becomes favorable for the
precipitation.

In the real pilotscale experiment, the optimal temperature for dissolution will be different
from our results since much higher partial pressure of ®0 be used. In this regard, we
conduced the thermodynamic calculation for €820 adopti ng Geochemi st
(Community Ed., SpecES8 app, LLNL thermo database) to gain insights for the relationship among
pH, temperature, and partial pressure ok (o) related to geological COnjection. As shown
in Figure 3.3.3.2, the lowest pH can be reached at 20 °C, and at 150 bas, pHis around 2.8.

Once temperature increases higher than 80 °C, the lowest pHawith P50 bar cannot be smaller

than 3.0. At 50 °C, pH 3 can be reached wResp 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, r&d their efficacy also should be assessed to determine the optimal operation

condition. Furthermore, the

3.3.4. Understanding mineralogicalalterations during dissolution reaction
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One of the findings in the previous sections is incongruent dissolution betavior
Tamarack peridotite rockample in acidic conditions (pH < 6). This dissolution behavior suggests
the formation of a Siich layer. Typically, the formation of a-8ich layer passivates the reaction
due to the transfer limit, yet it is not fully undewod 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 onthe morphological alteration at the mineflaid interface.

First, we determined thmineralogicathange of dhour reactedamarack peridotite rock

at pH 3 and 40 °C. As shown in Figure 3.3.4.1 the XRD patterns observed that the intensities of

® Forsterite Pyroxene Talc Quartz ® Plagioclase feldspar

Intensity (a.u.)

Pristine FGO

10 20 30 40 50 60
26 (°}

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 pristiremarack peridotite rockample. 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 alignthevobservatioon the

dissolution behavior. Further, this may provide insights on mineralogical evolution during the

dissolution for these types of roalhereolivine is the mineral that controls the reactivity, thues

content of olivine is importdrfor the reaction. Further, XPS analysis for the surtdeamistry

was done, and the result spectra of Si2p is indicated in Figure 3.3.4.2 (b).
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Figure 3.3.4.2.XPS Si2p of (a) pristineTamarack peridotite rock sample, (b) after 3hour
dissolution in pH 3 HNGs solution at 40 °C, (c) 4&our dissolution in 1 M HNOs3 solution at
50°C, and (d) 48hour dissolution in carbonated water with 200 mL 1 bar CQ at 50°C. Red:
Q?, Green: @, Blue: Q* 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 measng 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 degpdyoh&rization,
called as Q structure of Si. Silicate have 5 types of Q structure, whicH,a@, @7, @, and d.
Increasing number corresponds to a greater degree of polymerization of silicate tetrahedra via
covalent bonds between Si and(Guanhe Rim, Marchese, et al., 2020; N. Zhang, Huang, Yang,
Zheng, & Moment, 2023As indicated inFigure 3.3.4.2, we were able to deconvolute the Si2p
peaks to determine the Q structure, and we could confirm that pegkistine and dissolved
Tamarack peridotiteock samples, correspond to olivine (101.5 eV), enstatite (102.5 eV), and
higher Q structure, €JZakaznovaHerzog, 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-Boankh3g

dissolution at 400C, we showed increased ratio of @d reduced olivine peak. This illustrates

that even though the dissolution kinetics were linear, ttredtion of highly polymerized silicates

occurred during the dissolution.

Table 3.4.4.1. Content of @ structure in pristine Tamarack peridotite rock and samples
after dissolution under different reaction conditions

Q" Low Q" High Q"

Olivine(Zakaznova Enstatit¢Zakaznova
Found i other mineals Q*
Herzog et al., 2008 Herzog et al., 2008)

Binding energy 101.5 eV 1025 eV 103.5eV

PristineTamarack
49.0 % 27.5% 23.4 %
peridotite rock
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pH 3,3 hours, 4006C 222 % 42.1 % 35.7 %

1 M HNG;s, 48 hours,

78 % 26.6 % 65.6%
50 oC

CO, bubHing, 48 hours,

23.8% 32.5% 43.8%
50 oC

3.3.5. Analogy to estimate the system boundary fofamarack 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
condtion in terms of pH. Thus, we compared the phase changesloiu8dissolvedramarack
peridotite rocksamples reacted with different proton sources. One of the samples used CO
bubbling as the proton source (equilibrium pH ~6), while another test usétNid4 (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 (Semti 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 @ ratio in the 1 M HNQ case. Interestingly, the portion of enstatite peak in thepksm
treated under 1 M HNQwas almost identical to pristine sample, meanwhile the sample treated in
mild case (i.e., C&bubbling case) showed increased ratio of enstatite peak. These results suggest
that the olivine had been directly polymerized intbsQucture or the formation and dissolution
of enstatite was at steagyate during the rock sample dissolution. These results indicate that
higher acidityacceleratethe proton exchange reactias well as the polymerization of silicate

tetrahedra. In adton, 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. Thgestuthat 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) incredd-e or Na concentrations inhibited the Si formation.

In Figure 3.3.5.2, partie 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 teated with 1 M HN®@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 shangeAlso, 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, N@idly 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 dissoled much more in the 1 M HNGystem, suggesting higher acidity is needed for Ca

dissolution relative to Mg.
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Figure 3.3.5.1. Dissolution behavior of Tamarack peridotite rock sample under (a, b) 1 bar
200 mL/min COz2 flow as proton source, and (c, d) 1 M HN®sdution. 5 wt% slurry density,
50 °C, 700 rpm.

From these studieswe witnesseddifferent dissolution mechanisms and gférom the
XPS analysis, it was confirmed that the Q structureatltar 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.
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Figure 3.5.5.2. Patrticle size distribution of unreacted Tamarack peridotite rock samplesize
fraction that used in the dissolution experiment, and after dissolution experiments.

3.3.6. Assessing the primary factor to enhancehe carbonation efficiency

In this section, we investigated the direct carbonation behavior uifigeent carbonation
conditions to compare the impact of each parameter, such as temperature and chemical additives.
Here, two cases, (1) increasing tempawato 90°C from 70°C, and (2) adding 1 M KHC&+
0.66 M KOH, were compared to the system atCQwvithout additives. These conditions were
used because previous studies focused on the effect of additives, especially bicarbonate; however,
not much reseahcwas done on the impact of low temperature or comparisons made on the impact
of temperaturéGadikota, Matter, et al2014; Jianwei Wang, 2028jowever, during geological
CO, storage, it would be challenging to increase the temperature of the reservoir to the optimum
temperature for olivine carbonation (185) as typical continental geothermal gradient is only 25
°Clkm.(Hofmeister, 2019; P. B. Kelemen & Matter, 2008\us, this study explored moderate

temperature lower than 10@, and tried to elucidate the effect of chemical additives in this
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temperatee range. The composition of additive was chosen considering the alkaline pH in
ultramafic rock reservoir, and the partial pressure of @& identical for all system at 90 bars.
Before determining the extent of carbonation, we conducted XRD to idémifynineral
phase in the products (Figure 3.3.6.1), and to confirm if any anhydrous or hydrous Mg€O
produced during the direct carbonation experim@antording to Figure 3.3.6.2, we could detect

the magnesite peak, which indicates anhydrous MgCO

® Forsterite ® Pyroxene Talc ® Magnesite ® Plagioclase feldspar

Dionized water, 90 bar, 90 °C

Intensity {a.u.)
[ ]

Dionized water, 90 bar, 70 °C
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Figure 3.3.6.1. XRD patterns 6 reacted Tamarack peridotite rock sample samples unde
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. Mge@pically decomposes at temperature leigthan 400C and
fully decomposes before 65C.(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

temperatureange using the Equation 3 described below, wipgr¥  is from Equation 1

9 i 2 — pTTP Equad3i on

The extent of carbonation of each case has been depicted in Figure 3.3&s2sta@wn
in Figure 33.62 (a), thecondition atmoderate temperature (7Q) 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 ludrcation were increased to
6.07 % and 7.07 % after 3 days by both methods, with additive or increasing temperature,
respectively from ~4 % after-day reaction. From the improved extent of carbonation at higher
temperature we may infer that temperature hase impact on carbonation than additive.

According to Miller et al., the logarithm of the rate is a linear function of temperature up @ 185

C with a slope of approximately 0.08. Thus, increasing temperature by 20 °C may result one order
magnitude fastecarbonation ratéMiller et al., 2019However, it is still fascinating that addition

of alkalinity and salts can enhance the direct carbonation rate without increasing tempierature.
may be related to a buffer efteaf the added bicarbonate that controls the pH and promotes the
carbonation(Gadikota, Matter, et al.,, 2014n 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@0case, followed by thdeionized water at 70

C, and salt added case. This is attributed to dissolution kinetics of the Tamarack peridotite rock

sample as discussed above. Interestingly, we observed that 8@ &®&e showed decreasing Mg

concentration and similar Si concaiton, while the salt added case showed similar Mg
concentration and increasing Si concentration. In7théC case, Si concentration decreased and
went below the solubility limit, and Mg concentration was similar. In terms of dissolution and
carbonationate, we can hypothesize that the carbonation rate was faster than the dissolution rate

of Tamarack peridotitsample at 906C, while the salt added case has similar dissolution and

carbonation rates with less SiQuartz) precipitation. These interestidifferences may be due

to pH differences in two systems. However, both cases showed enhanced extents of carbonation
compared to the deionized water at@case; therefore, the role of added salt, especially alkaline
salt, should be explored regarding gHuthermore, 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 suffident 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 minerfluid 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 opei@adikota,

Matter, et al., 2014; Jianwei Wang, 20Zl0us, 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 theondition.
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Figure 3.3.62. (a) Extents of carbonation ofTamarack peridotite rock samplesample
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 tfeetedf parameters that influence
reactivity of peridotite rock at Tamarack to assess its potential fosto@ge, and to gain insights
on how to enhance geological €&orage 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.
Throwh the dissolution experiment with different pH, we found that the dissoluiten
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 adidgolution. 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 Mgtsnhibited 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 raction, 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 wids6€aconcentration,
meanwhile the dissociation of GOnto the aqueous phase decreases with an increase in
temperature due to Henryds | aw. These given
optimized temperature to maximize the dissolutiorsredeenhanced geological G€torage. 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 dissolutiorFurther, 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 suggeseahold 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 xidgdmalts 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 thatreasing 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 suggdeshativereaction pathway

to promde the reaction. Further exploration on this effect can be studied in future works.
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Chapter 4.1 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:

fiDirect olivine carbon mineralization from low to ulttsigh pH: Implications fogeologicalCO;
storage

4.1. Introduction

Climate change is a pressing concern ftainability, with the Intergovernmental Panel
for Climate Change (IPCC) emphasizing the need to limit global warmingit@ 1Grelative to
pre-industrial levels by migentury(l. IPCC, 2014; MassebDelmotte et al., 2018pespite
significant decarbonization efforts, atmospheric COgass 424 ppm in 2023, and global
temperature has risen 1.1 °C higher thanipdestrial valuegLan, 2023; Lenssen et al., 2019;
Team, 2023; UNEP, 201 7his underscores the critical and growing importance ofré@oval
from the air (CDR) and permanent storglglassonDelmotte et al., 2018; National Academies of
Sciences & Medicine, 2019)

Carbon mineralizations a promising technology to store and utilize Ofde to its
spontaneous reaction nature and large capacity to permanently store and/or ui{lizeki@r et
al., 1995; Seifritz, 1990yhe 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 C(per year must to be removed from air and stored at a
competitive cos(P. B. Kelemen et al., 2020; National Academies of Sciences & Medicine, 2019)

Carbon mineralization reactions occurveeén CQ 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, slaggCeemp 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, 202Barticular, olivine
(Mg2SiOs), a type of natural merals, 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 miner@zadikota et aJ] 2020; P. Kelemen et al., 2019; P. B.
Kelemen & Hirth, 2012; Jurg M. Matter & Kelemen, 2009; Aimaro Sanna, Hall, & Marater,
2012)Therefore, studying olivine carbonation behavior is important for botsitexand insitu
carbon mineralization to aomplish some of the GQtorage required to mitigate climate change.
Carbon mineralization of olivine is generally considered to proceed via a series of multistep
reactions, consisting of GChydration and dissociation (reactions3)l dissolution of oliine
(reactions 4 and 5), and carbonation (reaction 6):

CO; dissociation:

COx(g) + O ( | ) 2C@s(ady Reaction 1.
H.COs( a q ) *(ag) + HCQ' (aq) pKas = 6.37 (@ 25 °C) Reaction 2.
HCGO:'( a q ) *(af) +1EQ% (aq) pKa = 10.32 (@ 25 °CReaction 3.

Olivine dissolution:
MQ2SiOs(s) + 4H( a q)  ¥(a} MSiIOs(aq) Reaction 4.
MQ2SiOs(s) + 4O (| ) Y  2(IM¢ KuSIOARq) Reaction 5
Carbonation of dissolved Mgion:

Mg?*(aq) + CQ?( aq) YssMg CO Reaction 6.
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Determining the ratéimiting step and critical parameters in overall reactions is crucial,
offering insights for the system boundaries. Previous studies often considered the dissolution step
to be ratdimiting.(Gadikota, Matter, et al., 2014; Mizerrat 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|t2020)
was also thought thatH plays an important rolsuchthat low pH enhances dissolution rates,
whereas the carbonation reaction favors high pH, attributed to carbonate ion speciation (reaction
3).(Oelkers et al., 2018; Ad. A. Park & Fan, 2004; A. H. A. Park et al., 200B)erefore, designs
ofexsi tu carbon mineralization usually invol ve
step at low pH followed by carbonation of filtered leachate at higher pH. However, concerns persist
regarding the efficacy of esitu process for negative emission of e to the relatively high
cost involved in mining, transporting, grinding -0g-rich minerals, and reacting them with
captured C@ One 2005 estimate is that-situ carbon mineralizetn may double the cost of a
typical fossil fuel power plant, per unit of useable energy prodivetd et al., 2005)and to our
knowledge this result has not changed significantly via more recent reseasimditates that
storing CQ via subsurface, geogjical carbon mineralization transporting C@to subsurface
rock volumes, rather than transporting rocks to sites of&ssions may be required instead
of, or in addition to, essitu methodgNational Academies of Sciences & Medicine, 2019)

In-situ carbon mineralization, distinct from the-&ku process, involves ¢ghspontaneous
dissolution of minerals and precipitation of solid carbonates at varyin@®pB. Kelemen &

Matter, 2008 Numerous studies have explored direct carbon mineralization of olivine examining

the influences of0 , temperature, and additivéShizmeshya et al., 2007; Gadikota, Matter, et

al ., 2014; Jiajie Li et al ., 2(0He®$estudediicatedor et
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the enhanced carbonation whigher 0 , optimized around 185°C, and addition bicarbonate
ion sources, such as NaHe@ KHCGs.(Chizmeshya et al., 2007; Gadikota et al., 2020; Gadikota,
Matter, et al ., 2014 ; el Wang, @020)However existimd studies2 0 0 5 ;
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 stheedissolution 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, peridotitdhosted agifers have pH ranging from 8 to 12 or m¢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, 1988 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 computationalethods. Based on these results, we propose how the carbon
mineralization reaction for #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 usng olivine

Twin Sisters olivine was pgwund With e eutk niillr o m We
(Sample Prep, 8530 ShatterBox). It was then sievedtogbtaim t i cl es smal l er tt
1251 5 0 . Adl mtherchemicalsused in the experimentgere purchased from Fisher Scientific,

NH, USA. The batch dissolution experiments weosductedat 60 °C andatpH 3 and 10while
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the pH was maintainedhrough theentire reaction by adding 1 MNO3z and NaOHas needed
Before use in the carbon mineralization experiments,otivine particles were waslal with
ethanol(ACS reagent grade, 95%) and dried at°80overnightto obtaina cleanand uniform
surface

The drect carbon mineralization experiments weosductedn a high temperature and
high-pressure batch systemgr Instrument Compang590 Micrd. Supercritical CQ (0 =
130bar) was injected via connected highessure syringe pump (Teledyne ISCO, 500D). For the
experimentsthe reactiorsolutionswere designedo have differeninitial pH by using HNG,
NaCl, KCI, KHCG and KOH In detail, 1 mM HNQ, deionzed water, 1.66 M NaCl and KClI, 1
M KHCO3 + 0.66 M KOH, and 1.66 M KOH solutions were prepared. The concentrations of the
alkaline solutions (1 M KHC&+ 0.66 M KOH, and 1.66 M KOH) were selected based on previous
research indicating a high extent of carhtion(Gadikota, Matter, et al., 2014; Gerdemann et al.,
2007 ; 006 ConnWealsetested Na.instea@ d&f K. 3hen, a slurry (15 mL) of 15% < 25
€ msized olivine by weightvasplacedin a glasdined vesselto 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 stuffizajikota, Swanson, et al., 2014; P. B. Kelemen &
Matter, 2008; Miller et al., 2019yhile it wasstirred at 650 rpm to make a homogeneous mixture.
Once the target temperatunas reached, ultrdnigh purity CQ (Airgas) was injectednto the
reactor and maintained fearious reaction times between 1 and 24 hdarthis study, we tried
to imitate the pure Cg&stream that can be obtained from various C&pture processes including
direct air capture, and/or flue gas captuned tha are likely to be injected into isitu mineral
carbonation target#\fter the specific reaction time, the reactor was cooled rapidly to below 80 °C

in 10 minutesby using a farto minimize further alteration or carbonation during cogl The
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liquid and solid productswere separated via vacuum filtratiofor carbonation kinetics and
mechanism analysisolid productswere washed with deionized water during the filtration to
remove residual ions otme surface, therair-dried overnightFurther treatmentfahe 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, tfeedstockcomposition was analyzed viardyfluorescencéXRF)
andthe results arehownin Table4.2.1.1 The XRF analysis were conducted by the Geoscience
Laboratory of the Ontario Geological Survey using the ftdiskl major element analysis method.
Particle size was measured usingéiple size analyzeBgeckman Coulter, Inc., LS 13 320W),
and the specific surface area was determined\RyBET isotherm by an adsorption analyzer
(Micromeritics, ASAP 2020 PlgsThe average particle size and the specific surface area were
11. 37 9@l raspedtivelFigure 4.2.2.1)Mineralogcal change®ccurred during the
carbonation reaction were determined via powderaX diffraction spectroscopy(Malvern
Panal yt i3% @he XrayXddfmation tpatterns were collected in range 882 d  wi t h

step size of 0.0X3
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Figure 4.2.2.1. Particle size distribution (a) and NBET isotherm of pristine Twin Sister
olivine sample. The average particle si:
m?/g
The changes in meralogy of reacted olivine and its extent of carbonatiere

estimated based dhermogravimetri@nalysis TA instrument, Q50Presults. TGA enables us
to distinguish the weight loss from each specific decomposition reaction, so it fdsaatage
to quantify the extent of carbonation without interferimigh decomposition of other solid
phases or organic carba@ompare to total carbon analysi®uring the TGA run, the furnace

was under BWenvironment 0 mL min'!for sample flow) and he temperaturasasramped to

120 °C andheld thergor 10 minutes to remove any residual moisture in the saBpta.

nesquehonite and hydromagnesite start to release water molecule at higher temperature than 120

°C.(Hollingbery& Hull, 2010; Jauffret, Morrison, & Glasser, 20IH)e temperature/as then

ramped up t@50°C at a rate ofl0 °C min™.

