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Mag
MC
MC
MEA
MgC
Mst
Mha
MHC
MKM
MSA
MSW
MSWI
MSWI BA

Fourier Transformed Infrared Spectrometer (FTIR)
Full Width Half Maximum
Greenhouses Gases

Global Lithological Map

10° tonnes

Hectares

High-Ca fly ash

CarbFix Monitoring well, see figure 2.8
CarbFix Monitoring well, see figure 2.8
Hydromagnesite

CarbFix injection well

CarbFix Monitoring well, see figure 2.8
High temperature

Heat treated

Indirect carbonation

Integrated Gasification Combined Cycle
Intergovernmental Panel for Climate Change
Injected fluid

Liquid/solid ratio

Layer Double Hydroxides

Ladle Furnace slag

Low temperature

Longwave outgoing radiation R
Magnesite

Mineral Carbonation

Mineral Carbonation

Diethanolamine

Mg-carbonates

Mg that substituted Ca in the monohydrocalcite structure
10° ha

Monohydrocalcite

Mount Keith Nickel Mine

Moisture Swing Adsorption

Municipal Solid Wastes

Municipal Solid Waste Incineration

Bottom Ash from Municipal Solid Waste Incineration
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MtC Million tonnes of CO;

nCIE Negative Carbon Isotope Excursion

NETL US National Energy Technology Laboratory

NETs Negative Emission Technologies

NiMT Nickel mine tailings

NMR Nuclear magnetic resonance

Nsi Si number of moles in one mole of the respective mineral or glass
Nsq Nesquehonite

PCC High-purity calcium carbonate

PCO2 CO;, partial pressure

Per Periclase

PETM Paleocene-Eocene Thermal Maximum

PgC Petagrams of carbon

PGE Platinum group elements

PMSP Precipitated Mg-silicate phases

PMW Paper mill Waste

PSCC Point Source Carbon Capture

r? Correlation coefficient

RCO2 Carbonation potential

Igeo Silicate dissolution rate normalized to the theoretically derived geometric specific

surface area

RH Relative humidity

RM Red mud

rT Room temperature

Rx Extent of reaction

Rx(max) Maximum Ry obtained in the reaction series
SEM Scanning Electron Microscopy
SFG Simulated flue gas

Sl Saturation Index

SMD Stirred media detritor

STP Standard Temperate and Pressure
SW Short-wave incoming radiation |
t Tonnes

TCD Thermal conductivity detector

Te Earth's Surface temperature

TEM Transmission Electron Microscopy
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TGA Thermogravimetric analysis

th Thermal

TPD Temperature programmed desorption

TSA Temperature Swing Adsorption

UMT Ultramafic mine tailings

umMcC Unknown Mg carbonate phase

WAXS Wide angle X-ray Scattering

X Fraction of the injected solution in the extracted water sample

XCO; CO, wt%. In the reaction products

XPS X-ray photoelectron spectroscopy

XRD X-ray Diffraction

XRF X-ray fluorescence spectroscopy

Oa Atmospheric reflection

oL Ice-free land albedo

vl Land ice albedo

0o Ocean albedo

op Planetary albedo

Os Surface albedo

asl See ice albedo

r Raman vibrational activity

5?°Mgbsms Isotopic ratio as per mil deviation of the Mg/?*Mg ratios from the DSM3
international reference materials

5%Ca Isotopic ratio as per mil deviation of the “Mg/*°Mg ratios

AR Radiative forcing (W m)

ATep Temperature anomalies of the Planck feedback

€a Percent weight gain assuming 100% stoichiometric conversion of the available Ca?",

Mg?* and Fe?* to carbonates

Visym v1 symmetric stretching mode
Visymcar vi1 symmetric stretching mode of the carbonate ion
Vas Antisymmetric stretching modes

p Density of the solid
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Abstract

Abstract

This work discloses new insights into the formation and evolution of Mg-carbonates as well as
carbonation processes of Mg-rich oxides and silicates with the aim of providing a safe and permanent
anthropogenic CO; storage, helping to tackle the worst effects of climate change. Carbonation
reactions were carried in a purpose-built steam-mediated carbonation system at temperature and

pressure ranges between 50-205°C and 1 to 10 bar, respectively.

A hydrated amorphous Mg-carbonate was identified upon carbonation of Mg-rich silicates and
oxides at 50°C. Such material might have similar composition and thermal dehydration behavior as
nesquehonite. Results from this thesis provided new insights into the enigmatic and yet
unconstrained transition of such phase to less hydrated phases. The evolution of Mg-carbonate
phases is mainly controlled by the slow dehydration kinetics of Mg?* rather than evolving to a
thermodynamically more stable or structurally similar phase. Despite it has been predicted that such
material could straightforward transform into magnesite, it is strongly argued that such transition is
greatly inhibited due to preferential nucleation pathways to less hydrated Mg-carbonate phases.
Phases within the group Mgs(CO3)s-(OH)2-XH20 (11<X<4) allows a progressive dehydration
whereas the MgCOs-nH,0 (n>0) seemingly not. It is proposed that the transition between hydrated
amorphous Mg-carbonate to highly disordered dypingite-like phases could occur progressively as it

dehydrates and crystallizes, forming dypingite-like phases.

The progressive evolution of dypingite-like phases is controlled by the removal of molecular
water, inducing cell-shrinkage as well as ordering the internal structure heterogeneity, resulting in a
crystalline hydrated structure with the name of hydromagnesite. This might explain the
inconsistencies in the solubility and decomposition behavior data reported in the literature for such
carbonate phases. No further dehydration is allowed within this group, entailing a significant kinetic

barrier in order to allow the transition from hydromagnesite to magnesite.

Results from this work shed light into the yet enigmatic evolution of Mg-carbonate phases. The
understating of such processes is of paramount importance to accelerate the transition and/or

dehydration kinetics among such phases and possibly unlocking preferential nucleation pathways.
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Abstract

Brucite carbonation was observed to occur at feasible conversion rates even under simulated flue
gas conditions, highlighting the potential of mineral carbonation processes for direct combined CO;
capture and storage/utilization.

Carbonation of Mg-rich silicates remained a challenging field under the studied conditions, even
for activated serpentine, despite its partial high-reactivity attributed to the presence of a highly-
reactive amorphous Mg-rich phase. It was also found the presence of a poorly-reactive Mg-rich
amorphous phase (formed upon activation of lizardite) which remained seemingly unreacted upon
carbonation. Such observation might provide new insights into the yet unanswered low carbonation

efficiencies for direct-carbonation of activated serpentine.

Similar carbonation yields were observed for brucite-bearing serpentinized dunite when
compared to activated lizardite. Strategically sourcing serpentinized rocks with higher brucite
contents will potentially increase the carbonation potential of such materials. Coexisting lizardite

and/or forsterite were also observed to be partially carbonated.

Carbonation of enstatite and forsterite were also individually studied under conditions relevant
to localized early Martian conditions. Enstatite dissolution was observed by the formation of a Si-
rich passivating layer, where Si and Mg are heterogeneously distributed. Such observation is
consistent with morphological changes within this layer, strongly suggesting an intergrowth of
nucleating and growing Mg-carbonates with Si-rich phases.
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Resum

Aquest treball mostra noves percepcions sobre la formacio i I’evolucio dels carbonats de Mg,
aixi com els processos de carbonatacio d’oxids i silicats rics en Mg amb 1’objectiu de proporcionar
un emmagatzematge segur i permanent d’antropogenic CO,, ajudant a fer front als pitjors efectes
del canvi climatic. Les reaccions de carbonatacio es van dur a terme en un sistema de carbonatacid
dissenyat especificament per al desenvolupament d’aquesta tesi. Els experiments s’han realitzat a

intervals de temperatura i de pressio entre 50-205 °C i 1 a 10 bar, respectivament.

Un carbonat de Mg amorf hidratat es va identificar després de la carbonatacio de silicats i oxids
rics en Mg a 50 °C. Aquest material pot tenir una composicié i un comportament de deshidratacio
termica similars a la de la nesquehonita. Els resultats d'aquesta tesi van aportar una visié nova de la
transicio enigmatica d'aquesta fase amorfa a fases menys hidratades. L’evolucid, via deshidratacio,
de les fases de carbonat de Mg és controlada principalment per la lenta deshidratacié de Mg?* en
lloc d’evolucionar cap a una fase termodinamicament més estable o estructuralment similar. Tot i
gue s'ha previst que aquest material es podria transformar directament en magnesita, es defensa que
aquesta transicié esta inhibida a causa de les vies de nucleaci6 preferents a les fases de Mg-carbonat
menys hidratades. Les fases del grup Mgs(COz)a(OH).-XH20 (11<X<4) permeten una deshidratacid

progressiva mentre que MgCOs-nH20 (n>0) aparentment no.

L'evoluci6 progressiva de les fases semblants a la dypingita es controla mitjancant I'eliminacid
d'aigua molecular. A mesura que es deshidrata es produeix la contraccié de I’estructura interna,
donant com a resultat una estructura hidratada cristal-lina amb el nom d’hidromagnesita. Aixo6 podria

explicar les incoherencies en les dades de solubilitat i de descomposicio termica per a aquestes fases.

Els resultats d’aquest treball van donar llum a I’encara enigmatica evolucié de les fases de
carbonat de Mg. L’enteniment d’aquests processos és d’importancia per accelerar la cinética de
transicio i/o deshidratacio entre aquestes fases i possiblement desbloquejar vies de nucleacid

preferents.
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Resum

S’ha observat que la carbonatacio de la brucita succeeix rapidament, fins i tot en condicions de
gasos de combustié simulades, recalcant el potencial dels processos de carbonatacié mineral per a
la captacié i I'is d'emmagatzematge de COx.

La carbonatacio de silicats rics en Mg és encara un camp dificil en les condicions estudiades,
fins i tot per a la serpentina activada, malgrat la seva alta reactivitat atribuida a la presencia d'una
fase rica en Mg amorfa altament reactiva. No obstant aix0, també es va observar la preséncia d'una
fase amorfa poc reactiva, formada després de I'activacio de la lizardita. Aquesta observacié podria
aportar noves visions sobre la baixa carbonatacio directa de la serpentina activada, la qual encara €s

desconeguda.