Table 4.2.2.1. The elemental composition of olivine determined by XRF (wt.%)

El eme wt %4 EIl e me wt %

Si,0 41.| Mgo 49.

78



Ti 0 001 CaoO
A }O3 0.1 N a0
F 60, 8.5 K20
Mn O 0. 1f Ot het

o O o o

4.2.3. Determining the Fluid Chemistry and Mineral Saturation States
The fluid from the separated reaction prodwess filtered usingg0 . 22 e m syringe

and thenquenchedwith 2% HNGs solution toprevent any further reactionshd solution was

analyzed fodissolved elemental composition via Inductively Coupled Pla®izcal Emission
Spectroscopy (AgileniCP-OES 5110).The elemeratl compositionsobtained foreach reaction

were used inthermodynamic calculati@nof in-situ pH and mineral saturation indees The
calculatiors were performeavi t h  Ge o \WdrkbanctiBethlse 52022JCommunity 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 minerala$ been considered the rate limiting §@pdikota,
Matter, et al., 2014; F. Wang et al., 20Zhgrefore, in this study, we tried to elucidate the effect
of pH on dissolution kinetics to determine the olivinebcarmineralization behavior. As has been
well-documented in previous studi@3elkers et al., 2018; Palandri & Kharaka, 2004; Rimstidt,
Brantley, & Olsen, 2012)e observed that the both dissolved [Mg] and [Sptdt3 were much

higher at the same reaction time compared to the pH 10 case (#igurg(a) and (b)).
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Figure 4.3.11. Dissolution behavior of olivine at (a) fixed pH 3, and (b) fixed pH 10 at fafrom-
equilibrium conditions at 60 °C, S/L=0.15, 1251 50 ¢ m, and (c) and (d)
the suggested the olivine surface alterations at acidic and alkaline pkgspectively.

Also, the dissolved [Si] was greater than the [MgpH 10, while this is reversed in the
acidiccase, asonsistent with previoustudiesOelkers et al., 2018; Pokrovsky & Schott, 2000)
During dissolution apH 3, potonsundergacation exchange with Mgions in the olivine crystal
structure, whih does not occum the alkaline conditiofOelkers et al., 2018; Pokrovsky & Schott,
2000) Instead, hydration of olivine mineral occurs at pH 10, as shown in Figure 4.3.54¢d)

incongruent dissolution of Si enriches Mg in solid ph&ssed on these dissolution ratatal
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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. Hothiengers

still a need to investigate the direct carbonation kosedit different pH since the domairfor
dissolution and precipitatioare not separatedvieasuring the dissolution ratedone does not

reveal the full, directarbonation rate.

4.3.2. System evolution due to heating and Cg&injection.

To under st adiréect carbon vmineralidagon behavior, hitgmperature
experiments were conducted under elevated. PBefore CQ injection, the systems were
preheated to 185 °C which took around 1 hoMhile this heating step was unavoidabiemay
have alterethesolutionchemistryand mineral surfacgue to olivine dissolutioand/or alteration
To assess this impact, we collected the sample once the system reaché@ &88 ran
thermogravimetric analysis (TGA). As result (Figure 4.3.2.1 (a)), all cases had vesghess
than 1%,mplying the insignificant phase alteration. Meanwhitethe 1.66 M KOH casgthere
was a slight development of brucitdhat weight loss was around 0.1%onsistent with the
explanation in previous section that high pH could lead tonesigm hydroxide formation. To
val i dat e t he he aexiem af cacdbonatipghart (LiGmirfute)expariments weare
performedprior to rumingthelonger reactiondNe observedvhat, if any,mineralogicakchanges
had occurredat the initial $age of CQ injection potentially induced by surface alteration or
evolved fluid chemistryTGA resuls (Figure 4.3.2.1 (b)) from experiments withM KHCOs +
0.66 M KOH and 1.66 M KOHolutions exhibiting thehighest conversioaxtent or slight phase
alteration during heating (1.66 M KOH), showed negligitbbemation of newcrystalline

precipitates ireithercase particularly magnesite. These insignificant changes also imply that fast
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cooling after the reaction may have minimized the alteration duriegadbling. Thusin the

following discussion of longer experimentise CQ injection timecan beconsideredhe starting
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Figure 4.2.2.1. TGA data (a) after heating to 185 °C from room temperature, and (b) 1
minute direct carbonation experiments for the most enhanced carbonation kinetic cas
(alkaline pH conditions) by injecting scCQ (Pco2 = 130 bar)

point for direct carbon mineralizatioreactions.
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The injection o5cCQ introduceslissolved carbonic acid the liquid phase araltersthe
s | u rpH.yddstermingp H6 s antlireatcarbon mineralization, we needed to simulate pH
values at various reaction conditions@& o ¢ h e mi s t s(dabl®®B2.k) Atel 86EChH pH
of neutral water and Cequilibratedwater(0 = 130 bar) are calculated to b&.66, and 3.53,

respectively.

Table 4.3.2.1. The measured pH before direct carbonation at ambient condition and
calculated pH after heating (@ 183C) and COz injection (Pco2 = 130 bar) using measured

Mg and Siconcentrations via ICROES (Figure 4.3.4.1) after cooling. The neutral pH at 185
°Cis 5.66

. . H 185 A
I niti e pH at 1pP - 130
(measu (Calcul €°2

(Cal cul
1 mM HNO 3.0 4. 6 5.0
Dei oni zed 7.2 7. 8 5.1
1. 66 M Na 7. 4 79 4 . 9
1. 66 M KC 7.1 8. 1 5.0
1 M KHCOO. 66

8 10. 3 9.8 7.1

H
1. 66 M KO 13. 9 11.0 7.1

The calculatedpH at 185 °Cof all cases are indicated in table 1. With heating, the pH
increased in initially acidic to neutral casesnsistenwith olivine dissolution, whereas initially
alkaline cases exhibited pH decrease, attributed to the elevated temperature and/or silicic acid
dissolution. Furthermore, the calculated pHX¥onM HNGs, deionized water, 1.66 M Na(l.66

M KCI cases ranged from 4.9 to SMeakly acidic compared to neutral water undersitu
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condition For 1 M KHCGOz + 0.66 M KOH and 1.66 M KOHasesjdentical pH of 7.1 was
observedindicatingalkaline condition duringeaction

The evolution of pH from the high starting pH indicatest #ven high pressures of €€uld
not lower the pH below ~ 7, as strong bases buffered the system. Thus, everthibaniial pH
differences were not maintainedie werestill able to explore different direct carbonation
behaviorsunder acidic and allline conditios. 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-Bitu geological C@storagdn peridotite reservog In previous sidies
of geological CQstorage inbasat o st ed aqui fer, the injected we
mixing with the preexisted alkaline water and the basic mineral dissolutidumstg M. Matter et
al., 2007; Snd&gornsdéttir et al., 2018Jhis behavior is also expected for the peridetibsted
aquifers containing alkaline ground water. Indeed, peridotite has higher olivine content and much
less aluminum, which can buffer groundwater to higher pH compared tio-basted aquiferdn
the following discussionpH condition will referto the calculatedpH valuesat experimental
conditions after heating and G@jection, sincethey are moreealisticestimates of tha-situ

conditiors duringcarbonation.

4.3.3. Effectof pH and ion types on direct carbon mineralization kinetics and morphological
change in solid phase
To elucidate e effect of pH ordirect carbon mineralizatiobehavior of oliving we
studied the carbonation kinetics by quantifythe extent of carbomian olivine. The extent of

carbonation is defined as the amountCal, thathas been mineralizeglativeto the theoretical
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maximum CQO, storage capacityf olivine. Equation 1, referred from prior literature, was

employed ¢ calculate the theoretical GGtorage capacit{Gadikota, Matter, et al., 2014)

— -7 _ C(; Equation 1.

In equation 1,—— indicates the maximum storable £@ass per gram of feedstock.

@ and w arethe massof each element in a gram of the olivine samgidéainedfrom XRF
analysis(table 2) Thecontributionof iron was excluded due to the I@slubility of iron oxides

compared taron carbonatesiderite{( O6 Co n n or Ehé calaulated— 2 valdesused in

this research is 0.542 g of @@er unit mass of olivine.

The carbonate phasese dependenbn reaction conditiog which can affect theverall
reaction efficiencyWe applied TGA analysi® identify the major carbonapihase and its weight
content, which allowed ut determine the extent of carbonation more accuraiéig. first
derivative of the TGA (dTGndicates the starting thermal degradation temperature, and the results
of all cases indicated th#tte decompositiomainly started a¥00 °C indicative of magnesite
breakdown (Figure 4.3.3.1(&)%. W. Liu et al., 2012; Tian et al., 2014urthermore,no
significant weight lossoccurredbelow 300 °C which would beattributed to dehydration or
dihydroxylation of nesquehonite and hydromagndSiteanson et gl 2014)The XRD results
(Figure 4.3.3.1(b)) align with the dTG analysionsistent withmagnesite forimg during
carbonation. Itis consistent wittprevious findings thamagnesite (anhydrous MgGOforms
preferentially compared to hydrated magnesiumbaaates (e.gnesquehonite (MgC£8H-0),
and hydromagnesite (MgCOsz)s(OH)2-4H20)) at a high 0 and high temperatui@lanchen,
Prigiobbe, Baciocchi, & Mazzotti, 2008; Power et al., 2017; Swanson edadi)l2owever, when

we tested the type of eexisting ion by replacing Kvith Na, we could observe the formation of
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eitelite (NaMg(COzs)2) after 3hour carbonation, and the relative intensity of XRD peaks related
to eitelite increased as NaOH content iase. (Figure 4.3.3.2(a))With TGA analysis, we
observed two major thermal decompositions after ZD0which arelike eitelite degradation
profile wherethe CQ bonded with Na released firahd then C@from MgCQGs released at a
higher temperature (Figaert.3.3.2(b)). The formation of eiteliattributel to lower solubility of

eitelite compare to theKig(CGOs).. Thus, we used K for further experiments.

200 400 600 800

T 4 T : T X T

a B b =

-]
rvvadly. 03 0 Y |

™ -, A P oy
1 MKHCO, 1.66 M KOH .
+0.66 M KOH | ] "

1.66 M KCl A mtddn T AR 4 | T A
- 1 1 M KHCO, +0.66 M KOH
A

A

A
| ‘-
LR A
1.66 M NaCl = | 4 s
4 © A A
. Ll i
3 . 2 [1.66 MKCI
g 2 — e 5 =
= | ’ Deionized water S A A
9 LY, < " n & A
o _— A
9 | < I 1 anm o
- 1.66 M NaCl
1 MM HNO, | A am
™V s g I
[ lan A

| &
Magnesite sttt/ pned .4-.:‘-..&;‘“&\“‘(;‘E;.».‘.ELJ.A,,‘,,M;._A,.;é-&'JJ}._. ,-._,A.E‘,‘_L,J:k e
Deionized water
L ] % .
5 4 l A A
Hydromagnesite A
Hydromagnesite Y 9 ‘ lf f
[ dehydration 1

L1 mM HNO,
1 1

200 400 600 800 10 20 30 40 50 60 70 80
28 (°)

Temperature (°C)

Figure 4.3.3.1. (a) dTG of solid products from reaction in different solutions, and f
decomposition of pure hydromagnesite and magnesite minerals, and (b) XRD patterns
each system after 1hourreactions( y, bl ue: magnesite, z,
Dzed: serpentine); Talc and serpentine were identified for alkaline cases (1 M KHC£*+0.6¢
M KOH and 1.66 M KOH); Reaction condition was 185 °C, oz = 130 bar, S/L = 0.15
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Figure 4.3.3.2. (a) XRD patterns of Shour carbonation products in Na" bearing systems
(b) TGA analysis for Na" bearing alkaline systems

Theextens of carbonatior(yields,9 | ) were calculated using tlveeight loss at the
magnesite decomposition range (from 400 to 650 °C) using equation 2.
9 i 2 — pTnP Equation 2.

The exterd of carbonatiorfor eachreactionwereplotted inFigure4.3.3.2asafunction of
reaction time. Notablyreactions iralkalinesolutions showed enhancegrbonationrcompare to
weakacid systematequivalenduration After the 3hour reactionsyieldsincreasedo 2.06 3.55
9.59 10.7, 13.8 and40.4% for 1 mM HNQ, deionized water, 1.66 M NaCl, 1.66 M KCI, 1.66
M KOH, and 1 M KHCQ + 0.66 M KOH, respectivelyfzurthemore 1 M KHCOz + 0.66 M KOH
exhibited aproximately 4fold higher yieldcompare tdl.66 M NaCl and KClcaseswhile 1.66
M KOH solution showed ~4% enhancemehiter 24 hours, carbonatioextentsreacheb9.2%
and 2.5% for the 1.66 M KOH and 1 M KHC®@ + 0.66 M KOH experiments respectively

However, yields in weak acid solutions at 10 hours were simildre8-hour values. In general,
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bicarbonate ions are recognized to accelerate carbonation by buffering the(§fstameshya et

al., 2007; Gadikota, Mat er , et al ., 2014; Jiajie Li e

al., 2019)In this study, we observed a similar enhancement with hydroxide addition.
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Furthermore, the extents of carbonation in-adiied experiments (1.66 M NaCl and KClI)

decreased after 10 hours, and the disparities in yields betweeddatt and nesaltadded (1

mM HNOzs and deionized water) experiments shrunk between three and ten hours of reBadons

decliningcarbonation extents acidic pHsolutions over longgrmesmay result from precipitated

magnesiteli ssol uti on. The role of salts in oli
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literature(Chizmeshya et al., 2007; Gadikota, Matter, et al., 2014; Jiagedli, 20190ne of the

claims is that the salts may assist olivine carbonation by altering the reactions at th&ilicpti

mineral interface, facilitating ion exchange reactions or mitigating passivation layer
formation( Chi zmeshya et al ., Bdwevér,addodsalioccanmalsaredece a |
the CQ solubility in the systenfY. Liu, Hou, Yang, & Han, 2011; Pér&alado Kamps, Eyer,

Rumpf, & Maurer, 2007potentially aiding the dissolution of the precipitated magneAiior

work indicated that adding NaCl to deionized water alone had an insignificant efteet rae of

direct olivine carbonatio(Gadikota, Matter, et al., 2014)

The significantly enhanced magnesite prectptain alkaline cases were confirmed with
XRD and SEMin addition to the TGA analysidn Figure 4.3.3.4(a), we performed Rietveld
refinement of XRD patterrfso r e a ¢ h- amgl $0hadueerp@rsngnts (Figure 4.3.3.1(b)). The
results illustrate signifent precipitation of magnesite, and increased talc and serpentine contents
over time in alkaline cases compate the acidic cases. SEM images (Figure 4.3.3d)bclearly
indicate magnesite crystalline growth for 1 M KHE©0.66 M KOH (Figure 4.3.3.4(k)) and
1.66 M KOH (Figure 4.3.3.4(l, m)), while the surfaces of other cases were covered-with Si
particulate.

In Figure 4.3.3.3 and 4.3.3.4, we noted yield discrepancies for alkaline cases althgugh the
were done atlentical reaction pH. Thus, &xplore factors influencing direcerbonation 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 wassurpassed. 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 = ((OH'] + [HCO3'] + 2[CO:?']) eq/L x 50 g/eq Equation 3.
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Figure 4.3.3.4(a) Quantitative phase analysis at different reaction duréion (1 and 10 hours
via Rietveld refinement, and SEM images after 1dour reaction (b, ¢) 1 mM HNG;s, (d, €
Deionized water, (f, g) 1.66 M NaCl, (h, i) 1.66 M KClI, (j, k)1 M KHCQ + 0.66 M KOH, and
(I, m) 1.66 M KOH; Reaction condition was 185 °C, &2 =130 bar, S/L = 0.15
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Initial TA offers acomprehensive assessment incorporating the implications of initial pH
by considering [OH. Extents of carbonation exhibited a relatively strong linear correlation with
initial TA compare to pH al one, hi g4a3l3ib(dhti ng
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[HCO
] was expected for our study conditiomght after CQ 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 (@akikota, Matter, et al.,
2014)More discussion will continue in the following section.

Theseresultsdemorstrate that reaction ialkaline pH carenhanceverall direct olivine
carbonation kinetics comparéalreaction inacidic pH despite negative correlation of olivine
dissolution rates with pfDelkers et al., 201&Rimstidt et al., 2012)as shown in sectioh.3.1 It
suggests thatifferentmechanisms drivelivine carbonation at alkaline pH, potentially leading

to faster magnesite precipitation, yet withwver olivine dissolution rate.
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Figure 4.3.3.5. The ahour extents of carbonation as the function of the (a) initial pH withot
heating and CQ injection, (b) pH after heating without the CQOz injection, and (c) initial total
alkalinity; Reaction condition was 185 °G Pcoz = 130 bar, S/L = 0.15; (d) The rates of singl
step carbonation expressed in mass fraction reacted per second including the rates from
study. The data adopted from S. J. Gerdmann 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, 2019xand 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 betterunderstand theliscussed direatarbon mineralization behaviorse analyzed
fluid compositions and calculated corresponding mineral saturation states as describ&ohnin sec
3.3. During the reaction, olivine dissolution and magnesite precipitation occur simultaneously at
mineratfluid interface, and balancing [Mg] in fluid. In Figure 4.3.4.1(a), [Mg] for alkaline cases
remained below 3 mMuyhile [Mg] for reactions inveakacids were higher than 3 mMostCO;
injection As discussed, the olivine dissolution at acidic pH is faster #tatkaline pH since
protons exchange with Mg iori®elkers et al., 20185i] showed minimal changes conpd to
Mg ions during the carbonation, likely duett@ quartzsolubility limit at reaction conditiomas

represented in Figure 4.3.4.1(b) as horizontal dashed line.
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Figure 4. 3.4.1. Concentrations of total dissolved (a) Mg and (b) Siion the liquid phase:
as a function of reaction time. Reaction condition was 185 °C¢f2 = 130 bar, S/L = 0.1¢

On the other hand, [Si] for 1 MHCO3 + 0.66 M KOH and 1.66 M KOH were one and

two ordes of magnitude higher than in weak acidic systemslipesting, sharply decreasing upon
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CQOz injection. The notably greater [Si] dissolution in 1.66 M KOH system than irKHR&Os +

0.66 M KOH elucidates the higher yields of carbonation of latter witrenstime duration. As
hypothesized in section 2.3, higher initial pH potentially facilitated silica dissolution during
heating, followed by precipitatn to the solubility limit of quartz in early stage of reactitrgreby
passivating carbonation. Surfacemphologyand mineralogychanges were captured for both
alkaline cases over time (Figure 4.3.4.2), revealing-acBilayer covering the entire particle
surface in 1.66 M KOH after Minute duration (Figure 4.3.4.2(b1)), while uncovered surface
area coud be found in 1 MKHCOz + 0.66 M KOH system (Figure 4.3.4.2(al)). Additionally,
observations indicated faster magnesite growth in KHMCO3 + 0.66 M KOH case(see Figure
4.3.4.2(a2, a3, b2, b3)) These findings may support howKHKOs + 0.66 M KOH undenent
faster reactions than 1.66 M KOH case. Moreover, it suggestshigtnainitial pH may hinder
direct carbonation kinetics. Hence, it is important to consider thehrazls t ed aqui f er 6 s
for geological CQstorage and avoid raisitige startingpH in exsitu process.

Furthermore, [Mg] decreased in fluids produced ishbQr 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 magnesssolution in the longer duration
experiments in deionized water case. A decrease in [Mg] indicates that magnesite precipitation
occurs faster than olivine dissolutiomplying thatolivine dissolution is the ratimiting step in
acidic systems. Falkaline pH cases, 1 MHCOz + 0.66 M KOH case showed [Mg] fluctuation
over therange of 81.5 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
dissoluton 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 [Mghile driving continued olrine
dissolution, as previously proposed in our prior w@kdikota et al., 2020; Gadikota, Matter, et

al., 2014)

Figure 4.3.4.2. SEM images after (al) Xtin carbonation of 1 M KHCO3 + 0.66 M
KOH, (a2) 5-hr carbonation of 1 M KHCO3 + 0.66 M KOH, (a3) 16hr carbonation of
1 MKHCO3+ 0.66 M KOH, (b1) 186min carbonation of 1.66 M KOH, (b2) 5hr
carbonation of 1.66 M KOH, and (b3) 16hr carbonation of 1.66 M KOH.

To gain further insight into direct carbonation behaviors, we calculated the saturation states
of relevant mineralsatin i t u reacti on conditions using Spec
utilizing ICP results (Figure 4.3.4.1) as input data. Dissolved inorganic carbon (DIC) was also
calculated using the experimental condition. Based on thathtaeed the saturation indexeg)(
of the relevant minerals at different reaction times (Figure 4.3.4.3).

q indicates the degree of saturation by comparing observed dissolved ion activity products
(ion activity product, IAP) to solubility product constanggifor a given mineral phagequation

4).q = 0 means a fluinineral equilibrium (i.e., dissolution and precipitation are equally favored).
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g > O indicates supersaturated and precipitation of a given mineral is favored, while the fluid is

undersaturated and favors dissolution when 0.

m 11 Equation 4.

In each systemt h e valges of magnesitexceeded O, indicating its thermodynamic
preference for precipitation (Figure 4.3.4.3(a)). Interestingly, although the higher [Mg] in acidic
systems, alkaline casespiayed higheq values likely attributed to elevatefdd C )] or [C G
] from carbonate ion speciation (reactiof3)L Speciation calculations depicted higferC @]i n
alkaline systems (~2 M) compare to acidic systems (~20 mM), enabling magnesitéosatura
despite low [Mg] (<3 mM). Thus, elucidating potential mechanisms for sustained Mg supply in
alkaline systems becomes imperative. Forsterite .8@®) was undersaturated in acidic
conditions, whereas it approached saturation in alkaline conditionsréFg3.4.3(b)), with talc
(MgsSisO10(OH)., Figure 4.3.4.3(f)) and serpentine (MiipOs(OH)s4, Figure 4.3.4.3(d)) being
supersaturated. These observations support the proposed reactions (rebt}jadhat are favored
under alkaline, C®rich aqueous sotions, facilitating magnesite precipitatiansen, Dipple,

Gordon, & Kellett, 2005; P. B. Kelemen et al., 208231k & Kelemen, 2015)

2M@S i 4@3H0Y MgSiOs( OWH Kfg 20 H Reacti on
Mg*+ HEL£O0HY MgCLl -6 Reaction 8
CQ+ OHHCO Reaction 9
Overal/l

2M@S i 4@2H0 + ;L M gSiOs( OkH) MgsCO Reac10 on
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Figure 4.3.4.3. Calculated saturation indexes of available minerals for (a) forsterite, (b) brueit (c
magnesite, (d) quartz, (e) serpentine, and (f) talc; red:1 mM HN§&) orange: deionized water, ligh
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Talc and serpentine formation were observed in alkaline cond{fognsre 4.3.3.1(b)), and
their contents increadeover time (Figure 4.3.3.4(a)) contrasting with their absence in acidic
conditions. These results can support the proposed mechanisms (redetjahat may facilitate
magnesite precipitation, even assterite approaches equilibrium.

Additionally, we calculated equilibrium activity of G@r overall reactions (reaction 10 and

14) usingthe Rxn app i n Geochemi sts6 Wor kbenmth. Th

approximately 3x19and 0.017 barfor reaction 10 and 14, respectively, suggesting spontaneous

reactions until these would occur until calculattd was reacted, in alkaline conditions.
Further, this implies that if thé is maintained in engineered) subsurface systemshe

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 caltulaliso
suggest that geological GBtorage can thermodynamically proceed until most injectedi€O
consumed at neutral to alkaline pH. Based on our experimental results, calculated DIC during the
reaction would be around 3 M in both alkaline conditiares { M KHCQ + 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% ojgated CQ 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 irsitu CQ storage mechanisms. Olivinesdolution experiments confirmed the
negative correlation between pH and dissolution rates, with acidic solutions promotfig Mg
leaching from olivine, while Si ions were incongruently leached at a slower rate in alkaline pH.

We also conducted direct carbonineralization 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, evehoughall cases were saturated for magnesite, and Mg concentrations
in acdic casesvere 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 ralimiting step. In this study, we could proposéat olivine is
thermodynamically favored to be carbonated via reacting witb-rieé® alkaline fluid to form
serpentine and/or talc as well as magnesite (Figure 4.5.1). These proposed mechanisms may
remain even at lowd , indicating that high pential of geological C®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 adic 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 gealoQi@® 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, ultraigh initial pH (~14) maynhibit the directcarbonation kinetics by
leaching more Si and formirgpassivationayer when pHis reduced with C@injection. This
result can provide insight into parameters to consider for geologicals@tage, and direct

carbonation of mine tailirgfor CQ removal from air. Further studies can be performed to assess
the reactivity and risks for a pilksicale injection.

CO, from g .o® I
|

DAC or pw
Point source\ 000
Ultramafic rock reservoir
(Peridotite Ophiolite)
Deep ground water pH > 11
-
l E Increasing pH|

at -

Forsterite Forsterite
(Mg,SiO,) (Mg,Si0,)
Q Forsterite
) O Tale ©
% © Serpentine &
< © Magnesite o
Mg?* in
CO,rich
Aqueous Phase
Aqueous Phase
Mg Mg
in Solid Phase in Solid Phase

Figure 44.1. Schematic illustrates the geological direatarbonation behaviors occurring
within peridotite rock -host reservoiracross a range of pH conditions, from low to ultra
high pH, at COz-rich agueousolivine interface.
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Chapter 5: Nucleation and Growth Behaviors of Hydrated

Magnesium Carbonate Phases at various Surfacéduid Interfaces

5.1. Introduction

Carbon mineralizatiomas been regarded as promising in storing and utilizing CO2 in a
solid form, such as calcium carbonate and hydrous or anhydrous magnesium cafathkesa,
2021; Gadikota et al., 2020; Gadikota & Park, 2015]d30on et al., 2010; P. B. Kelemen et al.,
2011)Furthemore for CDR, geological C&storage is an essentagproachandformingof solid
carbonates is the ultimate step for geologicak GtoraggNational Academies of Sciences &
Medicine, 2019During the geological C&storage, it is expected that the divalent catj@uch
as Ca and Mg released from the mineral surface and then precipitate after surface reacting with
dissolved CQ@. Direct carbonation considers the case of simultaneous reaction at an identical
location; however, in the real world, unreacted Ca andidhg remain in the aqueous phase
transport through the reservoir while continuing the reactions with dissolved soch as
bicarbonate or carbonate ior3uring this carbonation behavior, the spatial information about
nucleation and crystal growth is cralcas it can change the reservoir's pore structure and
permeability(Harrison et al., 2017Also, some studies suggested that the precipitation rates for
anhydrous magnesium carbonate, magnesite, were determined to be slower than the dissolution
rates of the Mgich silicate mineral in the previousgearch, indicatinthe nucleation step can be
the overall rateletermining stegor CO, mineralization proces&Giammar, Bruant, & Peters,

2005; Saldi et al., 2012)
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The nucleation of a crystalline solid refersatgrocess 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 nucleaticand 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 heterogeneoeationcl
behaviors, and it is expressed in EquatiogpG  a nydefept@Gibbs free energy change during
the nucleation and volume free energy change of the nucleates, respectively. The other parameters,
rand o, ar ¢henudieasandahd suriase temdion, respectivelsthermore, the volume
free enegrgcya,n gpb@& expressed as a function of s
2, where saturation index is the ratio of ion activity product (IAP) of reactants and solubility

constant of nucleated mineral.

YO -“i YO t“if Equation 1.
YO Q] Equation 2.
I f Qr I Equation 3.

As shown in Equatiasl and 2 heterogeneousucleation at the minerfluid interface is
affected by the thermodynamic propestgich as temperature, saturation statenatidterfacial
enery. Furthermore, the net interfacial energyis determined by the interfacial enerdiesween
substancewucleate, fluidnucleate, and substanfieid as shown in Equation 3, whdrés ashape
factor. (Chevalier, 2014)Also, various factors includinthe wettabilityof substrate and ionic
strength are the parametdisat determine the interfacial energiewhich are related tothe

interfacial energy between substaificed and fluid-nucleate.
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As one of the parameterdifferent mineral surfacecan alter the nucleation behavior by
providing a lower free energy barrier for heterogeneous nucleation relative taeé¢heniergy
barrier for homogenous nucleatiffrernandeMartinez, Hu, Lee, Jun, & Waychunas, 2013; Q.
Li, FernandezMartinez, Lee, Waychunas, & Jun, 2014; Molnar, Pekker, Dédony, & Pdsfai, 2021)
For instance, prewus research revealed that the nucleation of calcite (g)a@® been promoted
with the presence of smectite, which is a type of clay miriEador, Hatd, Kristéf, & Pdsfai,
2020; Molnér et al., 20214 nother stug reportedthe enhanced calcite nucleation witkica
surfacecompared to quartz surfacas thedifferent types of minerals have different interfacial
energy of substanearystal(Q. Li et al., 2014 he different observations on calcite nucleation
with mica and quartz substances can be explained3Mih(Q. Li et al., 2014According to CNT,
the lessmatch of thdattice spacinglue to the structural differences midicleate and substance
causes the increase of the interfacial energy between the nucleate and subdtiedie
interfacial energy barrier can be lowered when nucleate and substancnhiasestructureyice
versa (Chou et al., 2023; Jung & Jun, 2016; Q. Li et al., 2014¢ structural match can be
described with the contact angle of the nucleating particle and the parent phase. The higbter cont
angle of the nucleatseubstrate indicates a more structural mismatch between the nucleate and the
substrate and a Higr interfacial energy barriedherefore, it igmportantto investigate the
nucleation behavior, particularly for heterogeneous mticle of solid carbnates with different
types of possible mineral surfaces, to advance our understanding of geologicato@x@e
Furthermore, theontact angle of nucleatibstrate ishe resuliof the interfacial energy balance
between substrateucleate, substratuid, and nucleatdluid. In this study, therefore, we explore
the nucleation behavior of hydrous Mg&hase at room temperature on different types of oxide

minerals, quartz (Si§), magnesium oxide (MgO), hematite £{Be) to determine theeffect
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different mineral substrate$t was to understand the behaviors under similar conditions and
mineralogy usually found in the subsurface environnfamthermore, the nucleation kinetics can
be expressed with CNT as the equations are expressed (@Hou et al., 2023; Q. Li et al., 2014;

Lioliou, Paraskeva, Koutsoukos, & Payatakes, 2007)

0 0'@e Qo | Qo) ————— Qe Equation4.

()

yQ ——@) Equation5.

In the series of the equations, d, dnd| indicate nucleation rate, mtconstant, and
interfacial energy (mJ/f between nucleated particle and fluid, respectively. Asmd T refer
to Boltzmann constant (1.38102% J/K) and temperature, whilg means molecular volume of
forming phase (cAimolecule) .o gindicates therke energy barrier for the nucleation (J/mol), and
it is derived from Equation 1 and 2Qe¢ ) and '@« are interfacial correlation functions
determining the nucleation barrier affected by the substrate, while the contact angle of
substrate and gstal.

So far extensive research hlasen done on solid carbonate nucleation. In many cases, the
nucleation behavior was indirectly explored via monitoring pH, cations (Ca or Mg) activities
conductivity of the bulk solutiofApriani M, 2019; Cheng & Li, 2010; Gomedorales, Torrent
Burgués, & RodrigueZlemente, 1996; YP. Lin & Singer, 2005; Lioliou et al., 2007; Molnar et
al., 2021)These methods using the probing of the bulk solution propertiebecatilizedto
understand the formation of Ca or Mg carbonates. However, more is needed to elucidate the
nucleation behavior at the solblution interfaceFurthermore, several studies investigated the
interfacial nucleation behaviors of Cag@rectly. Howeveralimited number of studies have
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explored the nucleation behavior of hydrous and anhydrous MgC@npared to
CaCQ.(FernandeaMartinez et al., 2013; Q. Li et al., 201%his may anticipate the various
hydration sates of MgC@phases, unlike CaG{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, 20hd)s, the formation mechanisms of
magnesium carbonates become more complicated codhfmacalcium carbonatddowever, in
nature, Mg ion is amimportantsoure of CO, storage via carbonation, and the olivine ¢9ifs)

is the most reactive mineral regarding dissolution and carbonation and the primary mineral for
peridotite rock massifP. Kelemen et al., 2019; Mervine &t, 2014)Thus, understanding the
nucleation behaviors of MgG®hases is essentidh this work, therefore, we tried to determine

the relationship between the nucleation behavior and wettability of each mineral to consider the
interaction between théuid and substrate.