Es van observar rendiments similars de carbonatacié per a dunitas serpentinitzades en
comparacio amb la lizardita activada. L obtencio estratégica de dunites serpentinitzades amb un

contingut més elevat de brucita augmentara el potencial de carbonatacié d’aquests materials.

La carbonatacié de cristalls d’enstatita i forsterita també es va estudiar individualment a
condicions rellevants a ’antic Mars. La dissolucié de I’enstatita es va observar inequivocament
mitjangant la formacié d’una capa passivadora rica en Si, on Si i Mg es distribueixen de forma

heterogenia. Aquesta observacio és coherent amb els canvis morfologics dins d'aquesta capa.
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Introduction

Global warming is considered the most serious of all environmental problems and is mainly
driven by the ever-increasing anthropogenic CO; emissions. It is likely that climate change (due to
global warming) is occurring at such rate that many marine and terrestrial species will not be able to
adapt, resulting in a widespread future extinction of several species. Significant global warming
mitigation efforts must be rapidly implemented to prevent such associated effects of climate change
by aiming to limit global warming under 1.5°C above pre-industrial levels, as proposed in the Paris
Agreement by the United Nations. However, it seems increasingly unlikely that a significant
reduction of CO; emissions will occur in the near future. Therefore, providing a safe and permanent
CO, storage is critical to prevent the worst effects of climate change. Failing to implement such
technologies in a timely manner will endanger people and nature future. Moreover, an extremely
large investment will be required to partially remediate climate change consequences. Therefore, it
seems more reasonable to currently invest for a progressive transition from fossil-fuel to clean

energy-based society.

Passive weathering of Mg and Ca-rich silicate rocks are known to sequester significant amounts
of CO; trough mineral carbonation, although it suffers from slow Kkinetics, despite their
thermodynamically-driven reactions. Several studies have proposed to engineered mineral
carbonation process in order to accelerate the carbonation of Mg and Ca-oxides and silicates in an
anthropic timescale. This is mainly justified by (i) the exothermic-nature of such reactions, (ii) the
CO: storage potential of such widely abundant Mg/Ca-rich oxides and silicate on Earth’s crust far
exceeds the total CO; that can be produced by burning fossil fuels, (iii) it is among the safest and
more permanent among all the CO; storage technologies and (iv) reaction products might be
profitable (for ex-situ mineral carbonation processes). However, the kinetics of such reactions are

generally limited, requiring extreme carbonation conditions (150 bar, 185°C) to achieve reasonable
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Introduction

conversion rates. Such reaction conditions stray far from reality of post-combustion flue-gas

conditions, making them currently industrially unfeasible.

This thesis aims to provide new insights on direct mineral carbonation of Mg-silicates and oxides
as well as to shed light into the yet enigmatic formation and evolution of Mg-carbonates under
moderately low temperature and pressure conditions (50-185°C, <10 bar) in the presence of water
vapor for both concentrated CO; and flue gas streams. If sufficient reaction yields and rates are
obtained at such experimental conditions, such processes could be easily implemented on large-scale
projects, providing a permanent anthropogenic CO; storage. Moreover, reaction products can be

utilized for several industrial applications, lowering the costs associated with carbonation processes.

Results of this work highlight the importance of disordered precursors during the formation and
evolution of hydrated Mg-carbonates. Understanding such mechanisms is of paramount importance,
since it might provide new insights on the accelerated carbonation mechanisms, which are strongly
controlled by preferential nucleation and growth of several hydrated precursors, driven by the slow

dehydration nature of Mg?*.

Alteration of Mg-rich silicates was observed to suffer from slow Kinetics under the studied
conditions. The slowly-driven direct-carbonation reactions combined with the fate of silica provides
significant challenges, limiting their industrial applications.

Results presented on this thesis are aimed to contribute to the joined efforts for tackling climate

change in order to help people and nature thrive.
General objectives

e Study the direct moist carbonation of Mg oxides and silicates under moderately low
temperature and pressure conditions (<10 bar; <200°C) using simulated flue gas and
concentrated CO,.

e Provide insights on the role of disordered and crystalline hydrated Mg-carbonate
precursors during accelerated carbonation reactions.

e Identification of limiting factors that reduces the direct carbonation efficiency of
activated serpentine.

e Evaluate the carbonation potential of serpentinized dunites as an alternative to the

carbonation of activated serpentine.
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1.

Why Carbon Capture, Utilization and
Storage (CCUS) and Negative Emissions
Technologies (NETs)?

1.1. Anthropogenic CO2 emissions and global warming

The global warming is caused by the unbalanced radiative equilibrium between the incoming
short wave (SW) radiation | from the sun reaching the Earth and the outgoing long-wave (LW)
radiation R, following the Stefan-Bolts-Mann law (Ro=a-Te*, a=5.67-10° Wm? K*, Ro, @ and Tg
stands for radiative balance, Stefan-Boltzmann constant and Earth’s equilibrium temperature,
respectively) [1]. The incoming radiation | is mainly determined by the solar constant S, but also
depends on the Earth’s orbital configurations [2]. Almost a third of the incoming radiation is
reflected back to space, determined by the planetary albedo of a, = 0.3 [3]. The atmospheric albedo
constitutes >75% of the planetary albedo [4]. The main interaction of outgoing radiation R is with
greenhouses gases (GHG), absorbing about 40% to the total outgoing radiation [5,6]. Fig. 1.1

summarizes the global annual mean radiative budget of Earth’s atmosphere.

Water vapor (the most important GHG) absorbs about 60% of the LW radiation absorbed by
GHG [6]. The other main GHG (CO,, CH4 and N2O) absorbed the remaining 40%. During the last
800 kyr the CO- concentration in the atmosphere has estimated to vary between 170 and 300 ppm,
meanwhile, CH4 and N.O concentration variations are three order of magnitude smaller [7-12] (Fig.
1.2) . However, the impact of this latter GHG on the radiative balance per mol gas is larger than
CO,, following these simplified equations 1.1 — 1.5 [13]. CO; concentration variations are directly

related to episodes of Earth’ surface warming and cooling during the las 800kyr.
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Fig. 1.1. Global annual mean radiative budget of Earth’s atmosphere. SW: short-wave incoming radiation
I; LW: long-wave outgoing radiation R, which is dependent of Earth’s surface temperature (Te); atmospheric
reflection (aa: 0.212) and absorption (a=0.2); Is: SW dependent on the solar constant; the planetary albedo (ap:
0.3) combines aa and the surface albedo (as=0.15) which itself is divided into: ocean albedo (a.= 0.1), sea ice
albedo (asi= 0.55) land ice albedo (au: 0.75) and ice-free land albedo (aL:0.2). € is the effective emissivity of
the earth, accounting to 0.6. of the total outgoing R radiation. Figure from K&hler et al., 2010 [1].

_2 CO, (1.1)
ARco,(Wm™) =5.35-1In O

ARy, = 0.036 - (,/CH, — /CH,) (1.2)

2,0

ARcy,(Wm™2) = 1.4 - ARQy, (1.3)
ARY,o(Wm™2) = 0.12 - (/N0 — \/N,0,) (1.4)
ARy,o(Wm™2) = 0.12 - (AR¢o, + Rep,) (1.5)

Where AR’s are the radiative forcing of the respective GHG and are given in W m™2. CO2, CH,
and N,O are the estimated concentrations for CO, (ppm), CH4 (ppb) and N2O (ppb). CO-,0, CH4,0 and
N>Oyp are the concentration reference values accounting for 278 ppm, 742 ppb and 272 ppb, for CO,

CHa and N20, respectively. ARy, o and ARy, are the optimized parameters relative to the AR?\IZO
and AR%H4. ARy, taking into account the indirect effects of CH, on stratospheric HO and

tropospheric Oz [14] which accounts to an additional 40% relative to AR%H4 [15]. ARy, o linearly

estimate the radiative forcing of N.O based on the combined effect from CO, and CH, [15]. The
uncertainties for each estimated AR’s are described in Kohler et al., 2010 [1]. Temperature
anomalies (ATep) of the Plank feedback caused by these three GHG. As discussed by Kohler et al.,
2010 [1], the feedback processes (i.e.: water vapor, lapse rate, clouds) were not considered in detail,

which enlarges the temperature anomalies.

CO; concentration in the atmosphere are increasing at an alarming rate, currently exceeding
400ppm, which is significantly higher than those estimated during the last 800 kyr [16]. This
problem is widely considered to be one of the most serious of all environmental problems. The
challenges associated with the stabilization of atmospheric CO; levels becomes increasingly difficult
as the problem matures. Therefore, forecasting the response of the Earth’ systems to the ever-

increasing emission rates is of paramount importance [17]. Geologic analogues from past climates
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provides invaluable information on the impacts of massive carbon release on the Earth systems
[18,19]. The fastest known carbon released occurred during the Cenozoic (past 66 Myrs) at the onset
of the Paleocene-Eocene Thermal Maximum (PETM; ~56Myr ago) [17,20], associated with a

surface warming of~5 °K.
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Fig. 1.2. (a) Variation of atmospheric CO2, CHs4 and N20O concentrations and (b) perturbation in the radiative
budget due to the CO2, CH4 and N20 concentrations and the total GHG forcing. The right y-axis shows the
temperature anomalies (ATep) of the Planck feedback. Figure from Kohler et al., 2010 [1].

The marine depositional environment from Millville, New Jersey has paleorecords from the
PETM and cm-resolution bulk isotope records, including well-constrained age foraminiferal isotope
data [17]. Such sediments have potentially the highest-fidelity recording isotopic data of the onset
[21,22]. Oxygen and carbon isotope records are important tools used to reconstruct past ocean and
climate conditions. 3*C and 580 tracks the timing of the carbon release and the climate response to
CO, and other forcings, respectively [17]. The~3%. negative carbon isotope excursion (nCIE) as
well as the~1%o 5'80-drop at Millville is consistent with other pelagic sequences and foraminifer
isotope data of the onset at Bass River and Wilson Lake [17] (Fig. 1.3). Several nCIE in the
geological record are interpreted as episodes of massive carbon release and are evidence for past
global warming and/or ocean acidification [23], known as the Suess effect [24,25]. The isotopic data
of the onset is consistent with a global surface warming of ~5°K [17,26]. Analogously, due to current
anthropogenic CO, emissions from burning depleted 5**C and §*4C fossil fuels, the 5*C composition
of atmospheric CO; has declined by ~1.5%o [23].