In addition the dissolution of the original minerals alters the ionic strength and salinity of
the agueous phasthisraises the question of how the type of existing ion in the aqueous phase
can alter the nucleation behavior of hyasdVigCQ. One of the critical points of precipitation
hydrous MgCQ 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
dissolvedfrom 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 tbéymamic and kinetic
information for geological C® 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 beniginé samples without the destruction, such as

atomic force microscopy (AFMand 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 hematiteusilly the secondary phase
altered from the original mineréBeinlich et al., 2018Jhus, in this researclwve prepared three
oxides, SiQ (quartz), MgO, and E©3 (hematite), as theubsurfaceelatedminerals. Single side
polished SiQ (100) and MgO (100) was purchased from MSE Supplies LLC (AZ, USA), and
FeOs surface was prepared witow speed diamondas/ and 3em alumina powder polishing to
prepare smooth surface. The initial roughness of each oxaedetermined with AFM.
Additionally, the wettability was examined using water contact angle with deionized water.
Further, the oxides were washed with pefof ethanol (Fisher scientific, NH, USA) and sonicated
for 30 minutesand driedin 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 heterogenecleatian of hydrated MgC#)
we setup an experimental apparatus. To mimic the reaction condition of geologicib@Qe in
basalt or peridotite rock, which is alkaline, we used 100 or 50 mM Qo buffer the system
at high pH (above 10). As the Mgn source, we used 100 or 50 mM Mg6H>O salt. The
chemicals were all ACS reagent grade and purchased from Rilgineh (MO, USA). Also, the
concentrations were chosen to supersaturate the solutions regards to nesquehonise3f4G%0

which is the faored hydrated phase at ambient temperature and partial pressure. 4
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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 paD3vith 100 mM
MgCl>-6H20 solution instead of 100 mM NaOs. In terms of reactor, the flothrough reactor

was adopted to minimize the homogenous nucleation, which can adhere onto the mineral surfaces
and disguise the heterogeneous nucleation. For thetfimugh experiment, we used peristaltic
pumps, and total flow rate was maintained at 4 mL/min. the experiment duration \wasuié.

During the experiment, the pH of mixed solution was around-10.5.

o @
L

Solution 1:  Solution 2:
0.05,01 M 0.05 01M
MgC|26H20 Nach:g

Drain

Figure 5.2.2.1. Schematic diagram for experimental setup

5.2.3. Atomic force microscopy (AFM) analysis

AFM is a poverful tool to analyze thphysicalproperties of the surfadgacluding height
and roughnesBy scanning the surface with a.tiphis technique enables to imaging surface and
determine the roughness which related to heterogeneous nucleation in nanonetén sicis
experiment, we used AFM (Dimension FastScan AFM, Bruker, MA, USA) under FastScan

tapping mode in air. The tip was Fasts€arand force was 0.4 N. 512 points were scanned in a
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line with ~3 Hz frequency. The obtained images were processed aribsslope analysis software.

Eachex-situ measurement was done after 30 minutes of reaction.

5.2.4. Raman spectroscopy
At high pH and ambient temperature, brucite (Mg(&tdan be formed preferentially over
nesquehonite. Thus, it is important to assess the |iegegh phase. For that, we adopted Raman

spectroscopyiiVia Raman spectrometer, Renishaw, Wkth a532 nm laser.

5.2.5. Contact angle measurement

The @ntact angleof each mineral substrate and watems measured to determine the
wettability usingthe contact anglegoniometer purchased from Ossila Ltd. (Sheffield, England).
The mineral substrates wekept in a desiccator before the contact angle measurehoameasure
the contact angle dropletof deionized watewas dropped onto the surfaséth 25¢ L yrigge.
The volume of the water droplets were less thanls. e quartz and Mg@sed in this study were
singlecrystal substratesvhile the hematite substrate consisted of multi grains, while the droplet

size was smaller than the grain.

5.3. Results and Digussion
5.3.1. Phase analysis of precipitants

As indicated in Table5.3.1.1, various phases, including magnesite (MgCO
hydromagnesite (MgCOs)4(OH).-4H20), nesquehonite (MgGEBH20), and brucite (Mg(OH)

had positive logarithm of saturation indexes (Slg}idating that they can be precipitated in terms
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of thermodynamicsthe SI (G) can be expresse@dndApreferhe Equ

the solubility product of precipitated phase and ion activity products of reactants, respectively.

Saturationindex (§I 0) s | AP/ K Equation6.

Table 5.3.1.1. Solution conaatrations used for experiments and calculated logd for
candidate phases
[MgCl2:6H0]  [Na&COj] Magnesie Hydromagpesite Nesquehonite  Brucite

mM mM Ln G

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 inportant 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 110Q trwere observed, which correspond to nesquetoriihe
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 moleculdwrefore, interference of hydration
shell and kinetically affordable reactions is important for controlling the product pRasm
temperature and ambient partial pressure of @@ known to be insufficient to produce
hydromagnesite or magnes{@®&wanson et al., 2014Hurthemore brucite is also favored to be
precipitated at high pH asydroxyl ion (OH) can forma more stable ion pair with Mg than ion

pair carbonate ion (C#).(Toroz, Song, Uddin, Chass, & Di Tommaso, 202ayvever, we found
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that nesquehonite was mainly precipitated, and it bettributed to amuch higher (~onerder
magnitude higher) concentration of €0than OH. Based on these results, we could further

investigate théeterogeneous nucleation of nesquehonite.
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Figure 5.3.1.1. Raman spectra of precipitants on substrates after nucleation

5.3.2. Effect of saturation index for nucleation behavior
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Different mineralsare exposetb 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-fhuiigeral. In this regard, we explored
different oxides and how they interacted with vanedquehonitsaturated solutions and focused
on elucidating the relationship between the chemical property of the substrateefiabjlity)

and the nucleation behavior

MgO Sio, Fe,0;
Contact angle: 97.0 ° Contact angle: 53.0 ° Contact angle: 42.6 °

Figure 5.3.2.1. Contact angle of substrates with deionized water. Substrates are MgO (le
SiO2 (middle), and FeOs (right).

Before the reaction, the contact angle of smooth surfaces with deionized weater
measured to determine the wettability of the surfaoce the results are shown in Figure 5.3.2.1
Wettability indicates the interfacial energy between tlued and substrate, and the interfacial
energy between the fluid and substrasteegardedis afactorthat cancontributeto interaction
behavior with reactan{@\tashin, Varin, & Wen, 2017; Tzachristas, Kanellopoulou, Koutsoukos,
Paraskeva, & Sygouni, 202BR)previous works, it was indicated that wettabiinfluences CaCe@
nucleation kinetics and stabilization of amorphous calcium carbonate (ACC), which is a metastable
form of CaCQ via interactionwith watercontaining nuclei and hydrophilic surface. Also,
hydrophilicity negatively affects the CaG@udeation ratéChevalier, 2014; Koishi et al., 2019)
Similarly, the lowest magnesite (anhydrous Mg €bntent was observed with hydrophilic seed,

which may contribute to thiateraction othe hydrophilic substrateurface with water molecules
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in thefluid and inhibit the water repelling for magnesite formatidocording to the contact angle
measurement, MgO was the most hydrophobic substrate, followed baiRiF-e0s:.

After measuring the contact angl®f minera substratedeionized water dropletwe
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 tlat the ratedetermining step has been moved to crystal growth from
nucleation, especially for the highest saturation staté@.@dhE 2.37). Indeed, higher saturation
can provide more driving force for the reactianindicated in Equation 2.

Interestingly, MgO had the highest particle density (# of ¢ | ena)toreaseé aoverage,
followed by SiQ and FeOs for all saturation tates as shown in Figure 5382. This trends
consistentwith the hydrophobicity that was measured and increased in order of MgO2> SiO
FeOs. This speculates that the nucleation of nesquehonite may pheférydrophobic sites
comparedo hydrophilicsites. As discussed, Mg ias surroundedyy six water molecules, and
carbonate ions have to overcothe water moleculbarrier toform thesolid carbonates. Hence,
the more hydrophobic surface may provide the sites where the water concentratigrdigeltov
the repulsive force toward the water molecules. Further, higher hydrophobicity may interrupt the

hydration shellchange the coordination structyesd assistarbonate iomo bond with Mg ion.
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Figure 5.3.2.2. AFM images of (g1-3)) MgO, (b-(1-3)) SiOz, and (¢(1-3)) FeOs substrates
From top to bottom, the row indicates the after reaction under 100 mM MgG}6H20 and
Na2COs solution; 100 mM MgCl2:6H20 and 50 mM NaCOs solution; and 50 mM
MgCl2:6H20 and Na2COs solution. The reaction was conducted for 30 minutes at roc
temperature.
5.3.3. Thermodynamic understandings on heterogeneous nuegon

Based on the results from the sectionZ.®e further explored the nucleation behavior in
thermodynamic viewin the previous section, we determined that the nucleates are nesquehonite.

Therefore, we could have derived fr om t he densi t glemgitsvalueis quehor

1.26x10' cm®/molecule. This obtained value can be utilized for interfacial energy calculation.
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Qe - ¢ OWEQ *®E ¢ Equation?.

s s o~ A oA

3 GCGAOAOAI Equation8.

Toadopt the CNT, we use the results for the lowest concentr&aonM MgCb-H-O and
NaCOs solution as this condition shows the minimum crystal growth. In Table33.3the
parameters, radius and height of nucleates, and number of articleunit ara E€m?), were
indicated These values webtainedby using the software, Nanoscope Analysis ver 3.0. During
the analysis, the particlésgher tharlO nm were excludeoased on previous finding thatould
be the precipitants from homogeneous nucleafi@hou et al., 2023Also, particles that have
smaller height than 2 nm were excluded only fos(zecasedue to the roughness of initial
substratesAs indicated, the radius of nuclei of MgO, Sj@nd FeOs are 42.57, 49.04, and 35.89
nm, respectigly. Also, the heights are 6.56, 3.63, and 4.60 nm. No tnexsd foundwith
wettability. Thereforewe could infer thathe property of substrates did not affect the size and
height.However, it might be because of thenitation of measurement that thetige was not
capable for irsitu measurement of the nucleate size evolut@m the other hand, the particle

density showed a negative relationship with hydrophilicity, as shown in Figugel5.3.

Table 5.33.1. Properties of nucleates on different subsites

r h Particle density
nm nm #/ €m
MgO 42.57 + 2.99 6.56 +0.56 13.98 +5.60
SIO, 49.04+ 3.32 3.63+£0.54 5.58+2.10
FeOs 35.89+ 4.49 460+1.19 5.33+£0.95
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Figure 5.3.3.1. Relationship between contact angle of fluislibstrate and calculated particle
density from AFM image analysis

To understand the negative trend in particle densithydrophilicity. we calculéed the
contact anglef nucleating particlsubstrate 3, as described in Equati@nhThe calculated values
of 3 are respectively 8.88, 8.48, and 14.61 ° for MgO,.S&Dd FeOs. The contact angles of
watermineral substrates and the contact anglesuoleatemineral substrates showed opposite
trends. This result indicates that themore hydrophilic sulstrate has relativelyess lowered
interfacial energybarrier forthe nesquehonite nucléat. Also, the calculated values 6f2¢
using Equation7 are 11x10% 8.89x1(P, and 7.7x10, respectively.This speculateghat the
substrates used in this study and the nesquehwatgood structural agreemenith the mineral
substrates we studied hag the obtained values are closer t&-@®m the Equatio, it can be
inferred that the free energy barrier would be in order e©feVigO, and SiQ. Interestingy,
howeverthe free energy barrier in Si@vaslower than MgOthat MgOshowed higher particle
densitythan SiQ. This behaviormay dueto the limitation of exsitu measuremerds it cannot
measurethe growth of theprimary nucleatesThis limitation can cause thk&ess representative
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values ofgyrationradius of initial nucleates. Considering this, more advanced teclsnapaeh as

in-situ grazing indence small angle -Xay scattering (GIAXSWill be beneficial toadopt forthe
guantitative anagnoreaccurate analysis. Still, we could observe that the increase hydrophobicity
can promote the nucleation kinetics or growth. This behavior is similar ¢o dlid carbonates,

and opposite to Mn(OH)which is hydrophiliqChevalier, 2014; Chou et al., 2023; Koishi et al.,
2019)Thus, we could speculate that the more hydrophilic substrate favors to interact Witldthe

which is aqueous phase, over to interact with nesquehonite. Furthermore, when we are considering
theformation of magnesium carbonate, the hydration shell around the magnesium ion hinders the
reaction. In this regard, the hydrophobic surface coale:fa lower the local water concentration

at the interface that hydrophilic surface, which can assist the nesquehonite nu¢léateom. d u |

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 stnength ca
alter the nucleation behavi@fung & Jun, 2016)n 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 differen behaviors during the interactions at the interfaces, such as adsorption and
nucleation. (Olsson, Chai, Dove, & Cai, 2019; Qu, You, & Liu, 20Zhus, this sector was tried
to explore the effect of coexisting iospecifically for K compare to Na by altering the carbonate
ion source to KCOs. We conducted the identical experiment withlk2.37 using Si@ The
scanned AFM images after the reaction are projected in Figug15.3.

As shown in the figure above, theorphous 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 (afd). This suggests that the K and Na ions play a role during the nucleation. One
of the previous papers indicated that the increased ioniegsitreeould aid the heterogeneous
nucleation on the substrate and also on the formddates and increase the heigfising & Jun,

2016) In terms of ionic strength, the ionic strengthledK incorporating system was 175.94 mM,
andthe case oNa was174.65 mM,whichis almost identical. Thus, even though the consistency

of particlesdé radius ( ~1O0fferencaninayodiedye sotheioncl e s

strength difference.
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Figure 5.3.4.1. AFM image after 30minute 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 aprevious studyK ion hasheen reportetb reduce the induction time and promote the
nucleation of ammonium alum in a homogeneous system, Whilen did not have a considerable
effect on nduction timgQu et al.,2021)Qu et al. explained th#éhe incorporation ofhe K ion
into the ammonium alum promoted the nucleation rates by substituting the ammonium ion, which
has similar ionic radii with the K iofQu et al., 2021)n the case of Mg ion, Na ion hasmore
similar ion radius compareo K ion, indicating that the enhancedcleationby K ion cannot be
expected for the nesquehonite nucleati@m the other hargl Hofmannet al studied the
molecular alteration behavior of calcite at the interface contacting with the water containing
differentcaions, Na and K ionsTheresearcheralso observed the different behaviors induced by
the type of coexisting iarThey observed that produced plated crystalline during tHéeeeation
while Na ion formed amorphous film at the calcite surf@defmann, Voitchovsky, Siker,
Schmidt, & Stumpf, 2016)hey suggested thdtesmaller ion radiusf Na ion compargto K ion
resultedin higher affinity onto the calcite surface and evenly formed the(flofmann et al.,
2016)Furthermore, the Na ion can be hydrated with three water molewthids K ion barely
forms the hydration shell and disrupts the water stru¢Mudlin, 2001) Therefore, it was
speculated that the adsorption behavior of monovalent cations onto the substrat@sdrieater
network would be different, which can change the interfacial energy baifrles. presece of
adsorbed K ion may inhibit the structural match of nesquehonite as it can disrupt the water structure
in nesquehonite nuclehs indicatedn previous studieghe size differences of dissolved cations
can contributed the interaction at the substaaqueous phase interfagevarious mechanisms.

(Qu et al., 2021Hofmann et al., 2006In this point of view furtherinvestigation 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,
MgCl2-6H.O, NaCOs, and KkCO;s, to elucidate the effect of mineral surfaces and how the
properties alter the interfacial interaction with fluidcleatesubstances, especially for the
heterogeneous nucleation. Thasflow-through reactor witha small volume hd setup to
minimize the adsorption of nucleates from homogeneous nucleation and tested different mineral
substrates, including MgO, SiOand FeOs, which are the oxide forms tfie major elemental
compositiorand can be found at the subsurface. Alsetéimperature 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 nespeefionite
the brucite was more thermodynamically preferred. iBipsobably dudo the high concentrations
of carbonate ionf all systens. Also, the nucleation rate was accelerated with more saturation,
and in 30 minutes, the crystal growth becameptiraarystep over the nucleation when tiegural
log value of saturation indexas increased to 2.37.

The analysis of scanned AFM images after the reaction found that the nucleation rate of
nesquehonitavas acceleratefllowing the hydrophobicity. We observed that the decrease in
contact angle of pure deionized water with the sutestarface matched the increase of particle
density smaller thah 0 ia meight.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 Ig ion with carbonate ions and nucleate the nesquehonite.

Furthermorewe explored the effect of mineral and coexisting ion typ@th a SiQ 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-nucleatanterfaceandthe nucleatesubstratenterface  However, there are several
limitations which shouldbe exploredn the future. For instance, are accurate and precise
guantitative analysis via 4gitu measurement is needed to fully understand and determine the
thermodynamic and kinetic properties that banincorporatethto the modeling. Also, it is
necessary to detangle the science ofiifferent 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.
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Chapter 6: Fate of Emerging Contaminants and their Sorption
Behaviorsat Recycled Water-AdsorbentInterfaces during Carbon

Mineralization

This chapteincludesdata 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 wate
demands for drinking, agriculture, and other industries, while water securibebasffectedby
climate change and anthropogenic pollufiBoretti & Rosa, 2019; L. Lin et al., 2023)nce this
water securityproblem is related to climate change, removing. @Oalsoimportantfor water
security. Unfortunately, water plays a critical role in ¢heébon mineralization reaction in the
inherent mechanisms for natural silicate minerAsmentioned in the previoahapter (Chapter
1), 25 times higher weightof water relative to CQ is required in the CarbFix
scenarigAbdolhosseini Qomi et al., 2022; Dong et al., 2023; Snaebjérnsdaéttir et al., PRIR0)
immense water fogprint relatedo CO» mineralizatiorchallenge shexlight on concernfor water
resourcs. In this regardseveral studies haweeen conductedn utilizing seawater in ksitu
carbon mineralization; however, this option is unavailable in continent reserfous, insitu
carbon mineralization on thmntinent still has challenges related to water requirements,
emphasizing the exploration of unconventional water resources, such as various wastewater

streams, including agricultural runoff, treated or +@ated wastewater, or landfill leachate.
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However, these wastewater streams are not pure and contain various inorganic and organic
contaminantg¢Bolyard et al., 2019; Lam et al., 2023; Santos et al., 2022; Teng 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 concemrabf emerging
contaminant¢Bexfield et al., 2019; Chacén et al., 2022; Rout et al., 202&) emerging
contaminants refer twertainpollutants, including heavy metals, pharmaceuticals and personal care
products(PPCP), pesticides, and garoroalkyl substances (PFA®3ao et al., 2015; Luo et al.,

2014; Podder et al., 202ZIhese compounds are generally not effectively eliminaté@ditional
wastewater treatment planfWWTPSs). Thus, the accumulations of these pollutants in the
biosphere, hydrosphere, and geosphere baga detecte(Chacon et al., 2022; Rout et al., 2021)
Especially, landfill leachates can directhtroducepollutants with high concentratisrnto the

nature withoutbeing treaked Therefore, research on landfill leachate treatment is critical to
improvethe water securityor a sustainable societycripa et al., 20237eng et al., 2021The
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., 202iErefore, if the emerging
contaminants are injected during thesitu carbon mineralization withoattreatment process, it

can potentially cause the unexpected environmental risks including the effects on mictbbes in
subsurfaceand induce higher concentratianof emerging contamants in groundwater that
penetra¢ into the drinking water resour¢Bexfield et al., 2019)n addition, the emerging
contaminants have a variety cdfiemicalfunctionality and ionization states, and these properties

can alter the isitu carbon mineralization re@mhs occurring at the rock and fluid interfade
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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 enviconment

Among the treatment methods, adsmnp technology is a promising candidate to treat the
unconventional water resources as it can be implemeattexv cost, andis easy to operate
compare to other technologies, such as nanofiltration, reverse osmosis and advanced oxidation
processefDhaka et al., 2019; Rathi & Kumar, 2021; Sophia A & Lima, 2@i& of the critical
advantages of adsorption technology is the availability ofdost adsorbents and théunable
properties. Furthenore the adsorbde can be produced via utilizing the waste stream from
agriculture or even from the traditional wastewater treatment process, sewage sludge, which have
beenconsideredas different pollution inputs. Also, these solid waste streams are continuously
producediuring anthropogenic activities, lesganthe 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 bgeaolpportunity to enhance
water security and sustainable development.

As afeedstock 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.SA.(USDA-NASS, 2024; Venkatesan, Done, & Halden, 204ISp, these wastes have high
carbon, oxygen and nitrogen content which lsarthe source ohteraction sis toward the dilute
pollutants in the agueous phd&ankle et al., 2021)dditionally, waste materials can be obtained
almostat no cost or even at reduced cost by saving landfill space and waste diEpesalffeatures
also allow opportunities tareate alternative adsorbents of commercial activated carbon
(CAC),which isa widely used typical adsorbent. Furthermore, extendedifivation can be

applied to enhance the adsorption performalmcthis regard, this study focused on preparing the
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adsorbents from these two waste materials, with or without the modific&¥eicharacteried
their properties while assessing their eifeeness compared to CACin adsorbing the
contaminants from the synthetic wastewater to mimic the landfill leachates compared
Moreover, adsorption can be employsctording tovarious mechanisms as depicted in
Figure 6.1.1. Typically, adsorption can bkassified into chemisorption and physisorption,
indicating the different interaction mechanisms between the adsorbents and adsorbates.
Chemisorptionhas higher binding energy relative to the physisorption due to their chemical
interactions such as hydrogbaonding, electrostatic interaction, while physical interactions such
as’-" i nt er aveak VMam dersWaaloforces atke major interaction mechanisnfior the
physisorption. Understanding tlaelsorptionmechanism is critical for water treatment process
development since itan provide the insights how we can strategicallyproach the target
pollutants in complex agueous phaskhus, spectroscopic analysis, including Raman and Feurier
transform infrared spectroscopy (FTIR) have been employed in this stdefetoninghe reaction

mechanisms among the prepared adsortartghe synthetic pollutant mixture.
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Additional Adsorption Process

Bulk transport (a) Film diffusion (a) m—r Interaction

and diffusion (b) Intra—particle diffusion (b) Hydrophobic interaction
(c) Van der Waals interaction

(d) Pore filling
(e) Electrostatic interaction

Emerging Contaminants (same in vice versa charged case)
(f) Cation (e.g.k*, Na*, Mg2+, caz*) bridging

(g) Hydrogen bonding

@ solid adsorbent

Water
discharge

Figure 6.1.1. Schematic diagram of potential adsorption mechanisms between the s
adsorbents and emerging contaminants

6.2. Materials and Methods
6.2.1. Preparing adsorbents

The sorbents were preparedday collaborator from University of Texas at Arlington. To
be specific, the adsorbernitgludedrice husk (RH), rice husk ash (RHA), sewagelgki(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 ati5600 °C for 1 hour, then additionally

carbonized under inert gasJdhit 500°C for 1 hour and G0 °C for 0.5 hour, respectivelateam
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activationwas held athree temperatures, 500, 650, and 800with existence of steanfror the
chemical modification, three different approaches 1)tszdtment2) base treatment, and 3) acid
treatment were expred. For saltreatment30% ZnC} was applied since it is known to enhance

the pore structure and specific surface area. KOH (40%) and phosphoric #@l, (BD%) were

used for base and acid treatment, respectively. However, in this study, we onilgdadalp
treatmentactivation, based on collaborators pests(Chakraborty, 2022yor thesalt treatment
activation, RH, RHA, SS, and SSC wenepregnatedvith 30% ZnC} for 24 hours before the
thermal treatment &00 and 650C. Unlike steamactivation saltactivation 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 compardédr assessingemerging contaminant removal

performance with synthesized adsorbents derived from waste stream

6.2.2. Adsorption experiment and aqueous phase analysis

For the adsorption experiment, real mixed leachate wastewater collectenviytendfills
at Texas was used. The initial wastewater contained heavy metals (Fe), perfluorooctanoic acid
(PFOA), and N,Ndiethyltmet-toluamid (DEET) at concentration of 2088, 0.98, and 9.03 ppb.
0.1 g ofeachadsorbent was added to 100 mL of leachate wastewater, and then shakemiat 250 r

for 24 hours at room temperature. After that, the liquid part was collected and filtereOmh

. —
Mixed Leachate HPLC MS/MS PFOA, DEET
r — — » concentration
i analysis
r
' /

N Fe
'. ICP-MS concentration

analysis

—

Leachate 1 Leachate 2
(Fe, low Cu, PFOA, (PFOA, PFBA, 250 rpm, Room Temperature,

PFBA, DEET) DEET) 24 hours, Light blocked,
1g adsorbent/ 1 L leachate

Filtering

Figure 6.2.2.1. Schematic for experimental procedure
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¢ nsyringe flter, and then analyzddr organic emerging contaminant compositimingHPLC-
MS/MS (LCMS-8060, Shimadzu, Japan), and the heavy metal concentration usiMSCIEZP-
MS 2030, Shimadzu, Japan) at Shimadzu Institute Nanotechnology ReSeatehof University

of Texas at Arlington.

6.2.3. Characterization of adsorbents
6.2.3.1. Fourier-transform infrared (FTIR) spectroscopy

To determine the reaction mechanisme,needed to determine tisarfacefunctionalities
of the adsorbents. FTIR is an analyticalhieiqueresulting in a characteristinfrared spectrum.
During the analysis, the sample absothe energy aspecific wavelengthacrossinfrared
spectrum These pecific vibrationalmodes in a molecule that causes a change irdifiae
momentof thosefunctional groups. In this study, we used FTURI( Bruker, NJ, USA) coupled
with diamond attenuated total reflectance (ATR) cell. The spectra were obtained from 4000 to 400

cm'l. Each sample was scanned for 32 cycle with resolution of 4 cm

6.2.3.2. Raman spectroscopy

In complement to FTIR analysis, wesed Raman spectroscopy as it determines the
skeletal structure of the materidlo be IR active there must be change in dipole moment as the
functional group vibrates, to bRamanactive there must be a chang 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 Ramaactive sampleln this experiment, we perform&aman spectroscopy (inVia
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Raman spectrometer, Renishaw, U.#3ing 532 nm laserto examine the aromaticity of

synthesized adsorbents.

6.3. Results and Discussion
6.3.1. FTIR spectra of synthesized biochar adsorbents and base matais

To understand the adsorption mechanisms of emerging contaminant from the leachate
wastewatenyve needed to determine the functional groups exisimtheadsorbent surface. ATR
FTIR is a superior analytical tool for this purpose as the absorptiotragea 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 twsteamactivated biobars, RHA-800 and SS&O00 that are treated at 800 and
500°C with steam, respectively; asdltactivated biobars, RH500-Zn, SS500-Zn, and S50
Zn. The accumulated spectra can be found in Figure 6.3.1, and the functionalities found
corresponding to thETIR spectra are listed in Table 1.

Notably, we observediagnostiqpeaks for CAC ovetheinfrared spectiaangemeasured
demonstrating that CAC is HRactive. This behavior is due to the negligible dipole moment
change steming from stretching vibratins of symmetric double or triple bonfisind intheir
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 -12800cn?,
indicating GO stretching mode. As shown in Figure 6.3.1, the raw materials, RH and SS, show
broad and strong peak at 368600 cm! and peaks in range from 1300 to 1800'%m
corresponding to alcohol-& stretching mode and C=0 stretching, respectivelyjsndnsisent

with the existence of carboxylic groups. However, these peaks disappeared when the raw materials
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were treated to produce RHBSC or activated at high temperature. From this, we could speculate
that such polar functional groups are released duringrlaelst synthesis, and synthesized
adsorbents have less hydrogen bonding sites relative to the raw materials. Similarly, the peaks at
28002900 cm?, whicharerelated to €H stretching, showed similar tremdswith O-H and C=0

peaks. Additionally, it wasevealed that the peak near 1000 ‘owas retained for all caseshich

is attributedo aromatic GH, C-O, or GN.

SSC-500

S$5-650-Zn
$S-500-Zn
) AV
RHA-800 /
ﬁ
‘J \/‘I‘\_,.J
- M/-\’\“/‘\
RH-500-Zn

RH

Aborbance (a.u.)

- e e MUY
CAC
" 1 1 L 1 N 1 L 1 R 1 " 1
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Wavenumber (cm™)

Figure 6.3.11. FTIR spectra of adsorbentsand the base materialsused in this study. FTIR
spectra collected from 4004000 cm?! with 32 scans.
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Table 6.32.1. Possible functional groups of base materials and adsorbents derived from

FTIR spectra

Sample Wavenumber
Activation method ) Functionality References
name (cm'Y)
(C L, kumar j,
RH Feedstock 3350 Alcohol O-H Prasad, Zaie&
Gopal, 2013)
(Kaur & Choudhury,
2900 Carboxyl OH
2021)
(Mecozzi, Pietroletti,
Scarpinti,
280062900 Aliphatic G-H
Acquistucci, &
Conti, 2012)
(Mecozzi et al.,
1720, 1630 c=0
2012)
C-O, Aromatic GH  (Cletal, 2013;
~1200, ~1050
deformation Rahma et al., 2016)
(Elnour et al., 2019;
ZnCl; activation of _
RH-500-Zn 1570 C=0OorC=C Mecozzi et al.,
RH
2012p12, 214
(CLetal., 2013;
~1200, ~1050 C-O, Aromatic GH
Rahna et al., 2016)
Thermal treatment (CLetal, 2013;
RHA ~1200, ~1050 C-O, Aromatic GH

from RH

Rahma et al., 2016)
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Steamactivation of

(CLetal., 2013;

RHA-800 ~1200, ~1050 C-O, Aromatic GH
RHA Rahma et al., 2016)
~3540, ~3410, Alcohol O-H (CLetal, 2013 .
SS Feedstock
~3300 N-H Davis,2010)
(Kaur & Choudhury,
2900 Carboxyl OH
2021)
(Mecozzi et al.,
280062900 Aliphatic G-H
2012)
(Mecozzi et al.,
1630 C=0
2012)
1530, 1460 N-O, Aromatic GC
(CLetal., 2013;
~1100, ~1030 C-0, GN Kaur & Choudhury,
2021)
ZnCl, activation of Alcohol O-H (CLetal, 2013 R.
SS500-Zn 3400
SS N-H Davis, 2010)
(Kaur & Choudhury,
2900 Carboxyl OH
2021)
(Mecozzi et al.,
280062900 Aliphatic G-H
2012)
(Mecozzi et al.,
1600 C=0Oor C=C
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(Kaur & Choudhury,

~1050 C-0O,CGN
2021)
ZnClzactivation of C=0, unsaturated  (Mecozzietal,
SS650-Zn 1600
SS Cc=C 2012)
(CLetal., 2013;
~1030 C-O, GN Kaur & Choudhury,
2021)
Thermal treatment (Mecozzi et all,
SSC 1600 C=0
from SS 2012)
(CLetal., 2013;
~1100, ~1030 C-O,GN Kaur & Choudhury,
2021)
Steamactivation of (Mecozzi et all,
SSC500 1600 C=0
SSC 2012)
(CLetal., 2013;
~1100, ~1030 C-O,GN Kaur & Choudhury,

2021)

6.3.2. Raman spectrosopy for synthesized biochar adsorbents and base materials

As shown in 6.3.1 sectioTIR is a powerful tool to determine the functional groups in
materials, yet it cannot fully reveal the functional groupsdbaiot haveadipole moment change
uponinfraredinterrogation For instance, adsorbent CAC did not show any significant peaks in

the 400400 cm?! rangefrom FTIR analysis. In this regard, Raman spectroscopy can be a

132



complimentaryanalytic tool sincé&kaman spectra cagientify the aromaticityn sdid particles and
the graphitic structurearising fromaromatic rings. Therefore, we performed the spectroscopic
analysis especially for activated biochar adsorbents, while the raw materials, RH, and SS did not
showany significant peaksn the interestedRaman shift range. In Raman spectra, there are two
major peaks for aromaticity at ~1340 (D band), and ~1590 (@ band). Both major bands
indicatethe graphitdike aromaticity with different degree of ordéfhe D band and G band
represent the amorphoasomatic rings, and vibration of spybridized carbon atoms in ordered
aromatic rings, respective(gos Reis et al., 2023; C. C. Zhang, Hartlaub, Petrovic, & Yilmaz,
2022)

With baseline substitution and fittingith a Lorentzfunction, the ratio ofthetwo bands,
Io/le, was calculated for each adsorbentiatidted 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
consigs ofgraphitelike 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,
whil st i1t dan eafafcariio’'ni a b dld aalditibrcthe phiyswal adsorption
of hydrophobic emerging contaminardato CAC surface can be occurrew hydrophobi¢
hydrophobic interaction in the aqueous phase

Furthermore, all prepared biochar adsorbents had D and G bands, but showed different
Io/lgratio values. The higher value @flic ratio means higher defects or disorder in the adsorbents.
According to Table 6.3.2.1, CAC showed the highest ratio and followed 85&23n, SS500
Zn, SSC500, RHAB800, and RFb00-Zn. In general, SS basedsadbents had higher defects in
their structure compatldo RH based adsorbents regardiesthe activation methods. This result

may be attributed to structured aromatic risgn rice husk, emphasizing that the properties of
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biochar is highlydependenton the feedstockKumar, Sangwan, Dhankhar, & Bidra, 2013)
Interestingly,increasing theactivation temperature generated more disorder for both RH and SS
based adwbents. In FTIR spectra, we observed decreasing aliphdticalohol CO, and C=0

bands Combining both trends, it can be anticipated that the defects had been generated during the
release of volatile functional groups, and aromatic rings remainedardéred. The cases of RH

500Zn and S$00-Zn may support the proposed hypothesis as SS showed higher absorption
intensityat wavenumber corresponding to aliphatidHCalcohol CO and C=0 bonds relative to

RH.