Zeebe et al., 2016 [17] have estimated an initial carbon release (accounting to 2500 — 4000 Pg
C) occurred during the PETM onset occurred over at least 4000 yr. Thus, the carbon release rate was

estimated to be of 0.6 — 1.1 Pg C yr. The unprecedent current anthropogenic carbon release rate is
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estimated to be~10 Pg C yr! which defines it as an era of no-analogue state, which represents
challenges regarding the projection of future climate. These current vast amounts of released carbon
are extremely alarming, leading a rapid climate change and ocean acidification [27-29]. It is
extremely likely that such changes are occurring at such rate that many species will not be able to
adapt [30,31], resulting in a widespread future extinctions for both marine and terrestrial species,
significantly exceeding those estimated at the PETM [32]. The possible known consequences caused
by anthropogenic-induced fast climate changes have been extensible discussed elsewhere
[16,33,34].
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Fig. 1.3. (a) 8'3C and (b) 880 stable isotope records from New Jersey margin sections across the PETM
onset relative to the position in the core (z=0m alignment is arbitrary). Diamonds shows the foraminifer isotopic
data. Figure from Zeebe et al., 2016 [17].

In view of this alarming data, the Paris agreement was signed with objective to limit the global
warming preferably bellow 1,5°C and maximum up to 2°C above pre-industrial levels, thus, avoiding
the worst probable scenarios related associated with global warming [35]. The Intergovernmental
Panel for Climate Change (IPCC) have modelled different scenarios where such goal could be
obtained [16]. In a “business as usual” scenario, the global warming is more likely to overpass the
1,5°C goal between 2030 and 2050. The scenario that is more likely to be successful requires that a
decline of CO; emissions, reaching net zero by 2040 and the non-CO, radiative forcing have to be
reduced by 2030[16]. It seems increasingly unlikely that a rapid reduction in the anthropogenic
carbon emissions will occur in the near future [36]. Therefore, such optimistic scenario is subjected

to extremely difficult challenges.

Different IPCC scenarios for the reduction of CO,emissions were carried out taking into account
Carbon Capture, Utilization and Storage (CCUS) processes and emerging Negative Emissions
Technologies (NETS), such as Direct Air Capture (DAC) [16,37,38] (Fig. 1.4a). All the scenarios

are strongly dependent on the successful implementation of CCUS technologies. P1 shows the most
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optimistic scenario, where no CO; have to be removed from the atmosphere. It has been foreseen
that CCUS will contribute to 19% of the total estimated CO, emission reduction (Fig. 1.4b) [39].
However, scenario P4 is more both realistic and worrying, where up to 20 Gt of CO; per year have
to be removed from the atmosphere per year. An important question arises concerning the
development rate for NETs, whether they will be able or not to achieve and sustain such goals [38].

A Breakdown of contributions to global net CO2 emissions in four illustrative model pathways
Fossil fuel and industry AFOLU BECCS

Billion tonnes CO, per year (GtCO3/yr) Billion tonnes CO, per year (GtCOz/yr} Billion tonnes CO; per year (GtCOa/yr) Billion tonnes CO; per year (GtCOa/yr)
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Fig. 1.4. (a) Model pathways for CO2 emission reduction. Fossil fuels and industry also include the
successful implementation of CCUS technologies. Agricultural, Forestry and Other Land Uses (AFOLU). Bio-
Energy with Carbon, Capture and Storage (BECCS), including the successful implementation of Negative
Emission Technologies (NETSs). Figure from IPCC, 2018 [16]. (b) CO2 emissions in a “business as usual
scenario” and with the successful implementation of a portfolio of solutions. Figure from Geerlings et al., 2013
[39].

Figure 1.5 shows the carbon flows between atmospheric, land, ocean and geological reservoirs
derived from CO, emissions upon fuel combustion (Fig. 1.5a), bioenergy (Fig. 1.5b), CCS (Fig.
1.5c) and NETSs (Fig. 1.5d-h). Bioenergy processes have no CO; footprint since all the CO; that is
being realized into the atmosphere via biomass energy generation is capture once again by re-
growing bioenergy feedstocks. CCS aims to capture anthropogenic CO;and return it to a geological
or ocean reservoirs. NETs remove CO; from the atmosphere. There are several NETs options such
as: biological uptake (mainly afforestation and ocean fertilization), uptake by biological or industry
processes combined with CCS, such as DAC (which aims to capture atmospheric CO;) and BECCS

[38]. An overview of this technologies is presented in the upcoming sections.
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Fig. 1.5. Scheme of the carbon flows among atmospheric, land, ocean and geological reservoir by several
processes. Figure from Smith et al., 2016 [38].

1.2. Carbon Capture, Utilization and Storage (CCUS)

CCUS technologies are aimed to capture anthropogenic CO; emissions from point sources (i.e.:
power plants and industrial processes) in order to prevent its release into the atmosphere [40].
Generally, CO; is separated from gaseous waste streams (process known as CO; capture). Once is
captured, CO; can be either stored/sequestered (CCS) or utilized (CCU). For CCS, CO; have to be
transported to storage locations and then, indefinitely isolated from the atmosphere [41,42]. CCS
technologies face several technical and economic (since they are currently unprofitable and requires

large capital investment) barriers that must overcome for large-scale industrialization [43].

CCU has been recently proposed for turning waste CO emissions into valuable products, such
as chemical fuels and carbonates [40,44]. Moreover, CO; could be considered as a renewable source,
low cost and non-toxic [45]. However, chemical and fuel synthesis from CO: is energy intensive,
mainly due to the thermodynamic stability of CO, The successful implementation of such process,
with current demand of chemicals, will not contribute significantly to the reduction of the current
CO; emissions (34.5 Gt/yr) [46]. Fuel and chemical synthesis will only delay the CO, emissions
rather than removing them [40]. [43,45].

On the other hand, the synthesis of carbonates is driven by thermodynamically-favored
exothermic-reactions. The energy-produced from such processes could help to overcome the
reaction energy requirements [40,47]. Moreover the carbonate products are thermodynamically

stable, environmental benign and could sequester CO; over geological timescales [48-50].
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Moreover, CCUS processes should also be assessed on a life cycle basis, avoiding the
environmental burdens shifts from one cycle to another [40]. Fig. 1.6 summarizes the different
CCUS options.

Energy sector oil Cement Iron & steel Biogas Chemicals
(fossil fuels) refineries industry industry sweetening sector
[ [ I [
Post- Pre- Oxy-fuel
conversion conversion combustion
caplture capture capture
Absarption by Adsorption by M Absorption by Absorption by Combustion
embrane . .
chemical solid " chemical physical in pure
separation
solvents sorbents solvents solvents oOxygen
Cryogenic Fressure{ Chemical
. vacuum swing Chemical |
separation d 1 looping ooping
adsarption reforming
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options options
Geological Ocean Chemical Mineral Enhanced oil
storage storage feedstock carbonation recovery (EOR)
Other
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applications

Fig. 1.6. Summary of the different CCUS processes. Figure from Cuéllar-Franca et al., 2015 [40].

1.2.1. CO; capture

The main industrial sources of CO; are: power plants, oil refineries, biogas sweetening and
production of ammonia, ethylene oxide, cement, iron and steel production[43]. Fossil-fuel fired
power plants makes up to 40% of the total anthropogenic CO, emissions [51]. Such options are the

main candidates for carbon capture processes [40].
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Fig. 1.7. Scheme of the main CO2 capture processes: (i) post-combustion capture, (ii) pre-combustion

capture and (iii) oxy-fuel combustion. Figure from Markewitz et al., 2012 [51].

Carbon capture processes can be divided within three main categories: (i) post-conversion , (ii)

pre-conversion and (iii) oxy-fuel combustion [52-54]. It should be also noted that there are emerging
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integrated processes, where COis capture by profitable products, an no prior CO, capture processes
are needed, such as flue gas carbon mineralization [44,55-57] an biomass fixation of CO, [53].
However, such processes are (arguably) associated with CCU [40]. A summary of such processes is
shown in Fig. 1.6 and Table 1.1.

Table 1.1. Carbon Capture processes, technologies and applications. 2mature technology, "commercially
available, °‘may become available in long term (>2030). Adapted from Cuéllar-Franca et al., 2015 [40] and

Markewitz et al., 2012 [51].

Capture option  Separation technology

Method

Applications

Post- Absorption by
conversion chemical solvents?

« Amine-based solvent, i.e.: MEAP,

diethanolamine (DEA), and hindered amine

(KS-1)

« Alkaline solvents, e.g. NaOH and Ca(OH):

* lonic liquids

Power plants; cement, iron and
steel industry

Absorption by solid
sorbents

« Amine-based solid sorbents

« Alkali earth metal-based solid sorbents, i.e.:

CaCOs

« Alkali metal carbonate solid sorbents, i.e.:

Na2COsz and K2COs
* Porous organic frameworks — polymers

No application reported

Membrane separation

* Polymeric membranes, i.e.: polymeric gas

permeation membranes®
« Inorganic membranes, i.e.: zeolites
* Hybrid membranes

Power plants; natural gas
sweetening

Cryogenic separation

« Cryogenic separation

Power plants

Pressure/vacuum * Zeolite® Power plants; cement, iron and
swing adsorption » Activated carbon® steel industry

Pre-conversion  Absorption by « Selexol, rectisol Power plants (Integrated
physical solvents gasification combined cycle)
Absorption by » Amine-based solvent, i.e.. MEA Ammonia production

chemical solvents

Adsorption by porous
organic frameworks

« Porous organic frameworks membranes

Gas separations
Power

Oxy-fuel Separation of oxygen  Oxy-fuel process Power plants; iron and steel
combustion from air industry; cement industry®
» Chemical looping combustion Power plants
» Chemical looping reforming Power plants; syngas production
and upgrading
* Membranes Power plants
1.2.1.1. Post-conversion capture

This process is characterized by the separation of CO, form waste gas streams after the

conversion of the carbon source to CO; (i.e.: Fossil-fuel fired power plants, production of ethylene

oxide, cement, iron and steel production) (Fig. 1.7). When such process is used in power-plants its

known as post-combustion capture [54].