SSC-500 : :

S5-650-Zn

S$8-500-Zn

Intensity (a.u)

RHA-800 : :

RH-500-Zn

CAC

800 1000 1200 1400 1600 1800 2000

Raman shift (cm™)

Figure 6.3.2.1. Raman spectra of biochar adsorbents prosel from base materials an
CAC

134



Table 6.3.2.1 Lorentz-fitted area of D and G bands, and ratio of area

Activation
Adsorbents Ip le Io/le Ipt+lc
metod
CAC 79341 42767 1.86 122109
RH-500-Zn ZnCl 154484 2025084 0.76 356992
RHA-800 Steam 141920 158169 0.90 300089
SS-500-Zn ZnClp 53260 54286 0.98 107546
SS-650Zn ZnClp 159861 78124 2.05 237985
SSG500 Steam 143513 15696 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 s of this section io evaluaé whether the
materialsproduced from wastes from agriculture and water treatment pescess remove
emerging contaminastn real leachateefficiently compard to thecommercialadsorbers, that
are widely used in realhastewater treatment plants. Figure 6.3.3.1 illustrates the strategy of
adsorbents preparati@mdtheir physiochemical properties.

As indicated, the base materi#ttermally treatedvith high heat (> 500C) for 1.5 hous,
and furtheractivated with stearat different temperature, apdoducedadsorbents (SS600, and
RHA-800) showed relatively low BET specific surface area (< 3@)nand no aliphatic ¢
groups or GH groups in their structur@hakraborty, 2022)his behavior was different from what
we expected. We speculated that steaniactivated adsorbents probably have high specific

surface area as the adsorbenmtsre treated at high teramture, or enhanced functionality
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including OH group as it was treated under steam. AlternativelyZti@,i activatedadsorbents
were directly generated from the waste, RH and SS. These adsorbeb®@&E SS650-Zn,

and RH500-Zn) had higher BET spdfic surface area (> 100 #g), and RH500-Zn showed
higher value than SS500-Zn or SS650-Zn.(Chakraborty, 2022¥%imilar to steamactivation
method, higher temperature decreased thHé @& O-H functionality, meanwhil&@nCl, activation
promoted the formation of $ybridized C=C double bounds. The advantageous characteristics
of adding Znd salt during biochar production were also reported @vipus studies, and it was
expectedthat addition of ZnGl can enhance the Lewis acidity on the surface and assist the
aromatic productioMinaei, Zoroufchi Benis, McPhedran, & Soltan, 2023; Paréde®rde et

al.,2021; Sun, Huang, Chi, & Yan, 2018; Xia et al., 2016)

Neat and Primarily Treated Waste Produced .
(- T TTTTTTTmTm T T T T \ Adsorbents Properties
I
|
I e .
| Steam Activation » Lower specific surface
1 I ‘ B : + SSC-500 area
1 > 500 °C | S e i Higher T — Less
1 1 - RHA-800 : functionality, higher
I : i disorder of aromaticity
: Sewage Sludge 1
I (SS) 1
I ey ' -
| :
1 . - - . . i i
: Xiii e | zncl, Activation SSRONEN L e men
| :
| Sy P« Hi —
! v, | - §5-650-zn | ° HigherT - less
I 3 | : fgnctlonallty, hlghe-r-
| Rice Husk | . RH-500-Zn disorder of aromaticity
\ (RH) 1
N e e e e e e e e 7/

Figure 6.3.3.1. Schematic diagram of adsorbent preparation strategy dnproperties of
produced adsorbents

Table 6.3.3.1. Adsorption performance of synthesized biochar for leachate containing Fe,
PFOA, and DEET and compared with commercial activated carbon
Activation

Fe PFOA DEET
method
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Adsorked Canc. Adsorted Conc. Adsorked Conc.

(ppb) (ppb) (ppb)
Negligible Negligible
RHA-800 Steam 730
adsorption adsorption
SSG500 Steam 598 -0.04 9.03
RH-500-Zn ZnCl, 179 0.13 5.69
SS500-Zn ZnClp 767 0.11 -4.57
SS650-Zn ZnCl, 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 R1300-Zn. From this result, it can be estimated that the functional groups,
such as C=0 or O are importantnteraction sites with Fgia complexation or electrostatic
interaction(Ambaye, Vaccari, van Hullebusch, Amrane, & Rtimi, 202%) the other hand,
cation” i nt emakasatminarcontributionfor Fe adsorption due to the lower adsorption of
CAC compare to the other cases. One of the possible explanations of low performanes06f RH
Zn is that the deposited Zn occupied the interaction siteslgdimited locations are allowed for
Fe adsorption Similarly, we observed thdte adsorbedat lower concentratioron SS650-Zn
compardto SS500-Zn and SS&00,which correlated with eeduced or similar intensity in FTIR
spectra, respectively evehoughit has higher surface area thaither SS500-Zn or SSG500.
Additionally, PFOA adsorptioon RHA-800 and SS&00 was much lower than the&nChi
activated biocharindicating that addition of ZnCl promoted PFOA adsorption mechanisms

compared to steam activatioAccording to FTIRand 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 handtheporefilling mechanisnprobably contributed to higher PFOA adsorption of ZnhCl
adivated adsorbents compared to stemtivated adsorbentslue to the higher specific
surface(Ambaye et al., 2021DEET is a widely used pesticide, and sh@ai¥sgh log Kow value
(2.02)(Information, 2024abn its structure, it has one amide functional groups, and other than that,
there are hydrophobic and aromatic funcalogroups. From these features, we anticipaied
interaction, or Van der Waals interactjavhich couldbe the majocontributors to the adsorption
mechanismg¢Ambaye et al.,, 2021)nterestingly, only SS&00 and RHB00-Zn adsorbents
showed effective adsorption and etd did not properly remove DEET fratime agueous phase,

or theyeven released DEET into the aqueous phase. We saw negative adsorption, which means
DEET was releasettom the adsorbents made from SS. It rbaylue to the concentrated DEET

in SS, and the eenging contaminant was not pyrolyzed during the activation. Since the initial
concentration of DEET in the leachate was 908, the removal efficiency for SS&00, RH
500-Zn, and CAC are 100%, 63%, and 89%, respectively. As CAC showed a good removal
capaity, we can consider thai * interaction and Van der Waals interactmomtributeto DEET
adsorption. However, according to Raman speetnalysis, the degree of disorder of aromatic
rings does not show significant correlatioith adsorption behaviofFurthemore the specific
interaction mechanisms could not be derived from FTIR or surfacena@suremensuggesting

more information is needed to understand the difference in adsorption performance.
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6.4. Conclusions

In this stidy, we aimed to develop leeost adsorbents from agritwre 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&nCl, activation. Ater synthesizing the adsorbents, we performed
spectroscopic analysis, including ATR FTIR and Raman spectroscopy. These two complimentary
techniques are powerful determining the existing functional groups and aromaticity.

From FTIR resultwe could coolude that treating the feedstock at higher temperature
reducel the alcohol ®H and aliphatic CH functional groupsThis trend originated from the
destruction and release of volatile functiodaling the treatment and activation. By comparing
the absorpbn intensity, SS contained moreand GH content, relative to RHZi O or C=0
functional groups were retained, regardless of the treatment or activation method andé may
due to the initial content of @herently inthe feedstock. Importantly, theighased CAC was
IR-inactive.

Raman spectroscopy indicated that all produced biochar adsorbents have aromatic rings in
their structure, and the degree of disordes vemkedn decreaseatder of SS650-Zn, CAC, SS
500-Zn, SSG500, RHA800, and RF600-Zn. We concluded that rice hudslased adsorbents
showed more orderedrystalline graphitic structurewhich may be originated from ordered
aromatic ring structusan thefeedstock. Thus, the physiochemical properties are highly dependent
on the types of feetlsck. Also, ZnCl, activation enhanakthe specific surface area of the
adsorbentcompared 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 relati®td=Gr Fe,
ZnCl, activation helped to enhands removal from the aqueous pha¥ée are speculatthat
there isanoptimal concentration of additional Zngfor each feedstock and treatment temperature.
Also, existence of QO or C=0 bonds promoted thesadption performanc®r Fe. For the organic
substances, the interaction mechanisms were not chstdyminedvith the limited information
in this studyalthoughphysisorptiormechanisma n d” "1 nt eseamed to may the major
driving force. Thus, further investigations, including analyzing the functional groups before and
after the adsorption is needed. Fneposeddsorption mechanisnaseillustrated in Figure 6.4.1.
Furthermore each adsorbent showed better removal efficiency for a specific emerging
contaminant, not for all emerging contaminants. For instanc8082n showed great adsorption
performance for Fe, while it showed less adsorption of PFOA, and negatively affdeied D
adsorption. In this regard, one of the promising strategies to develop tre$vpwadsorbent is

blending the adsorbents ausing thenin areactor to maximize the removal performance.

Paore-filling

interaction

Complexation

Electrostatic

Van der Waals

Figure 6.4.1. Schematic diagram for the proposed adsorption mechanisms
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Chapter 7. Development ofthe Engineered Adsorbents for

Emerging Contaminants

This chapter is based on the following manuscript to be submitted:

fiStrategical design of Avased MOFs for emerging contaminant removal from aqueoushase

7.1. Introduction

In the past decades, the enormously increased usage of chemicagritodture,
livestock, human activities introduces a new class of the contaminants that threat the Water
Energy Environment (WE) Nexus(Gonzalez Pefia, Lopez Zavala, & Cabral Ruelas, 2021; Klein
et al., 2018; Shana et al., 2019 hese dilute and diverse contaminants are called as emerging
contaminants, and incledartificially synthesized organic chemicals such as pharmaceuticals and
personal ca products (PPCP), pesticid®;AS, and et¢Bao et al., 2015; Luo et al., 2014; Podder
et al., 2021)Emerging contaminants are naf concern because they hatree potentials to
exacerbatehealth problems and ecological issues such as antibiotics resistance or endocrine
disruptims(Gonzélez Pefia et al., 2021; Hou et al., 2023; Laxminarayan et al.,|@@Edicular,
antibiotics such as tetracycline (TC), and sulfathiazole (STZ) have been widely used for not only
human, but alsm livestock and agricultural industryesticides such as atrazine (AT&realso
widely used globally asvell as herbicides in agriculture These contaminantsan be easily
introduced into the natal ecsystem via runoffHou et al., 2023; T. H. Y. Lee, Chuah, & Snyder,

2022; Tudi et al., 2021Meanwhile conventional water treatment methods cannot remove low
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concentration ordiverse types of emerging contaminants efficie(@iiacon et al., 2022; Rout et
al., 2021 )As aresult, these types of contaminaraisgd othersare now detectable in various water
bodies, including surface water, groundwater, and even in drinking (ateninghamBinks, &
Olson, 2009; Daughton, 2001; Guzzella, Pozzoni, & Giuliano, 2006; Javid et al., 2016; Milovac,
2023; Organization, 2012; Petrie, Barden, & Kasptizgkdern, 2015Furthemore these water
resources containing ECs canemter to our society asidking water or irrigabn water for
agriculture, and havthe potential to accumulate EC content in natwystens. Therefore, it is
important to develop strategic removal technologies with feasible cost and energy consumption.
Adsorption is one of thefficient approaches to remove emerging contaminants from the
water bodies with relatively low cost and easingiallationin both decentralized and centralized
facilities(Dhaka et al., 2019; Rathi & Kumar, 202%pphia A & Lima, 2018)Traditional
adsorbents, such as activated carbon and biochar are showing relatively good adsorption properties
with low cost however, it has disadvantages invigsiability of chemical and physical properties
due to its dependepon feedstock, and limited methods for regeneration, whichesant inthe
secondary contaminatiofgan et al., 2023; Larasati et al., 2021; Samonin et al., 2063he
other hand, MetaDrganicFrameworks (M®s) area novel platform for removing contaminants
as they have high specific surface area, and various physicochemical pr@esitigsfromtheir
high tunability in metal and ligand structure, and stability over multiple cycles. Especially,
zirconiumbased MOFs, such as UiO, and MIL classes are well known to be stable for long period
in an aqueous phase with wide pH conditigahmadijokani et al., 2022Based on these
properties, several studieested MOFs for emerging contaminant removal variable
forms(Dhaka et al., 2019 oreover,various MOFmodification method$iave been explored,

such aglefect controimethod, alternating the functional groups in linkeganic moleculesor
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dopingin different metalgY. Cao et al., 2021; Fan et al., 2023:®l.Kim et al., 2021However,

a comprehensive study on modification methods has not yetdmenandmost of the stude
havenot elucidated the primary interaction mechanism, which is important for the innovative
development on advanced adsorbents. Moreover, coexisting ions or other emerging contaminants
canaffectthe adsorptiomechanismgMa et al., 2020; Nguyen et al., 2021; Tran et al., 2020; Yan

et al., 2024; Y. Zhao et al., 201Phus it is important to understand the parameters for emerging
contaminant adsorption behavior and the selectivity to specific emerging conteniviaioh still

need to be investigated. Therefore, this study was designed to investigate the adsorption kinetics
and mechanisms with physically or chemically modified 46®to compare the efficacy of each
modification methods on emerging contaminantoggkson. For the modification, we decided to
perform a defect control using modulatfmrmic acid and functionalized the linker with electron
donating (nitro) and electrewithdrawing (amino)groupsto control the chemical propes

Herein, we testedffierent 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 determinegtcthefeff
agueous environment, such as pH, and types of ions on adsorption behavior. To determine the

practical availability of the modified UB6, we conducted the reusability experiments.

7.2. Materials and Methods

7.2.1. Chemicals

Zirconium tetrachloride (ZrG) 99.5%) was purchased from 1PlusChem LLC., (CA,
USA). Terephthalic acid (#8DC, 99%), and -aminoterephthalic acid @BDC-NH2, 98%) were

attained from TCI Chemicals (Tokyo, Japahhitroterephthalic acid (M BDC-NO», 99%),N,N-

143



dimethylformamide (DMF, ACSeagent 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 (NaNg) ACS reagent grade, 99%), hydrochloric acid (HCI, ACS reagent grade. 37
%), and sodiunmydroxide (NaOH, ACS reagent grade, 97%) were purchased from -Bilgimeh

(MO, USA), and nitric acid (HNg) Trace metal grade, 70%) was purchased from Fisher Chemical
(NH, USA). As the representative emerging contaminants, tetracycline (TC, HPLC (3%&de, 9
sulfathiazole (STZ, Vetranal grade), and atrazine (ATZ, Pestanal grade) were purchased from
SigmaAldrich (MO, USA). As a comparable sorbent, activated carbon was purchased from
SigmaAldrich (MO, USA)

7.2.2. Synthesis of Ui0O66, defectcontrolled UiO-66-X (X = FA18eq, FA36eq, FA100

eq), and UiO66-N (N = -NO2, -NH2)

We preparedJiO-66 and modified UiG66s in this studyTo prepare pristine Ui®6, 4
mmol of ZrCl and stoichiometric EBDC were dissolveéachseparately in 10 mL of DMF and
sonicated for 30 mirtas. After that, two solutions/ere mixed and further sonicated for 10
minutes. The homogenous mixture was {fidléd in a25-mL size PTFHine glass vials, and 2
mmol of HNG was added as the modulator. The {iidléd 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 centrifatipn (5000 rpm, 20 minutes) and washed several times with
fresh DMF and MeOH to remove unreacted chemicals.

For thedefectcontrolledUiO-66, we chose FA as the modulaamd its concentratiomas
based on the previous reseafShearer et al., 2016)o introduce the defects, we added 18, 36

and 100 eqwialentmolar of FA instead of HN®during UiO-66 synthesis, and denotétese
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samplesas UiG66-FA18eq, UiG66-FA36e(q, and Ui@6-100eq. The solvothermal and washing
process were identical to Ui@6 synthesis.

Chemically modified UiG66-NH> and UiG66-NO were prepareth the sameway as
UiO-66 described above, while theBDC was replaced with #BDC-NH. and HBDC-NO;,
respectively. The solvothermal and washing process were identical t68J§nthesis.

7.2.3. Characterization of synthesized adsorbents

To analyze the crystalline structure of synthesized-&6Gnd modified Uic66, powder
X-ray diffractf,bonPanPPXRO,i cxadper. K) was used wit
The specific surface area and pore size distributions was deterimanel. isothermsmeasured
using agas adsorption analyzer (ASAP 2020 Plus, Micromeritics, GA, USA) at 77-tay X
photoeletron 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 aciebase titration (888 Titrando, Metrohm, Herisau, Switzenavas performed
onUiO-66, Ui0-66-FA18e(q, UiO66-NH2and UiG66-NO2 to determine the Brgnsted acidies
For the potentiometric titration, 50 mgedichsample was preoaked in 60 mL of 0.01 M NaNO
solution overnight, and pH adjusted to 3 before fttration by adding 1 M HCI. 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 HPL&JV-Vis (Shimadzu, Japan). The mobileaske was isocratic flow with 0.4
mL/min H20 and 0.1 mL/min ACN, and Hypersil GOI'C18 column was usddr separation
For the measurement, 1 mL of liquid samples were collected from the batch after a certain reaction

time,t hen filtered with 0.22 em filter. Af ter t
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absorbance at 220 nm was measured to calculate the concentrations of emerging contAminants.
calibration curve was generatid every analysis. This methadasmaintained for all emerging
contaminant concentration anadgs

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 m@aked in 9.8 mL of deiorezl water (DI water) and pH
was adjusted with 1 M HCI and NaOH. 75 €L of
more DI was added to make total volume of 10 mL. Then, it was sltakenedat 250 rpm for
24 hours taapproaclthe equilibrium. The shakg speed and reaction time were maintained for
other experiments if there is no specific comment. Additionally, selectivity of66HBA18eq
towards the emerging contaminants was also determined. 20 mg of emerging contaminants were
dissolved togetherin ML of Me OH, and 100 ¢eL ofhetemmaval st oc k
efficiency was calculated based Eq. 1, whegai@l C refer the initial concentration of emerging
contaminant and concentration after adsorption experiment, respectively.

2A1 1T HAERNEAT pnm 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:H:0 solution. The stock solution was further diluted to 5000 and 1000 mg/L with DI water
as needed. For tlexperiments, 3 mg of UkB6-Fal8eq and Uib6-NH> was presoaked 9.8 mL
of DI water and pH was adjusted witkry smallamount oft M HCI and 1 M NaOHDifferent
initial concentrations (RO0 mg/L) veretested, and MeOH/HD was lower than 0.01 (v/v) to
avad anyco-solvent effect. The reactiggroceeded ove24 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,
MgCl,, CaCh, NaNQ, NaeSQy) weretestedto elucidate the effect types of coexisting iams
kinetics.

7.2.4.4. Recyclability test

Recyclability was examined for 5 cycles. Affehour 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 sdlwas dried under vacuum at 80 °C, before the new cycle of adserption

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&fQUiO-66-FA18eq, UiO
66-FA36eq, UiG66-FA100eq, UiG66-NH>, and UiO66-NO,), we first analyzetheir crystalline
structure with PXRD. As shown in Figui®31.1 (a), the major peaks at 7.5 and 8.6 ° were
observed for all adsorbents, indicating the synthesideorbents were well crystalized with fm3m
symmetry as reported in previous literatures exéept)iO-66-FA100eq(Chakarova, Strauss,
Mihaylov, Drenchev, & Hadjiivanov, 2019; Jiangtian Li, Musho, Bright, & Wu, 204%)ecase

of UiO-66-FA100eq, we could obsenaow 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 hwikietsinhibited

the reactions between the linker and metal clustdrcrystalline structure formation. Thus, in the
following study, we excluded UikB6-FA100eq due to its structural instabiliBrevious research
showed crystalline structure evementhey added 100 equivalentolar of FA, and this result
may haveoriginated from the higher concentratioh FA that weused lessr amount of DMF
compared tdhe literaturgShearer et al., 201@dditionally, we observed disictive peaks at
around 4° and % (red arrows)for defectcontrolled samples (UiG66-FA18eq and UiG66-
FA36eq).These peaks indicatbe formation ofreo structure by adding formic acid during the
solvothermal reactiofChammingkwan et al., 2020; Cliffe et al., 2014; Feng et al., 2029tail,

the added formic @d created vacancigs pristine UiG66 crystal structurdy inhibiting the
reaction between the ZD and carboxylic acid functional grouplinker moleculesAccording to
XRD patterns (Figurg.3.1.1. (a)), the defecontrolled UiG66s showed crystalie structure
when we added formic acid up 36 equivalent moles relative to a moletiod 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 thrgstalline struairecould not be formed adequately with an excess
amount of FA The schematic structuod defective UiG66 (reo structure UiO-66-FA18eq and
UiO-66-FA36eq, and defectfree MOFs (cu structure)for UiO-66, UiO-66-NH, and UiO66-
NO: are illustrated in Figre 7.3.1.1 (b) and (c), respectively. fou topology, a metal nodes
coordinaing with 12 terephthalate (BDC) ligands. On the other handethstructure is reported

to have the missing cluster defects in struc{@idfe et al., 2014; Shearer et al., 2016)this
structure, nodes are onlyc®nnected, indicating four less connections are formed between the

metal cluster and ligands compare to pristowetopology. Thus, more exposure of not connected
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Zr-O (e3-O a n-@H) probablyresults in arto increase the Lewis acid siteghich can be the
interaction sitegFeng et al., 2020)

Additional characterizatioof physical properties on 5 sdrbents were performed via
BET analysis. According to the results shown in Figure 7.3.1.2, all adsorbents showed type Il
isotherm, and the specific surface area, pore width are identified in Table {B3unhauer,
Deming, Deming, & Teller, 194Mccording to the results, Ui®6-FA18eq showed the highest
surface area and followed by U5, UiO-66-NH>, UiO-66-NO2, and UiG66-FA36eq. Increased
surface area of Ui®@6-FA18eq relative to pristine structure is due to the generated defects and
increase of active sites while it maintains the crystalline structure. Meanwhile56#236eq
had lowerspecific surface area. This may attribute to the collapse of micropore structure due to
increased defec{&ang et al., 2019The increased average pore width of tH®FA36eq also
canbeexplanetby t he decreased micropore structure (
66-NH. and UiG66-NO, showed specific surface areas lower than 106@ mwhich arein
agreemenvith previous literature6 D6 A ma t ®21g tiu, Ngliyen, Ng@yen, & Hoang, 2015;
Tang et al., 2021)Through the characterization, we confirmed that the adsorbents were

successfully synthesized except for the high FA concentratios. case
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Figure 7.3.1.1 (a) XRD patterns for synthesized Ui®6, UiO-66-NH2, UiO-66-NO2, UiO-66-

FA18eq, UiO-66-FA36eq, and UiG66-FA100eq, (b) structure of reo topology with 8
connected nodes, and (c) structure dtu topology with 12connected nodes
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Figure 7.3.1.2. Nisotherms of synthesized Ui@6 and UiO-66 derivatives via physical an
chemical modifications

Table 7.3.1.1 List of synthesized adsorbents andnodification strategy with BET specific
surface area BJH adsorption average pore width determined via Nsotherm

Speci fic

Aver age

CherLen MediiitataArea  wiatn
(ng) (nm)
Ui 66 Pristine 1287.92 2.12
_ Linker
Ui-©aNH functione792.04 6. 24
(Chemical
_ Linker
Ui-06aQ functionc¢951. 86 3.83
(Chemical
UieFAalge PETECL € 16551 76 3.55
(Physical



Ui -@FA36e ?e ect er

f
Physica|654'81 4. 92

7.3.2. Adsorption behaviors of different representative emerging contaminants

With 5synthesize@dsorbats, UiG66, UiO-66-NH2, UiO-66-NO», UiO-66-FA18eq, and
UiO-66-FA36eq, we determined the adsorption capacity of representative emerging contaminants
that are tetracycline (antibiotics), sulfatkazole (antibiotics), and atrazine (herbicide). The
selected emerging contaminants are widely used chemicals and detectedalsystens. 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 dou@doular size. Also, the
emerging contaminants have different spfdissociation constant) and pK(OctanotWater
partition coefficient) values. Thus, we aimed to elucidate the primary interaction mechanisms and
removal capacity of each adsorbent basedddferent 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 referencedChai et al., 2016; Information, 2024b, 2024c)The
hydrodynamic radius of each molecules was calculated using Chem 3D software, and the
longest length has listed

cl

NOO PN
pos PPN

’ AN
Tetracycline (TC)  Sulfathiazole (STZ) Atrazine (ATZ)

Chemical
Structure
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Hydrodynamic

radius(nm) 1.04 1.14 0.99
pKa 3.3,77,9.25 7.24 1.6
PKow -1.37 0.05 2.61
Solubility in 231 373 33.0
water(ppm)

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 firgtconducted the adsorption experiment near pH 6. We
chose this pH vak as the primary pH to avoid different chaxgemong the emerging
contaminants. At this pH range, all pollutants showeutral charge. After the adsorption, the
equilibrium pH values we slightly changed, bikeydid not exceed pH 6,%he most significant
change observed in ATZ adsorption. The removal efficiency is calculated based on Equetion 1
shownin themethod sectiorAs shown in Figure 7.3.2.1, the removal efficign€ ead emerging
contaminanat pH ~6.2wassignificantly different. Notably, the removal efficiencies were higher
in theorder of TC, STZ, and ATZ regardlesbthe modification methods. line case of pristine
UiO-66, the differences in TC removal efficienciesre higher than 85% and 90% comjokiie
STZ and ATZ, respectively. This behavior mag attributed to the different polarity and
hydrophobicity of molecules as the removal efficiem@sdecreasedavith increased pkv. This
finding suggests that the syetized UiQ66 and its derivatives are more effective for hydrophilic
emerging contaminant remoc’vali ntasmmrdacltd sosn oant\Va
interactions In contrasthydrogen bonslor electrostatic interactions at metal nedan be the

patential candidates for the major interaction mechanisms.
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Figure 7.3.2.1 Removal efficiency of STZ, TCand ATZ at pH ~6.2 with pristine UiO-6€
and chemically and physically modified derives. Initial concentration of eac
contaminant was 15 ppm. Adsorption was conducted for 24 hours, with shaking at z
rpm, and 300 mg/L of adsorbent dosage.

Interestingly, for TC, chemically modified adsorbents showed lower removal efficiency
compare to pristine and defeatontrolled adsorbents. Thigesult suggests that the major
adsorption mechams for TC had been suppressed when 8#was chemichl modified.
Furthermore, significant depression of adsorptias observed when the linkersvere
functionalized withan electronwithdrawing group {NO.), compaed to an electrondonating
functional graips in linker molecules. This may be based on the degree of Lewis acidity
enhancements induced by the functional grospshthatthenitro functional group may introduce
higher aciditythantheamino functional groupChakarova et al., 2019; G. Lee, Yoo, Ahmed, Lee,
& Jhung, 2023; Timofeeva et al., 2014)this regard, tuning the acidity via electrdanating or
electronwithdrawing at pH near 6 can inhibit the adsorption interaction.

On the other hand, oppositasorption capacity tendencies were observed in STZ

adsorptionWe speculated fromhese results that increased acidity can enhance STZ adsorption.
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ATZ showed the lowest adsorption behavior among the three model palwtaiie the pristine
UiO-66 showd the best performance. However, itcisallengingto elucidate the reasdior

modified acidity since ATZ isnonpolar and hydrophobic molecule.
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Figure 7.3.22. Emerging contaminant adsorption at different pH ranges. Identice
reaction conditions except pH. Adsorbent dosage (300 mg/L), same initiab (@5 ppm)
24-hour adsorption for equilibrium, 250 rpm, and light blocked.
Furthermore, we explored the adsorption behaviors of three model emerging contaminants
at different pH coditions. pH was controlled with standard acid and pasedescribed ithe

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 pb| eanty& were
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significantly more adsorbed regardleg®H and adsorbent that almost 100% of TC was removed
with adsorption onto Uié6 family except for UiG66-NO». This demonstratethatthe UiO-66

family is a highly potential adsorbent class to remove polargimg contaminantsThiswill be

a strong advantage for hydrophilic emerging contaminant removal from the aqueous phase. At pH
at around 4 and significant portion of TC is positively or negatively charged, respectideky

to the dissociation of fugtional groups in its molecular structyida et al., 2020)Thus, the
electrostatic interaction may noéthe major interactiomechanisnbetween UiG66s andthe TC
moleculesIn particular, the removal efficiency decreased when pH increaskeddese of STZ.

This result demonstrateékatthe lower pH assists the adsorption mechanism of STZ onte UiO
66s. At pH higher than 7.24, STZ dissociates and shows negatively ch@ilges] our experiment
condition (~pH 7.5) would consisf neutral and negatily\echarged STZ. Thus, the lower removal
efficiency at higher pH malge due to the different chargef STZ. Further discussions on STZ
adsorption behavior at different pH will also describedater. RegardingATZ, UiO-66 showed
increased removal efficiegy following pH, while UiG66-NO. showed decreased adsorption.
Other adsorbents, UiB6-NH,, UiO-66-FA18eq, and Ui@6-FA36eq showed removal
efficiency approximately ithe range of 0~7 % witltonsiderablesariation. Additionally, UiQ
66-FA36eq had similaor lower removal efficienesrelative to UiG66-FA18eq,which may be
attributed to the micropore structure collapse indicated in the previous section. In this regard, we

only exploredhe UiO-66-FA18eq case as an exampfea physical modification metth

7.3.3. Adsorption kinetics of TC with/without coexisting ions

In the previous section, we confirmed that L6865 can adsorf C effectively. Based on

the previous results, we furth@émvestigatedTC adsorption kinetics to determine the more
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advantageous modtftion direction to enhance the overall performance. Thus, we increased the
initial concentration of TC to 20 ppm, collected the samples @rticularreaction time and
analyzed the adsorption kinetics using HPUE-Vis. Figure 7.3.3.1 depicts the adstion rates

of UiO-66, UiO-66-NH,, UiO-66-NO., and UiG66-FA18eq have been depicted under ideal
condition, which has no additive ions. Duria@-hour experiment, we revealddat thedefect
controlled adsorbent, U®6-FA18eq can adsorb TC the most identical reaction time that TC
was adsorbed approximately 70% in 20 minutes, and the rates were fast in ordei6éf UiO-
66-NH>, and UiG66-NOz in the 2-hour time frame. From this experiment set, we revealad th
physical modification via defect engiergng can enhance the removal rdtecontrastchemical
modifications cannot offer sudm advantage regarding kineticBhe enhanced performance is
likely due to the increased adsorption site in 48&®FA18eq, which is the consequencered

structure.
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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 T
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 inthereal world. Thus, we determined the effect of four types of catioris KlaMg?*, and
Ca") and two anions (N and SG%) in this study (Figure 7.3.2). Notably,addingcations
suppressed adsorption rates and capacities of adsorbents abtopare€oexisting ion condition.
Exceptionally, UiG66-NO> exhibited almost similar adsorption capacities regardie®e types
of coexisting cation, which iapproximately 20% removal. According to the results in Figure
7.3.3.2, the adsorption capacity has been decreaghd orderof Mg®* > C&* > Na > K*. For
instance, TC removal efficiencies with UB-FA18eq were reduced to 44.4, 59.6, 8argl 88.5
% for Mg?* C&*, Na', and K, respectively, from 92.5% of no ion case. This oidemonsistent
with the hydrodynamic radius of cations. Thi inhibitory effect of background cations on TC
adsorption rates and capacities can be attributed to the hiedodninteraction sites where
hydrogen bondings offered(Ma et al., 2020; Nguyen et al., 2021; Tran et al., 2020; Yan et al.,
2024; Y. Zhao et al., 201Additionally, divalent cations, Mg and C&*, can coordiate with TC,
which can further inhibit the adsorption of T@lang, Cai, Liu, Shi, & Wang, 2023)he TC
adsorption behavior of the pristine UB case can support this hypothe&iscording tothe UiO-

66 case, the gaps adsorption capacitilavebeen reduced unlike the case of no coexisting ion.
Still, however, the defeangineered Ui@b6-FA18eq showed faster adsorption rates with most
cations. Therefore, it is clear that physical modiiien via defect control can be preferable for

further development of emerging contaminant adsorbents.
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Figure 7.3.3.2 Adsorption kinetics of tetracycline at pH 6 under presene of coexistint
cations (a) Na, (b) K, (c) Mg, and (d) Ca. The initial TC concentration was 20 ppm, a
batch reactor was shaken at 250 rpm, with lighblock.

In Figure 7.3.3.3, the adsorption kinetics study results in the presence of anions are
illustrated. The anions also showeedegative effect ondsorption rates and capaeg especially
for UiO-66 and UiG66-FA18eq. On the other hand, MOshoweda milder negative effect
compare to SO for UiO-66 and UiG66-FA18eq. This behaviowas observedfor different
adsorbents, and it mégattributald to competition between the TC and anions and stronger gharge

which can cause stronger interactiqds.Cao et al., 2018; W. Li et al., 2019; Vo & Kim, 2021;

Wu, Xie, He, Guan, & Zhang, 2016)otably, the inhibitoryeffect of additive anions is not
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significant when appliedo chemically modified UiG66, UiO-66-NH2, and UiG66-NO. In
particulartheadsorption ratand capacitypf UiO-66-NO, wereenhanced unlike other conditions
and adsorbentsllowing us tospecul&e thatthe sulfate anion may aithe adsorption of TC.
However, most otheadsorption (> 20% removal) happened in a very short time. The mechanisms
behindthis should be further investigated in future research. Overall;&3®GA18eq and Ui©
66-NH> can e thebest candidates for universal pH and various ion environments from physical

modification andchemical modification, respectively.
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Figure 7.3.3.3 Adsorption kinetics of tetracycline at pH 6 under presence of coexistil
cations (a) NO3', and (b) SOG?. The initial TC concentration was 20 ppm, and batc
reactor was shaken at 250 rpm, with lightblock

To further gainthe insights into the adsorption mechanism, the four kinetic models were
fitted with the adsorption ata for UiG66-FA18eq and UiG6-NH2, which show the best
performance from physically and chemically modified adsorbents, respectively. In this research,

we used pseudfirst-order (Eq. 2), pseudsecondorder (Eq. 3), Elovich (Eq. 4), and intparticle

diffusion models (Eqg. 5) as described below.
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Im n 18/ 7o Equation 2.