Several methods are being developed for such processes (Table 1.1). The absorption in liquid

solvents have been industrially tested and widely applied due to the obtained high purities and degree
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of separation [51]. The absorption by monoethanolamine (MEA) is the most commonly used
[58,59]. However, such method is too costly for large-scale deployments mainly due to the energy
required during the absorption-desorption cycle, as MEA regeneration requires high-heat
consumption [40,51].

As summarized by Markewitz et al., 2012 [51], post-combustion advantages are: (i) absorption
processes are well known, (ii) there is high optimization potential for reducing energy losses, (iii)
easily-adapted to a diversity of power-plants and (iv) CO- purity (>99.99%), the highest among all
carbon capture processes. The disadvantages are: (i) high costs, (ii) large environmental impact and

(iii) a flexible operation mode has not yet been demonstrated.

1.2.1.2.  Pre-conversion capture

This carbon capture option refers to such processes that captures the un-desired CO- generated
during intermediate reactions of a conversion process, such as the production of ammonia and coal
gasification in power plants [41,54,60]. After the CO synthesis by catalytic conversion of cleaned
coal or heavy oil, CO is reacted with steam as oxidant to form CO. and H, (CO-shift reaction)[51].
The capture of CO; takes place after both the fuel gas synthesis and the conversion of CO to CO;
and H [51]. CO, must be separated from H, before ammonia synthesis or in an integrated
gasification combined cycle (IGCC) power plant, this is commonly carried via MEA absorption
[41,61] and by physical solvents such as selexol and rectisol [54,62]. Similarly to post-combustion
processes, regeneration of chemical/physical solvents produces energy penalties which are higher
for chemical solvents than physical solvents, as this latter are regenerated by reducing pressure rather
than by heat [40]. When such process is used in power-plants its known as pre-combustion capture
[54].

As summarized by Markewitz et al., 2012 [51], pre-combustion advantages are: (i) high
efficiency potential, (ii) flexibility due to the poly-generation of electricity and H,. The
disadvantages are: (i) elevated investment costs, (ii) low availability and reliability and (iii) less

mature compared with conventional power plant technologies.

1.2.1.3.  Oxy-fuel combustion capture
It refers to direct carbon capture processes by combustion of carbon-fuels with pure oxygen,
producing a CO.-rich flue gas (89%) and free form N, and concomitants NO and NO.. By
condensing water vapor from the flue gas, pure CO- flue gas is obtained. However, the prior O;
separation from air is expensive due to the energy intensive treatments which also emits CO. [51,63].
Generally, oxygen is separated from air by means of cryogenic air separation (due to O, condensation
at < - 182°C).
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Alternatives to such processes are: chemical looping combustion (CLC), chemical looping
reforming (CLR) and O-selective membranes [40,51]. CLC and CLR use a metal oxide to
selectively transfer O, from an air reactor to a fuel combustor (Fig. 1.8). In CLR, O.-containg air
oxidizes reduced metal oxide. Then, this metal oxide is reduced in a fuel reactor by reacting with
hydrocarbon fuel, releasing CO. and H.O(). The reduced metal oxide is then carried to a steam
reactor, upon reaction with steam it produces H,. Reduced metal is once again feed it to the air
reactor [64]. However, operating such system at high pressures (which will give equivalent
efficiencies to those obtained by state-of-the-art oxy-fuel and post-combustion processes) is still
challenging [51,65]. The handling of ash and the application to solid fuels during CLC processes

also remains challenging [65].
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Fig. 1.8. (a) Scheme of the CLC and (b) CLR processes. Figures from Markewitz et al., 2012 [51] and
Lackner et al., 2010 [66], respectively.

As summarized by Markewitz et al., 2012 [51], Oxy-fuel combustion advantages are: (i) low
environmental impacts, (ii) cryogenic O separation is a mature technology and (iii) has high
potential for reducing energy losses. The disadvantages are: (i) modification of burners and boilers

are required, (ii) retrofitting is probably not possible and (iii) its high costs.

1.2.2. Carbon Capture and storage (CCS)

Once CO; is captured, it is compressed and transported to CO- storage locations either in the
ground, ocean or as mineral carbonate [40,41,58]. Fig. 1.9 summarizes the natural and mad-made
CO, storage options as well as their characteristic storage time and carbon storage capacity. Ground
CO; storage, commonly known as geological storage, consist on the injection of compressed CO;
into geological formations such as depleted oil and gas reservoirs, deep saline aquifers and coal bed
formations (to depths between 800 to 1000m). CO. remains stored by trapping mechanisms,
characteristic of the geological formation, such as being trapped bellow “caprocks”, characterized
by impermeable layers containing fine to ultrafine particle sizes (i.e.: clays, shales and mudstones),

and in-situ CO; absorption by fluids and organic matter [41]. Depending on the reservoir properties,
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pressurized CO- can be stored as gas, liquid or in a supercritical condition (31.1°C and 73.8 bar).
When CO; is stored this latter condition, it is denser and makes a better use the formation pore space,
decreasing the associated leaking risks [67,68].

Currently, geological storage is probably one of the most promising routes to sequestration due
to the vast and mature experience by oil and gas industry [50]. Moreover, it has been proven its
suitability for large-scale implementation [69]. Several CCS projects, at pilot and commercial scale,
are currently operating around the world, including the Weyburn-Midale in Canada, In Salah in
Algeria, the Salt Creek in USA and the Sleipner and Snghvit projects in Norway [41,52]. Industry
have been injecting CO, for more than four decades in oil gas and coal-bed methane reservoirs in
order to enhance the extraction of hydrocarbons. Such process are known as Enhance Oil Recovery
(EOR) and enhanced coal-bed methane recovery (ECBM), respectively [41,70,71]. Such processes
can be considered as both CCS and CCU options [40,58]. For the purpose of this thesis, this process
will be considered to be an CCU option and will be discussed further in the CCU section. Qil and
gas reservoir have limited CO; storage capacity, compared to the vast amounts of anthropogenic
CO: that needs to be stored.
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Fig. 1.9. Estimated CO2 storage capacities and times for different sequestration options. Figure from
Lackner et al., 2003 [50].

Deep saline aquifers also represent a suitable and easy way to sequester CO,, as demonstrated
by the energy company Statoil, where removed CO, from natural gas has been injected under the
North Sea [72]. The CO, storage capacity is estimated to be of 700-900 Gt [41]. However,
uncertainties regarding the storage time due to seismic activity and potential migration of buoyant
CO,, a specific study have to be performed to guarantee the long-term integrity of the stored CO,.

Further explorations on the injection of CO; on coal-bed formation are required for them to be
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considered as safe storage option [41]. Oceans-bed have vast storage capacity when CO- is injected

at great depths. However, such storage option have not yet been tested on the large-scale [41,58].

Although CO; storage in considered to be the most promising route, it has great risks associated
with the possible leaks of vast amounts of CO; and the related damage to the environment. Fig. 1.10i
summarizes the possible CO-, leakages pathways in geological reservoirs and the respective remedial
measures. The annual leakages are reported to be from 0.00001 % to 1%. Generally, stored CO-
could escape from the geological CO2-reservoir through: (i) the pore system in caprocks if the
capillary pressure at which CO, may enter the caprock is exceeded, (ii) displacements/openings in
fracture, faults and the caprock and (iii) poorly-completed and/or abandoned pre-existing wells [41].
This last option is considered to be the most probable leakage pathway [73]. Fig. 1.10ii summarizes
the possible leakages pathways in an abandoned well. It should also be taken into account the
possible increase of pressure caused by the injection and CO,, which might exceed the maximum
allowed pressure for the specific geological formation, thus, causing fracturing of the caprock and/or
reactivating faults [74].
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Fig. 1.10. Potential CO2-stored leakages pathways from (i) saline formations and (ii) abandoned well. (a,
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As observe in Fig. 1.9, the formation of carbonates represents the safer and with more storage
capacity than any other sequestration option [50,75]. However, it is more expensive than the above
mentioned options [50] (Table 1.2). Such process accelerated the neutralization reaction between
COq-rich fluids and alkaline Ca/Mg-bearing rocks (Na/K-bearing rocks are also candidates for
mineralization; however, such reserves are far less common than Ca/Mg-bearing rocks). Such
reactions are exothermic and thermodynamically favored, and the reaction products are stable and

commonly found in nature. This process is known as “In-situ mineral carbonation” [48].

The storage capacity of vast and widespread reserves of Mg-rich silicates in the Earth’s crust far
exceeds the total CO; that can be produced by burning the estimated remaining fossil fuel reserves

[50]. Recently, the CarbFix project in Iceland have demonstrated the permanent disposal of CO; by
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accelerated carbonation of Ca-rich basaltic rocks into carbonates, where 95% of the total CO;

injected has been mineralized in less than 2 years [76].

Table 1.2. Summary of advantages and disadvantages of different CCS technologies. *Does not include

capture costs. Table adapted from Bobicki et al., 2012 [42]

Storage Method  Advantages Disadvantages Cost* (US$/tCO2 stored)
Geological « Feasible on a large scale * Requires monitoring 0.5 — 8.0 (Storage)
sequestration * Substantial storage capacity * Possible CO: leakages 0.1-0.3 (Monitoring)
* Low cost
Ocean carbon « Large storage capacity » Temporary storage 6 — 31 (Pipeline)
sequestration * Potential harmful effects 12- 16 (Tanker)
on aquatic microbes and
biota
Industrial use + COz incorporated into valuable « Limited storage capacity -
products » Short storage time
* High cost
In-situ mineral * Only known form of permanent * Energy intensive 50 - 100
carbonation storage * High costs

« Vast and widespread reserves of
reactive feedstock, capable of
binding all CO2 released upon
combustion of the fossil-fuel reserves
«Carbonation products are stable and
environmentally benign
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Fig. 1.11. Schematic of the different trapping mechanisms of (left) traditional geological storage in

sedimentary basins and (right) CarbFix approach for geological storage. Figure from Grandia et al., 2014 [77].