- — =0 Equation 3.
n -1 fir -1bd Equation 4
N Qo a Equation 5.

In the formula, ¢ (mg-d?Y) and g (mg-g?) indicate the adsorbed amount of TC by
adsorbent at equilibrium and at time t, respectively. Als(min'?), k2 (g-md*-min'?), and kare
rate constant for pseudst-order adsorption, secordder adsorption, and intgarticle
diffusionadsorpi on, respecti vel ytheEldichamodel, ibdicatingehe mte n s t a n
of chemisorption at zero coverage of adsorbent (ngim'?) and the extent of covered surface
and activation energy for chemisorption (g-'fgrespectively. As showmiTable 7.3.3.1, TC
adsorption for both Uieb6-FA18eq and UiG66-NH> are surface chemical reacticontrolled
reactions, indicating there was no inparticle diffusion limit as we expected with adsorbent
characterization (Table 7.3.1.1). Further, botkasdents mostly showetthe best fit with the
Elovich model.The Elovich model assunsethat the adsorption occumlt specific sites and
activation energy for adsorption increases linearly with active surface coeeagite &
Pasquier, 206) 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 b values for bot h-exstihgions dreidentisal as ¥ ICa'd+ f f er er
SO >= NQ3' > Na' > No ion > K" which is similar to the ordeof adsorption capacities. In this
regard, the revealed results can support the hypothesis that the ions inhibit TC adsorption.
Additionally, the activation energy tied6 No i on 6 case i S.Hewevergitcanl y hi g

be acceptable as the adstion kinetics fothed No i o n 6 *casa bad miaimatidiff&rences.
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Table 7.3.3.1.Adsorption kinetic models and calculated parameters for UiG66-FA18eq
and UiO-66-NH2 with the presence of different ions

Pseudéfirst-order

Pseudesecondorder

Elovich

Intra-particle

diffusion
Adsorbent a, k, R d. k, R v b R’ K, R’
No | 462 o006 096 | 655 098 | 221 007 o099 0.93
ion 2 3 8 7 1.90 7 2 4 9 | %77 7
. | 461 o005 097 | 579 201x10 o099 | 169 008 099 | 100 097
Na 0 6 6 7 i3 2 5 5 0 0 4
. | 614 000 099 | 677 139x10 093 | 141 006 098 | 125 094
K 9 2 5 5 i3 4 3 7 1 6 2
UiO-66- > [ 306 004 097|465 595x10 o091 | .. 016 098 | ., 099
FA18eq | M9 4 3 7 5 4 3 : 5 7 : 0
o | 350 004 097|371 279x10 o098 | 100 013 099 | . 098
Ca 5 6 1 7 i3 9 6 6 2 : 5
o' | 484 006 095 [ 505 1750 o097 | 121 o012 100| .. 099
3 3 2 8 2 s 9 1 1 0 ' 2
2
so’ | 427 o004 o098 288x10 097 | 121 012 0.96 0.99
. 9 4 7 | 412 i 9 1 1 2 | 718,
No | 46.7 003 0951 375 79 0086|2321 o012 o0976| 600 0¥
ion 6 0 1 8
Na' 53'3 ng ng 3766 457x10° 0994 1373 011 0.993| 6.80 0'56
K| 9 09 00% | 5097 278ad® 0988|1862 010 0902 899 O2°
Ui0-66- . )
NH, | Mg’ 62'3 0'201 0'??3 2439 16510° 0920 248 019 0980| 3.65 0'298
e 52'8 ogl 0'54 2830 45010° 0994 844 016 0994| 4.96 0'58
NO, 4%'4 sz 0'688 3274 7go10° 0998 1690 0.3 0996 | 5.80 0'294
2
5?4 4;'9 0'52 0'290 2521 30m10° 0963 2927 016 0943| 3.04 0'(?8
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7.3.4. Adsorption isotherm

To understand the adsorption mechanisms of two promising case6&FA18eq and
UiO-66-NH2, we explored their isodrm Also, we fitted their isothermwith Langmuir and
Freundlich models, which are widely used for adsorption mechanismestilidng et al., 2023;
Y. Zhao et al., 2012; Zhuang & Wang, 2021 Figure 7.3.4.1, weevealed that Ui&b6-FA18eq
hasabetter fit with Langmuir, and Ui®6-NH: fits better to Freudlich model, while both models
had benign Rvalues (>0.94). The equations fibre Langmuir andthe Freundlich mode are
described in equation 6 and 7, respestivAs above, gindicategsheadsorbed amount of pollutant
(mg-d?) at the equilibrium; g means maximum adsorption capacity (mMé:g<. and K- are the
constants for Langmuir model ("Myyand Freundlich model (md-, respectively; Gis pollutant

coneentration intheaqueous phase at the equilibrium (ppm).

n —— Equation 6.

n VO J Equation 7.

Remarlably, thegm and Kevaluesof UiO-66-FA18eqthat arecalculated from Langmuir
and Freundlicimodek, respectivelyyvere higher than thealues for UiG66-NH2. Especially from
theL Langmuir model, it was found that the maximum adsorption capacity cBiRA18eq was
double of the value from UiB6-NHo.. In this regard, we could conclude that L66-FA18eq will

be beneficial to use to deal Wwihigher concentrations.

Table 7.3.4.1 Adsorption isotherm models and calculated parameters for Uiéb6-FA18eq
and UiO-66-NH2

Langmuir Freundl ich
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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 lightblock.

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 con@nX&S analysis.

In generalthreedistinct peaks are observable in Ols XPSspeof UiO66, indicating oxygen

based

bonds

in -GEr@al ( nHI@CO Vihad B KrZeOw)o,

(a-nbd3 3i Z 1

eV) as shown in Figuré.3.5.1a)(Mukhopadhyay et al., 21) Based on the calculated area for

each peak, we plotted the relative content of each oxygen species in Figj6r&b), and we

confirmed that physically modified Ui®6-FA18eq had more hydroxyl group exposure than other

materials.UiO-66 showed theolwest ZrO-H content in its structurdollowed by UiO-66-NH>
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and UiO66-NO.. Interestingly, evethoughthe relative content of ZD-H washigher than Ui®G

66, it showedh slower adsorption rate and capacity. This rhawttributed to the lower surface

area, whichthatreduceghe availablenteractionsitesfor TC adsorptionor the hindrance effects

of theamino and nitro group In the previous kinetics section, we revealed that-6GBNH> had

ahigher activat o n e n e r gcgmpareatd theeUiO6®BFAL8eq.It suggests that chemical

activation inhibits TC adsorption even though it enables aliegte metal nodes a.ci di t vy
In addition, we performed a potentiometiitcation (Figure7.3.5.1c)) for UiO-66, UiO-

66-NH>, UiO-66-NO2, and UiG66-FA18eq The resultsvereconsisentwith the previos studies

that defected Uich6-FA-18eq showed more content ef-OH., which is pks around 7.3 than

UiO-66 and UiG66-NHa.(lbrahim et al., 2019; Klet, Liu, Wang, Hupp, & Farha, 2016; Somijit et
al., 2022)Additionally, UiO-66-NHa, and UiG66-NO. demonstrated the plateau region at pH ~8.5
and ~6.7, respectivelyn contrastthese plateaiwere not observed for Ui®6 and UiG66-
FA18eq. Especially, the lowered pKalue for UiG66-NO. can be ascribetb its conjugation
characteristic wh electronwithdrawing, while the opposite behavior is available for 8i®
NHa, which is functionalized witktheelectrondonating grougStasyuk, Szatylowicz, Krygowski,

& Fonseca Guerra, 2018hus, it can be estimated that hydrogen bonding of TC v@@Hdor M-

OH in Ui0-66-FA18eg enhanced the adsorption, while the conjugated interaction sites&6UiO
NO:2 group distracted the adsorption of TC at the reaction pH range around ~6.2. Furthermore, in
thecase of STZ, the adsorbents would stavincreased negative charge as pH increasaus

it may inhibit the STZ adsorption (Figure 4(a)). Altte derease in ATZ adsorption with UiO
66-NO. within pH increase anthe opposite trend with Uib6 may relate to the conjugation
behavior. From this potentiometric titration, we could elucidate the mechanfserthanced

behavior of UiG66-FA18eq and suggestsightful mechanisms for chemically modified UBBs.
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Figure 7.3.5.1. (a) O1s XPS spectra of UiB6, UiO-66-NH2, UiO-66-NO2, and UiO-66-FA18eq
(b) calcul ated rel at i-GtH0, a BN, t aon@yZgredn r oil
synthesizd UiO-66 family adsorbent, and potentiometric titration curve; 15 mL of 50 mg/6
mL of 0.01 M NaNGs

7.3.6. Selectivity and reusability of defect engineered Ui®6-FA18eq

As an extended study, we explored the selectivity of-8F-A18eqwhen competitive
adsorption happens to gain insightto the adsorpbn behavior in a complex system. Thus, we
preparedhe binary mixture of emerging contaminantdTZ&TC and STZ&TC and calculated

the selectivity coefficient following Equation 8 below.
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3 _— Equation 8.

Table 7.3.6.1 The comparison of emerging contaminant adsorption selectivity of UiB6-
FA18eq and purchased activated carbon Initial concentration of each emering
contaminant was 20 ppm

Activated carbon
UiO-66-FA18eq
(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 LtB®FA18eq with commerclly availab
le activated carbon to determine if UB-FA18eq demonstrates better selectivity than th
e widely used activated carbofhe results showed that UiGB6-FA18eq removed 0% of
ATZ and 99.0% of TC from the ATZC system, while it removed 12.7% &TZ and
97.8% of TC from the STAC 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 ATZC and STZTC systems, respectivel\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 7.3.6.16&/218e
g showed significantly higher selectivity toward TC in both the AIKZ and STZTC 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 PieZ.

lower selectivity of activated carbon can be attributed to its complaexgtiinality 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 Uiéb6-FA18eq, and then removing the remainiegerging contaminants

with activated carbon to remediate the water.

Additionally, we assessed the recyclability of UBB-FA18eq. Since Uidb6-FA18
eg has more structure defects, it may bes Istable than the pristine Ui€b, 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 7.3l%. From this result, we confirmed that defected Ui

0O-66 could be stable for multiple cycles in water treatment, and it is an affordable direc

2 3 4 5

Cycle

tion for future adsorbents.

100

80 |

60 |-

40

Remaval efficiency (%)

20

Figure 7.3.61. Recycle experiment result of UiG66-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 ertharremoval
of emerging contaminants. For that, we synthesized six MOFs, which are pristir@6 | N00-
66-NH:> (chemically modified), UiG66-NO> (chemically modified), UiG66-FA18eq (physically
modified), UiO-66-FA36eq (physically modified), and Ui#66-FA100eq (physically modified) to
determine which direction of modification can further enhance the adsorption capack§6UiO
FA100eq, however, did not form a proper crystalline structure, which may be due to the excess
amount of formic acid, which inhil®t 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-860and UiG66 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 ACFz, whi
may be attributed to their less polar or fpmiar properties. Further, we revealed that defective
UiO-66, which is physically modified, showed better adsorption performance on TC compared to
chemically modified UiG66 both thermodynamically and kinetlly. Notably, cations (K Na',
Mg?*, and C&") and anions (N, and SG*) decreased the adsorption rate and capacity of TC to
UiO-66-FA18eq and UiG66-NH>, and the inhibitory effect of cations increased as hydrodynamic
radius increased as it can hindlee adsorption sites. This behavior and characterization showed
that hydrogen bondiOmMg aa&@H,)seroEbly the prinarg intéraction
site. Also, defective Uigh6 and UiG66-FA18eq demonstrated selective adsorption of hydrophilic
TC over hydrophobic emerging contaminants used in this study (STXTa)dand 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 MOBsadsorb 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 \A@tergyEnvironmental
(WEE) nexus were explored, including dissolution/carbonation behaviors at the natural-mineral
water interfaces and adsorption behaviors at the engineered matetiaitsinterfaces to
understand and enhance the-@@d emerging contaminant removal.

For carba dioxide removal (CDR), ksitu carbon mineralization is essential for storing
CO; permanently in solid carbonate form. To assess the potential of geolGglkeatorage,
numerous drawbacks, such as varied reaction rates, undiscovered reaction medhenesfasts
of parameters, and their sensitivity, should be addressed. In this regard, this study explored
minerakfluid interfaces to understand dissolution kinetics, direct carbonation, and nucleation
behaviors.

The dissolution kinetics is generallyridered the ratdetermining step for the overall
carbon mineralization process. Thus, we investigated two primary rocks, basalt and peridotite rock,
in Chapter 2 ancChapter3, and olivine mineral, which both rocks containChapter 4. These
chaptersnvestigated the dissolution kinetics at-faam-equilibrium and acidic pH conditions to
mimic the rock (mineralwateii CO; interface near th€Q; injection sites. From the study, it was
revealed that the degree of alteration, or morphology, affectssb@ution rates. In Chapter 2, it
was found that the dissolution rate decreases when the alteration degree increases in the case of
seafloor basalt.

Further, this study demonstrated that choosing the proper parameters, such as geometric
surface area vRET-specific surface area, is essential for kbagn 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 rdtégirich 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 ationship with temperature with a coefficient 0®ZR. In this regard,
it can be concluded that the dissolution reaction at the natural silicate rock or haiqeealus
phase interfaces has different sensitivity toward each parameter. On the otherdsuihtdd
CQO is the major proton source during thesitu carbon mineralization. This led to a decrease in
the acidity of the fluid when the temperature was elevated. Therefore, optimizing the partial
pressure ofcO, and temperature is critical for engering geologicaCO, storage due to the
thermodynamic barrier during the-&itu carbon mineralization. In addition, we observed the Q
structure shift of silicate during the dissolution. Higher acidity causes more polymerization of
silica tetrahedral. Menwhile, the most acidic case (1 M HB@id not show the mass transfer
limited kinetics during the-8ay dissolution experiment and decreased patrticle size. This may be
due to the liberation of the -Passivation layer or the stabilization of dissolvedavisi 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-&itu CO; storage to meet CDR. ik the ultimate step in storing
CO: permanently. During the geologidaD» 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 groundter 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 carbonagon wer
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, gicly HCGQ' 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 thejected water with alkalinity recovery or increasing the reservoir temperature
by utilizing the released heat during the carbonatforB. Kelemen & Matter, 2008h Chapter

4, the study focused on assessing the effepHofwhich 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
carbonabn 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 showéet fzarbonation 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 geentine aids the formation of magnesite at higher pH. From this point
of view, temperature can be considered the primary parameter to enhance the CDR ra&iéuvia in
carbon mineralization.

Also, this study also aimed to investigate the nucleatemabior of hydrated MgCs§)
nesquehonite, with different mineral surfaces to elucidate the interfacial interaction mechanisms
of all possible C@storage routes. The Mg and HE®@r CO:? can be retained in the aqueous
phase after the dissolution and travg) 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 durirggtincarbormineralization, which can change
the pore network and ultimately change 3trage behavior.

Furthemore different nucleation behaviors were observed when the coexisting ion
changes. Relative to a sodium ion, enhanced particle formation was observed, raraiietigon
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 shdatdconducted to elucidate the mechanisms
that affect the effect of cations on nucleation behavior.

As mentioned, intensive water is needed to accelerate #iiigarbon mineralization
rates. However, due to water scarcity, recycling the injected fuabsential 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 repeaigzttion of fluid and recycling of the formation
water. Also, various water streams, including landfill leachate, can be utilizeddiu icarbon
mineralization. This study, therefore, aimed to understand the fundamental adsorption mechanisms
and kingics 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 cheantoadtion 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 vessté biochar had
more O content and, therefore, showeetter 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
regenerabn 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 Ui@bs as the platform to study the strategic directo
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 UiG66 and its derived adsorbents can preferentially rentioe 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 Uié6 platforms can be aadvantage 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 coexistig ions, both cations and anions, suppressed the interaction between 16&sUiO
and emerging contaminants. However, WW®FA18eq, physically modified adsorbents, still
showed the best performance regardless of the existence of the ions.

In summary, it iexpected 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 sustairstole in
carbon mineralization.

In future work, knowledge and behavioral gaps betweesdabe experiments and pHot
scale tests are required to be filled. Thus, other parameters related to operational conditions should
be investigated based on the fundamefitalings 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 dissoluti@and carbonation kinetics and thermodynamics. The
findings can be utilized to formulate the aqueous chemistry during water recyclingsitu in
carbon mineralization. Thus, injection fluid agueous chemistry optimization should be investigated
to enhance threactivity 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 adsbents, 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 compositioefore€her
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 {oleggadation or electrochemical
processes, is needed for more efficient processes. In particular, electrochemical processes can
separate the precious metals dissolved during tegurcarbon mineralization process, including

Ni.
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Appendix A. (a) The particle sze distribution of ground Tamarack peridotite rock sample
and (b) its Ne isotherm
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Appendix B. The dissolution rate of Mg of Tamarack peridotite rock sample at different
stirring rate. 3 wt%, room temperature, 150-425¢ nfraction.
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Appendix C

High concentration of alkali and alkaline earth metals, and heavy metals

Appendix C. Schematicof the proposedprocess design for the enhanced EC removal a
resource recovery coupled with irsitu carbon mineralization process.
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