Comparison of the COy-trapping mechanisms between the traditional geological storage in
sedimentary basins with traditional in-situ mineral carbonation processes is shown on Fig 1.11.
Stratigraphic and structural trapping refers to the trapping mechanisms where CO; is trapped via
impermeable caprock or folded/fracture rocks, and in some cases, faults can also act as poorly-
permeable barriers or other cases a potential leakages pathways [78]. Residual CO; trapping occurs
in saline formation that do not have a closed trap, however, when CO; is injected in a saline

formation where the fluids migrate very slowly over long distances, it migrated buoyantly upwards
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(since it is less dense than the formation water)[79]. Eventually, CO; gets trapped in local structural
or stratigraphic traps within the formation or as residual CO. saturation. Solubility trapping occurs
by the dissolution of CO- in the formation water. Mineral trapping refers to the COz-rich fluids that
has reacted with dissolved formation rock to form stable carbonates.

Mineral trapping in a traditional geological storage is partially attained after prolonged times
after CO- injection. However, in CarbFix site have been demonstrated that such mechanisms could
be the only CO: trap of all the injected CO; after only 1 year after the CO- injection (Fig. 1.11)
[77,80].

Mineral carbonation can also be considered as an CCU option, since the carbonate products can
be profitable [44], especially in the construction industry [81,82]. Such approach belongs to the so
called “Ex-situ Mineral Carbonation” processes [83]. A detailed and technical description of such
processes will be described in Chapter 2.

1.2.3. Carbon Capture and Utilization (CCU)

An extensive diversity of CCU options are being improved and developed in order to utilize the
vast amounts of captured CO,. The CO- utilization potential should meet the proportionate scale of
future CO- capture technologies. Captured CO, can be utilized for the production of valuable
products such as: food and drink industry, EOR & ECBM, chemical, fuel & carbonate synthesis,
Enhance Geothermal Systems (EGS), and to cultivate microalgae, which it is later used for the
production of biofuels [40,84-86]. The potential CO; utilization market demand is shown in Table

1.3. The main CCU options are described in the upcoming sections.

Table 1.3. Potential CO2 market demand. Million metric tonnes per year (MPTA). Table from Brinckerhoff
etal., 2011 [87].

CO2 Utilization method Potential CO2 demand CO: utilization method Potential CO2 demand
(MTPA) (MTPA)
EOR, and ECBM 30 -300 Horticulture 1-5
Mineralization >300 Pulp and paper processing <1
Fuel & Chemical synthesis ~ >300 Inerting <1
Biofuel from algae >300 Steel manufacture <1
EGS 5-30 Metal working <1
Beverage carbonation ~14 ssCOz as solvent <1
Food processing, ~15 Electronics <1
packaging
Power generation (CO2- <1 Pneumatics <1
working fluid)
Water treatment 1-5 Welding <1
Wine making <1 Refrigerant gas <1
Coffee decaffeination 1-5 Fire suppression <1

Pharmaceutical processes <1 technology




Chapter 1: Why CCUS and NETs ?

1.2.3.1. Direct CO; utilization
Captured CO; can be directly utilized in the food and drink industry, commonly as carbonating
agent, preservative, packaging gas and as a solvent for extraction of flavor and in the decaffeination
process [40]. It can be also directly utilized in the pharmaceutical industry as a respiratory stimulant
of for drug synthesis [40,45]. Generally, the CO. source for such processes are from the CO, waste
streams from ammonia production, due to its high CO; purity.

1.2.3.2. EOR and ECBM

Such processes are used to extract unrecoverable hydrocarbon reserves. EOR can recover up to
60% more of the originally available crude. However, the industrial source of CO; used by those
projects is extracted from underground reservoirs [50], and it is often used because its cheap and
widely abundant [71]. Most of the CO; is extracted with concomitant pumped crude, and it is
recycled in order to continue the loop, although some CO- is released in the atmosphere. Moreover,
if CO- is injected in its supercritical condition, it decreases the crude viscosity, increasing the
extraction yields [88]. The combined CO- storage with EOR and EGR could potentially provide

additional revenues from oil and gas recovery and partially offset the costs of CO. capture processes.

1.2.3.3. Biofuels from microalgae
CO> can be utilized to cultivate microalgae. This latter is used for the production of biofuels
[85,86]. This option does not require prior CO, capture processes, since algae have the ability to fix
CO; and N, from flue gas waste streams [43,89]. Generally, the cultivation of microalgae is carried
out in open raceway ponds (this requires large land area and process control is challenging) and
photo-bioreactors [89,90]. This latter more expensive than the former but it does not require large
land lands and it offers a better control of the reaction processes. Flat-panel reactors were recently

developed offering low-cost and energy requirements [91,92].
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source Conversion flue gas) Microalgae _ Biomass Biomass Biomass Biofuel
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Fig. 1.12. Scheme of the COx utilization for biofuels synthesis from microalgae. Figure from Cuéllar-Franca
et al., 2015 [40].

Before the conversion from the microalgae biomass to fuels, it should be harvested and dried
(Fig. 1.12). Then, after thermochemical (i.e.: gasification, liquefaction and pyrolysis) and

biochemical (i.e.: anaerobic digestion, fermentation and esterification) conversion processes, syngas
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is produced, followed by the production of fuels [85,90]. A large-scale production of such processes
is yet not available because of the high production costs, mainly due to the energy requirements
during harvesting [85,86].

1.2.3.4. Chemical and fuel synthesis

The utilization of CO; has received considerable attention as a possible way to manufacture
chemicals, since it cheap and abundant [45,93,94]. CO- has a lower energy level than the desired
chemicals and fuels. In order to use CO; for the synthesis of such products, energy and high-
selectivity catalyst are required, since CO- is thermodynamically highly stable (Fig. 1.13). However,
it has been suggested that the central carbon can be easily attacked by nucleophiles due to its
electrophilic properties [95]. The energy required for breaking the CO, molecule can be supplied by
energy-rich reactants or as heat, light or electricity. From a life-cycle perspective, it should be taken
into account the CO, emitted from the energy supply required to carry-out the reaction. Therefore,
for such processes, the utilization of renewable energy resources may significantly reduce its CO,-
footprint [40,51].

Energy _ Energy -
[kdimol] ‘ High- [kJdimal] l
energy High-
; -, product energy
Medium- Fcatalyzed ™" reactant
energy i reaction Energy supply ; Catalyzed ™, Low-
reactant ‘.-‘ : Ei;:tt — ‘:__: reaction ‘ energy
0 e I 5 | * Electricity 0 i '._'. product
CO, . " Co. " "
-393 - Endothermic reaction - 303 2 Exothermic reaction

Fig. 1.13. Energy balance for the reaction of CO2 with (a) medium-energy and (b) high-energy reactants.
Adapted from Markewitz et al., 2012 [51].

Generally, chemicals synthesis from CO: is achieved through carboxylation reactions, where
CO; is used as a precursor for organic compounds (i.e.: carbonates, acrylates and polymers) or
reduction reactions where C=0 bonds are broken to produce chemicals (i.e.: methane, methanol,
syngas, urea and formic acid) [45,51,81]. A summary of the most common chemical produced from
CO; is summarized in Fig. 1.14. CO- can also be utilized to produce fuels, such as the Fischer-
Tropsch process, where after syngas is produced, CO is converted into different types of fuels
[96,97].

Moreover, CO; stored by chemical and fuels have only limited storage periods due to their very-
short life spans, which is generally less than 6 months. Therefore, capture and utilized CO; is quickly
released into the atmosphere before the benefits of CO, capture can be observed [40]. Therefore,
future research should focused on material synthesis with longer lifespans, such as carbonates that

can be used in construction [41].
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Fig. 1.14. CO2 coupling reactions to produce a variety of chemicals. Figure from Li et al., 2013 [58].

1.2.3.5.  Mineral carbonation
CO; utilization to produce carbonates are within the so called “Ex-situ mineral carbonation”
processes [83]. Such process is based on the chemical reaction of CO, with alkaline earth-containing
minerals (such as serpentine, olivine and wollastonite) to form environmental benign and permanent
carbonates [41,98], without risks of CO, leakage [41]. This reaction is driven by exothermic
thermodynamically favorable reactions (Fig 1.13b), and it has been suggested that the heat produced
by this reactions could sustain the reaction with no further energy inputs [48]. Those characteristics

makes this CCU option a suitable and promising alternative to chemical and fuel synthesis.

Moreover, CO, does not have to be separated from N2 and impurities (i.e.: NO,) since this gas
species does not interfere with the carbonation reaction [55,99,100]. Therefore, prior CO; capture
processes are not strictly needed.

This technology offers several advantages when compared to other CCUS options. Its CO,
utilization demand market is on the rise. However, is not fully developed for large-scale applications
as the costs and energy penalty are currently too high (including mining, transportation, mineral
pretreatments and carbonation treatments). Moreover, there is a huge potential for optimizing the
efficiency and the energy requirements for pretreatments and carbonation reactions, as well as
targeting cheap and widely available reactive feedstocks sources [40,84,101]. For the purpose of this

thesis, a detailed and technical description of such processes will be described in Chapter 2.
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1.3. Negative CO2 Emissions Technologies (NETS)

In order to achieve the 1,5°C goal [35], the scenarios for the reduction of CO, emissions are
beginning to rely on the successful implementation of NETs alongside with CCUS (Fig. 1.4a) [102].
Generally, CO, capture processes can be applied from CO; emitting point sources, such as flue gas
from conventional power plants. However, the average CO- capture rates are between 50-94%, the
residual CO- is emitted to the atmosphere [103]. CO; capture cannot be applied to the vast amounts
and widespread small emitters, especially in the transport sector (accounting to 50% of the total
GHG emissions) [104].

NETs have been proposed to capture CO; directly from the atmosphere, thus, indirectly
capturing the CO; that cannot be captured in-situ [37]. NETs have higher CO, separation costs when
compared to traditional CO; capture processes. However, they offer particular advantages: (i) CO;
can be captured from any emitting source at different time and location, (ii) the location of the
capture units can be placed near the storage site, thus, avoiding the associated transportation costs
and (iii) such processes are not influenced by other pollutants (i.e.: nitrogen and sulphur oxides).
Such technologies should not be considered as the solution for the delay implementation of

anthropogenic CO; mitigation policies, but as complementary to other solutions [105].

Table 1.4. Land energy, water, nutrients and investment requirements as well as the albedo impact f NETs
to meet the 2°C target. *Mean (and maximum) potential is given along for each impacts and requirements.
Table adapted from Smith et al., 2016 [38].

NET Global Carbon  Mean (max.) Estimated Mean (max.)  Nutrients  Albedo impact  Investment needs
removal (Gt land Energy water impact in 2100 (BECCS for
Ceqyrtin requirements requirement  requirement  (kt N yr? electricity/biofuel;
2100) (Mhain2100) (EJyrtin (kmiyrtin  in 2100) US$ yrt in 2050)

2100) 2100)

BECCS 3.3 380-700 -170 720 Variable Variable 138 hillion/123

billion

DAC 3.3 Very low 156 10-300 None None >>BECCS

(unless solar
PV is used for

energy)
EW* 0.2 (1.0) 2 (10) 46 0.3(1.5) None None >BECCS
AR* 1.1(3.3) 320 (970) Very low 370 (1040) 2.2(16.8) Negative <<BECCS
, or
reduced
GHG

Plants have been doing such processes naturally, however, they are not able to neutralize the
increasing anthropogenic CO; emissions [106]. There are a variety of NETs options such as: (i)
BECCS [107], (ii) DAC [108], (iii) enhanced weathering of minerals (EW) [109], (iv) afforestation
and reforestation (AR) [110,111], (v) carbon uptake by the ocean, either biologically-driven such as

fertilizing nutrient-limited areas [112,113] or chemically via enhancing alkalinity [114], (vi) altered
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agricultural practices such as increased carbon storage in soils [115] and (vii) biomass conversion
to recalcitrant biochar in order to be used as a soil amendment [116]. For the purpose of this thesis,
an overview of AR, BECCS, DAC and EW will be provided since this are the main NETS processes
[38]. A summary of the land, energy and water requirements of AR, BECCS, DAC and EW
technologies in order to meet the IPCC scenarios to limit global warming bellow 2°C in shown in
Fig. 1.15 and Table 1.4.
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Fig. 1.15. Foreseen CO: negative emissions of different NETs (BECCS, DAC, Afforestation and
Restoration and Enhanced Weathering) in order to meet the 2°C target as well as the expected energy
requirements or production, land and water requirements, respectively. Water requirements is shown as water
droplets (km?® yrt). Investment need are represented by the circle area, see table 1.4. Figure from Smith et al.,
2016 [38].

1.3.1. Afforestation and Reforestation (AR)

Afforestation and the restoration of trees it still one of the most effective strategies to mitigate
climate change. Recent studies have estimated the global tree cover potential and the role it will play
in the carbon cycle [117,118]. A total of 4.4 billion ha of canopy could be supported under the
current climate conditions, occupying 1.6 to 2.8 billion ha more when compared to the current tree

cover [117]. However, only 0,9 billion ha are free of cropland and urban regions [117,119].

The IPCC models [16] include a forest restoration target of 1 billion ha. Bastin et al., 2019 [117]
have reported that such goal is undoubtedly achievable under current climate. This vegetation will
be able to store an additional 205 Gt of carbon. The biomass stocks of the current vegetation are of~
450 PgC (Fig. 1.16a). The potential biomass stock of potential vegetation is estimated to be~916
PgC, doubling the actual biomass stocks, as evidenced by the almost doubled potential biomass
stock per area when compared to the actual stock (Fig. 1.16b). The estimated biomass stock potential
is also almost double for each of the world’s major biomes (Fig. 1.16¢). Moreover, this different

land-use type could have significantly higher biomass stocks within the same occupied area [118]
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(Fig. 1.16b, d). Therefore, this might indicate the huge global tree restoration potential, in addition
to those estimated by Bastin et al., 2019 [117] (if afforestation of an additional 0,9 billion ha occurs).
Moreover, AR is relatively inexpensive when compared to other NETSs (Fig. 1.15 and table 1.4).

It should also be noted that such processes might threat biodiversity, water and food security,
due to their vast land requirements (Fig. 1.15, Table 1.4) [38] and issues might rise for land
competition with BECCS [120,121]. It is also important to take into account the unintended impacts
of AR, since alt high latitudes, an increased evapotranspiration would increase the atmospheric water
vapor content, a therefore, limiting the effectiveness for tackling climate change. Analogously, the

increased water requirements are another important trade-off, especially for dry regions.
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Fig. 1.16. (a) Estimated current biomass stock of the current vegetation. (b) Latitudinal profile of actual and
potential biomass stock estimates. Line and shades show the estimated respective median and range. (c)
Actual and potential biomass stocks from vegetation in the world major biomes. (d) Ranges of potential and
actual biomass stocks by different land-use types. The diagonal line indicates de 1:1 that the actual biomass

stock meets the its estimated potential. Figure adapted from Erb et al., 2018 [118].

1.3.2. Bioenergy with Carbon Capture and Storage (BECCS)

Pants and microorganisms capture and utilize CO; through photosynthesis, producing biomass.
This latter can be used to produce electricity in a thermoelectric power plant releasing the capture
CO.. Therefore, biomass is considered to be a clean energy source. If the CO; released upon biomass
combustion is utilized or stored, the atmospheric carbon balance is negative. Consequently, BECCS
technologies are foreseen as an interesting option for producing energy and reducing the CO;
concentration in the atmosphere simultaneously [108,122]. Not all the heat is recovered upon
electricity production from biomass combustion and generally, CO- capture efficiency is of 90%
[105]. Recent studies have proposed that heat waste can be potentially use to increase the efficiency
of amine-based CO; capture, by its utilization during amine regeneration, tackling simultaneously
both issues [123].

Scenarios to limit global warming bellow 2°C relative to preindustrial level, has emphasized the

role of NETS, particularly the large-scale deployment of BECCS, such as the RCP2,6 scenario
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[16,120,124]. However, large-scale BECCS deployment have potential trade-offs, particularly
regarding land and water requirements, which might threat biodiversity, water and food security,
analogously to AR (Fig. 1.15, Table 1.4)[38,120]. To remove 1Gt of CO; by current BECCS
approaches, 1 — 1.7 ha of land is required [105].

Kato and Yamagata, 2014 [120] have estimated the land requirements for large-scale BECCS
deployment including conventional bioenergy crops (including the bioethanol production and post-
combustion CO- capture of biofuels from sugarcane, sugar beet, maize and rapeseed) for three
different scenarios in order to meet the RCP2,6 goals (Fig. 1.17, Table 1.5). All the results indicate
a significant land deployment increase before 2055 for any scenario. The scenario with the highest
ratio of CO; capture to the carbon per unit of produced biofuels (CR) and capture efficiencies of
90% also requires a significant increase on the land use for each of the biomass stocks, however the
land requirements are significantly reduced when compared to scenarios with the lowest CR.

(a) Capture scenario 1a (b) Capture scenario 1b (c) Capture scenario 1c
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Fig. 1.17. Estimated land requirements required to achieve the BECCS of RCP2.6 for conventional
bioenergy crops, including bioethanol production from sugarcane, sugar beet, maize and rapeseed. (a), (b) and
(c) corresponds to the different scenarios summarized in Table 1.5. Solid line represents the estimated land
requirements considering 90% CCS efficiency for each crop. Dashed lines represent the ranges estimated with
85-95% CCS efficiency for each crop. Dotted lines correspond to the actual average yields in 2010 for each
crop. Figure from Kato and Yamagata, 2014 [120].

Table 1.5. CO2 capture scenarios for conventional bioenergy. Table adapted from Kato and Yamagata,
2014 [120].

Scenario Technological options of CO2 capturing systems CR
la Fermentation process of bioethanol production 0.5
1b 1a + 50% post-combustion CO2 capture of biofuels 1.0
1c la + 100% post-combustion CO: capture of biofuels 15

Moreover, biomass have higher moisture content and lower heating value than coal, but it has
low SOx and NOy emissions upon calcination than the latter [105]. The large-scale BECCS
deployments are also subjected to significant uncertainties [125,126], and currently is only used in
some demonstration-projects. On the other hand, CCUS technologies are not commercially

established. Such approach may also be limited by nutrient demand and/or increased water use [38].
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1.3.3. Direct Air Capture (DAC)

The concept of capturing CO from the atmosphere has been applied for decades in close
environments, such as submarines and spacecrafts [127]. It was until 1999 when Lackner et al. [128],
proposed that such process could be applied for climate change mitigation. The current DAC costs
and energy requirements are too high for its quick development (Fig. 1.15 and Table 1.4) [38].

DAC processes have limited applications of the conventional PSCC of concentrated streams
(i.e.: flue gas) since the energy required for such processes will be excessively high if applied for
capture of ultra-diluted CO; in the atmosphere. The application of aqueous solutions of strong bases
(see also Table 1.1; commonly used in Point Source Carbon Capture, PSCC) to DAC have been
extensible studied [37]. Comparative studies with BECCS have suggested that aqueous solutions-
based are the feasible option in the near term [129]. However, the high desorption temperatures
(900°C) limit the scalability of such processes due to its respective high costs.

DAC companies

HT aqueous LT solid sorbent LT solid sorbent
solution (TSA) (MSA)

Type

Company | | Carbon Engineering
(Location) | (Canada)

Climeworks Global Thermostat Antecy
(Switzerland) (USA) (Netherlands)

Hydrocell Infinitree Skytree
(Finland) (USA)

(Netherlands)

)

|
| | | | |
Regeneration ! o o £ 05 o g 0-80 °C P moisturising
temperature i 900 °C §3-95°C 80-100=C - moisturising at 80-90 °C
|

Fig. 1.18. Main DAC methods with its specific regeneration solvent/sorbent temperature and the current
active companies on the field. HT: high-temperature, LT: low temperature. Figure adapted from Fasihi et al.,
2019 [37]

As result, different approaches have been focusing on feasible options that can be applied to
DAC, which include the utilization of sorbents and solvents that can be regenerated at low
temperature. Currently, two main approaches stand-out: Temperature Swing Adsorption (TSA) and
Moisture Swing Adsorption (MSA). For both methods, the regeneration of the solid-sorbent is
carried at <100°C [130,131]. Fig. 1.18 summarizes the main DAC method and current active
companies in the field. An overview of high temperature aqueous solutions and low temperature

solid sorbent processes will be presented in the following sections.

Fasihi et al., 2019 [37] have estimated the DAC capital expenditures (capex) as well as its CO»
capacity demand until 2050 assuming two different scenarios: conservative (CS) and base case (BS).
The first assumes only 50% realization of the cumulative DAC capacity demand caused by the

delayed implementation of measures from the Paris Agreement. The latter assumes the punctual
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execution of the Paris Agreement, which assumes DAC implementation by 2020. Such target is
currently attained by different companies and it is expected that DAC technologies will meet the

long-term targets.

The annual CO, DAC capacity demand is estimated to steeply grow from 3 MtC yr? (2020) to
470 MtC yr? (2030), 4,7 GtC yr? (2040) and 15 GtC yr? (2050). Moreover, it is expected that the
DAC capex will be significantly reduced from 2030. At such costs DAC will be competitive to
PSCC. It should be also taking into account the lower transportation costs of DAC, since such
capturing units can be located near CCUS sites. DAC’s versatility and the expected capex drop

increases the competitiveness of DAC vs CCUS projects.
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Fig 1.19. Estimated DAC capital expenditures development for LT and HT systems following conservative

(CS) and base case scenarios (BS). Figure from Fasihi et al., 2019 [37]
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Table 1.6. Technical specification of HT aqueous solutions and LT solid sorbent. Table adapted from Fasihi

et al., 2019 [37].

DAC Solvent/ Sorbent  CO2 Absorption  Desorption Energy demand CO2 Reference
con. purity
ppm T (°C) TCC) P kWhel kWhin %
(bar)
HT * KOH/Ca(OH): 400 ambient 900 1 1535 - >97 Fasihi et al., 2019 [37]
aqueous » KOH/Ca(OH)2 400 ambient 900 1 - 2450 97.1 Keith et al., 2018 [132]
solution
LT * Amine-based 400 ambient 100 0.2 200-300 1500- 99.9 Climeworks, data obtained
solid 2000 from Fasihi et al., 2019
sorbent [37]
» Amino-polymer 400 ambient 85-95  0.5- 150-260 1170- >98.5 Pingetal., 2018 [133]
0.9 1410
* TRI-PE-MCM- 400 ambient 110 1.4 218 1656 88 Kulkarni and Sholl, 2012
41 [134]

1.3.3.1.  High Temperature (HT) aqueous solution

Generally, such processes consist of two simultaneous cycles. In the first cycle, absorption, air
is brought into contact with an aqueous solution containing sodium hydroxide (NaOH). This latter
reacts with CO, from atmospheric air at room temperature and ambient pressure to form sodium
carbonate (Na2COs). Then, the solution is transported to the second cycle, regeneration. In this
process, Na2COs is mixed with calcium hydroxide, Ca(OH), in the causticiser unit, where calcium
carbonate (CaCQs) is formed, regenerating the solvent. The solvent is then sent back to the
absorption unit. CaCOs is calcined at 900°C to release pure CO, [132]. Figure 1.20a shows a
fundamental example of such processes. The calcination of calcite is the most energy intensive
process requiring 1420-2250 kWhy, per ton of CO; [37]. Electrical power is also needed for blowing
air through the contactor, spraying the aqueous solutions with NaOH, moving the solution through
the absorption and regeneration unit and CO, compression. The energy required for such purposes
is estimated to be of 366-764 kWhg [37]. A summary of the different HT aqueous solutions systems
and energy requirements are described in Table 1.6.

1.3.3.2.  Low Temperature (LT) solid sorbent
This processes usually happens in a single unit where the absorption and desorption happen in two
different steps. In the first step, ambient air (either by natural flow or helped by fans) is in contact
with the filters containing the solid sorbents. CO, from the air binds chemically to the solid sorbent.
Once the sorbent is CO,-saturated, ambient air is no longer allowed to flow through the filters and
the inlet valve is closed. The remaining air is swept either by pressures drop or be flowing steam
through the system. In the second step, the system is heat up to a specific temperature, depending
on the CO,-desorption temperature of the solid sorbent. In TSA systems, the desorption of the solid
sorbent is carried only by increasing the temperature to (80-100°C) [130]. In MSA systems, the

regeneration of the sorbent is carried by moisturizing and temperature increase up to 90°C [131,135]
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(Fig. 1.18). The release CO; is collected and transported for purification and compression. Before
starting another loop, the system should be cooled down to ambient conditions. Figure 1.20b shows
a fundamental example of such processes. Different sorbents have been proposed for such processes.
The main sorbents and the system energy requirements for their respective system are described in
Table 1.6.

1.3.4. Enhanced weathering (EW)

This approach, similar to mineral carbonation, consists of the acceleration of the natural
weathering of silicate rock, releasing cations that can fix atmospheric CO, [136,137]. Generally,
such process is carried out by displacing rock powder to suitable application areas to increase the
natural weathering rates [138,139]. A common example is the dissolution of forsterite (Mg,SiO4) in
contact with CO; and water (eg. 1.6). Dissolution of suck rock releases cations that then react with
dissolved CO; to form bicarbonate and carbonate ions. These latter are eventually transported to the
ocean. Naturally occurring weathering is able to sequester about 1 Gt of atmospheric CO- per year
[140]. It has been estimated that if a 4mm thick layer of forsterite spread over the entire terrestrial
land is weathered, could consume all the atmospheric CO; [109]. Moreover, carbonate minerals may

precipitate, more likely fixing CO; for millions of years [141].

Mg,Si0, + 4CO, + 4H,0 - 2MgZ + 4HCO3 + H,Si0, (1.6)
Ultramafic igneous rocks are foreseen as possible feedstocks for EW [142-144] and mineral
carbonation [101,145,146] due their vast and widespread abundance and their large carbon
sequestration capacity. Current approaches for mineral carbonation of ultramafic rocks requires
elevated temperatures and pressures. This elevates the capital investment required and may limit its
large-scale deployment [47]. EW occurs at ambient pressure and temperature, using the soil as

reactor, eluding some of the capital expenditure associated with mineral carbonation [147].

EW key technologies are mature and already used on regional scale for fertilization and pH
regulation of agricultural and forest soil [147,148]. However, scaling-up such processes might have
possible drawbacks such as increasing river’s pH [149] or the release of metals (which is associated
with the source rock composition) [150]. Moreover, land availability and suitability might be a major
limiting factor [122], which is highly dependent on infrastructure requirements of transporting large
volumes of rock, compounded by the fact that the estimated potential for atmospheric CO, removal
is lower than other NETS [38] (see also Fig. 1.15).

Moreover, soil and plant productivity in agriculture have been improved using EW. Silicon,
product of silicate weathering, is a beneficial nutrient for many plants [151,152]. Additionally, trace
content of phosphorous and other elements could increase the productivity of some agricultural

areas. However, metals (also released upon weathering) could potentially inhibit plant growth and
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use [153]. Currently, the potential effects of EW on agricultural productivity need more research.

[154].

CO2 available

for sequestration

(t CO, t"'rock)
B 0.09-030
[ 030-035
[ ]o35-040
I 0.40-0.45
B 0.45-0.50
B 0.50-055

I o55-063
Transport CO,
emissions (t CO,)

s 0.57

0

Fig. 1.21. Estimated EW removal capacity and their correspondent CO2z emissions associated with

feedstock preparation and transportation using only the Samail Ophiolite as source rock (marked in black)

taking into account a conservative scenario (subtracting the pessimistic values from estimated optimistic value),

see Table 1.7. Figure from Moosdorf et al., 2014 [147].

Table 1.7. Factor affecting the EW CO2 removal capacity and their associated CO2 emissions due to

feedstock preparation and transportation. Negative values indicate CO2 emissions; positive values indicate CO2

removed from the atmosphere. t* refers to tonnes of rock. Table adapted from Moosdorf et al., 2014 [147].

Theme CO2 budget  Optimistic scenario Pessimistic scenario
reference Condition Value Condition Value
Source material - Ultramafic rocks 736 10% km? Ultramafic rocks 736 10% km?
CO2 removal 10 Upper limit value form 1.1 Lower limit value form 0.8
capacity model (see figure 1.21 model (see figure 1.21 and
and 1.22) 1.22)
Mining 9 Estimated energy -0.007 tCO2 t*  Estimated energy -0.007 tCO2 t*
requirement requirement
Communication 10 0.6 GJ t energy -0.07tCO2t* 2 GJt? energy demand -0.22 tCO2 tt
demand
Roads 32 Lower estimate -59tCO: Upper estimate -109 tCO2 t?
Railroads 32 Lower estimate -7tCO2 tt Upper estimate -26 tCO2 t1
Trails 32 Lower estimate -59 tCO2 t1 Upper estimate -109 tCO t?
Rivers 32 Lower estimate -28 tCO2 t1 Upper estimate -35tCO2t?
Buffer: 5km 32 Lower estimate -59 tCO2 t1 Upper estimate -109 tCO2 t?
around roads,
railroads, trails
and rivers
Shipping lines 35 Lower estimate -5tCO2 tt Upper estimate -20tCO2 1
Application 35 1t per ha, 80 ha per -0.0011 tCO2t~ 3t per ha, 1 ha per field -0.004 tCO2 t*
emissions field !
Arable land - Upper estimate of 14.7 108 km? Lower estimate of 11.8 105 km?

proportion on cells,
outside polar or arid
climates

proportion on cells, outside
polar or arid climates
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The Samail Ophiolite in Oman has been suggested as the geological location for in-situ mineral
carbonation [48]. Additionally, some studies have also suggested to mine and grind this geological
unit for EW applications [147]. The global EW CO; sequestration capacity, if Samail Ophiolite are
used as the only source rock, has been modelled as well as the CO, emissions due to the
transportation of this large volumes of rock (Fig. 1.21). The average Mg% content of Harzburgites
from Samail is of 25%, which it translates to a maximum CO; sequestration capacity of 0.89 tCO,
t1 (tones of CO- per tones of rock) (see also Table 1.7) [155]. In a conservative scenario (taking into
account pessimistic scenario conditions, see Table 1.7), large agricultural areas in Europe and most
part of Southeast Asia will be able to sequester 0.5 tCO, t [147]. However, if such rocks are
transported to North America, the CO, emissions associated with transportation and material
preparation will significantly reduce the net EW CO; sequestration capacity accounting to values
bellow 0.3 tCO, t.
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Fig. 1.22. (a) Source rock location according to the GLiM (marked in black). (b) EW removal capacity and
their correspondent CO2 emissions associated with feedstock preparation and transportation using only the
different ultramafic source rock from the GLiM, taking into account an optimistic scenario, see Table 1.7. Figure
adapted from Moosdorf et al., 2014 [147].

Different available and widespread ultramafic rock sources can be used for EW. Within the
Global Lithological Map (GLiM), 736000 km? of ultramafic rock unit occur. However, the GLiM

does not include all ultramafic rocks globally. Moosdorf et al., 2014 [147] have also modelled the
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EW CO, removal capacity taking into account the ultramafic rock occurrence within the GLiM (Fig.
1.22a). The CO, removal capacity is greatly increased for both pessimistic and optimistic scenarios
when compared to the model where only Samail Ophiolites were used (Fig. 1.21). The transport cost
and their associated CO emissions are, thus, not a major constraint for the global EW application.
If the unrepresented ultramafic rock in the GLiM are also used, it will increase further the EW CO;
removal capacity as the transport routes and their associated CO emissions will be reduced.

In any case, the associated CO emissions from transportation and material preparation do not
exceed the CO, removal potential for the majority of application areas (even under pessimistic
scenario conditions). However, when the CO, removal potential approaches zero, higher unit cost
are associated. The estimated total energy requirements of terrestrial enhanced weathering are 1.6
(pessimistic scenario) and 9.9 (optimistic scenario) GJ tCO,?. The huge logistic requirements for
large-scale global application limit the CO. removal capacity of EW. Therefore, such technologies
could only be one part of the puzzle in the efforts to mitigate climate change [147].
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2.

Mineral carbonation

The main advantages of mineral carbonation (MC) for CCUS and NETSs applications have been
described in Chapter 1. This chapter will provide a detailed and technical summary of the different
MC processes, their applications and implications for climate change mitigation.

Accelerated CO; mineralization mimics the naturally occurring weathering of Ca/Mg-rich
silicate rocks in an anthropic timescale [42,48,50]. This alternative to tackle the ever-increasing
anthropogenic CO, emissions to the atmosphere was firstly proposed by Seifritz, 1990 [136].
Lackner et al., 1995 [156] presented the first detailed study of such processes, which main
advantages are: (i) the CO- storage capacity of vast and widespread reserves of Mg/Ca-rich minerals
far exceeds the total CO; that can be produced in all the fossil fuel reserves are consumed (Figure
1.9) [50]; (ii) the carbonation products are geologically stable and can store CO; over millions of
years, without monitoring (see also Table 1.2) [50,157]; (iii) profitable pure carbonates and silica
can be produced [44,87]; (iv) exothermic reactions could provide sufficient heat to sustain the
reaction without any addition of energy [48,156]. However, such processes are Kinetically
challenging and current approaches are energy intensive, requiring high temperatures and pressure
treatment in specialized reactor vessels, increasing significantly the associated costs [42,145,146].
It has been predicted that such process can be simplified and eventually energy required can be
reduced for obtaining efficient carbonation yields, however it remains a challenging field
[156,158,159]. Carbonate rocks represent the world’s biggest carbon reservoir [160]. Due to the vast
amount of naturally-occurring carbonates in the lithosphere, an enormous MC potential can be
expected (Table 2.1)[161].

Calcium and Magnesium are the most abundant alkaline earth metals. Therefore, due to their
high carbonation potential are generally considered for MC [157]. Ca and Mg oxides are the ideal
carbonation feedstocks, as the reaction of these minerals with CO; generates the most heat and is

not as kinetically limited as silicate carbonation (eq. 2.1, 2.2). However, only scarce abundance of
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this minerals are found in nature, mainly due to their relatively high reactivity with CO, and
solubility [41,162,163]. However, Ca and Mg are abundant in silicate rocks, but their exothermic
reaction with CO; is more kinetically challenging and less energy is released than Mg and Ca oxides
(eq. 2.3, 2.4, 2.5). Ultrabasic rocks have the highest CaO + MgO (%) among other silicates, and
therefore, they have the higher carbonation potential (Figure 2.1) [164]. The common natural-
occurring Ca/Mg-rich silicate minerals feedstock for MC include wollastonite (CaSiOs) , Mg-olivine
(Mg@2SiOy; forsterite) and Mg-serpentine (MgsSi2(OH)4) [157,165]. Wollastonite is more reactive

than the other silicates, however it is not as abundant as olivine and serpentine [98].

Ca0 + CO; — CaCOs + 179 kd/mol (2.1)
MgO + CO, — MgCOs + 118 kJ/mol (2.2)
CaSiOs3 + CO; — CaCOs + SiO; + 90 kJ/mol (2.3)
Mg.SiO4 + 2CO, — 2MgCQOs3 + SiO; + 89kJ/mol (2.4)
MgsSi2(OH)s + 3CO2 — 3MgCOs + 2SiO; + 2 H,0 + 64 kJ/mol (2.5)

Table 2.1. Distribution of C on earth. Table from Dunsmore, 1992 [161].

Source Amount (10% kg) Relative amount (%)
Ca-carbonate 35000 46.64
Ca/Mg-carbonate 25000 33.31
Carbonates 60000 79.99
Sedimentary C (i.e.: graphite) 15000 19.99
Fossil fuels 4 0.0053
Other geological C 15004 19.99
Total C in the lithosphere (“dead C”) 75004 99.94
Oceanic HCOs™ and COs> 42 0.056
Dead surficial C (i.e.: hummus) 3 0.0040
Atmospheric CO2 0.72 0.00095
All life 0.56 0.00074
Total non-geological C (“live C”) 46.28 0.06
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Vast amounts of silicate ore are required to fix a significant amount of anthropogenic CO., thus,
the environmental impact on costs associated with the large-scale carbonation of such rocks would
be substantial. Moreover, the current MC approaches for CCUS are energy intensive due to the
feedstock preparation, processing, purification/disposal of the carbonate products. Reaction carried
at high-temperatures and pressures in aqueous-mediated system as well as energy intensive
pretreatments (i.e: grinding, heat activation* and chemical activation®) are required to obtain elevated
conversion yields. The estimated amount of energy required for such processes is of 30-50% of
power plant output. Therefore, such elevated costs with the current approaches have prevented this
option from large-scale deployment [41,167]. Mining and preparation of sustainable MC silicate
rocks has to be also accounted. Previous studies have been estimated to be: 10 US$/t CO, stored
with 2% of additional CO, emissions [41].

A summary of MC studies using different reactive feedstock and their respective pretreatments
as well as the MC reaction conditions and the obtained reaction yield and carbonation potential is
shown in Table 2.2. The carbonation potential is expressed as 1/Rco., Where Rco, corresponds to the
mass of ore that needs to be mined in order to store a unit mass of CO3; higher 1/Rco. indicate higher
carbonation potential, following the eq. 2.6 [145,168].

1 YMg Yca Yre >
Rco, (MWMg MWe, * MWge) 0 26
Where y is the Mg/Ca/Fe mass fraction and MW is the molecular weight of respective alkaline

metal species and CO..

Table 2.2. Summary of MC studies. 2 Direct and ® indirect carbonation. Modified after Gadikota and Park,
2015 [98]. EDTA: ethylenediaminetetraacetic acid.

Mineral and ~ Composition 1  Carbonation Reaction conditions Ref.
rocks (wt%.) Rco, VYield (%) Pretreatment Reaction-  Pgo,, T, Chemical additives
phase reaction
time
« Brucite MgO: 68 0.77 60 None Gas-solid® 40 bar, None [169]
Mg(OH)2 510°C, 6h
>97 None Steam- 10 bar, None [55]
mediated®  120°C, 4h
* Olivine Mg: 30.2 0.63 55 Attrition grinding  Aqueous® 152 bar, 2.5M NaHCO3 [101]
(Mg,Fe)2 Fe: 6.5 185°C, 1h
SiOs Ca0: 0.2 059 73 None Aqueous® 141 bar, 1.0 M NaCl + [146]
MgO: 47.3 185°C,3h  0.64 M NaHCOs
FeO: 12.3
Ca: 0.1 0.56 38 Attrition grinding  Aqueous® 152 bar, 1.0 M NaCl + [168]
Mg: 27,9 185°C, 1h  0.64 M NaHCOs
Fe: 6.1
e Serpentine  Mg: 27,1 0.53 65 Aqueous with pH  Aqueous® 1 bar, Orthophosphoric acid (1~ [170]
(Mg,Fe)s Fe: 4.3 swing 70°C, 1h vol%) + oxalic acid (0.9
(OH)4Si30s wit%) + EDTA (0.1 wit%)

 Thermal amorphization of serpentine minerals, see section 2.3.1.3.2
8 Also known as indirect carbonation, see section 2.3.2
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Mineral and Composition 1 Carbonation Reaction conditions Ref.
rocks (wt%.) Reo, Yield (%) Pretreatment Reaction-  Pgo,, T, Chemical additives
phase reaction
time
* Serpentine Mg: 27,1 053 42 Aqueous with pH  Aqueous® 1 bar, 1.4 M (NH4)2S04 [170]
(Mg,Fe)s Fe: 4.3 swing 70°C, 1h
(OH)4Sis0s Mg: 24.6 0.48 43 Attrition grinding  Aqueous® 152 bar, 1.0 M NaCl + [170]
Fe: 2.4 38 um) + heat 185°C, 1h  0.64 M NaHCOs
(Antigorite) activation (630°C,
2h)
Ca0:0.1 0.48 60 Magnetic Aqueous® 128 bar, 1.0 M NaCl + [171]
MgO: 38.7 separation + 155°C, 1h  0.64 M NaHCOs3
Fe20s: 4.9 steam activation
MgO:~40 043 30 None Gas-solid® 340 bar, None [169]
300°C
Ca:0.1 04 41 Attrition grinding ~ Aqueous®* 152 bar, 1.0 M NaCl + [172]
Mg: 27.9 €38 pm) + heat 185°C,1h  0.64 M NaHCOs
Fe: 6.1 activation (630°C,
(Lizardite) 2h)
* Wollastonite Ca: 31.6 0.38 82 Attrition grinding  Aqueous® 152 bar, 1.0 M NaCl + [168]
CaSiOs Mg: 0.3 185°C, 1h  0.64 M NaHCOs3
Fe: 0.5
100 Attrition grinding  Aqueous®  40.5 bar, None [168]
100°C, 1h
* Fayalite Ca: 0.6 0.36 66 Attrition grinding  Aqueous® 152 bar, 1.0 M NaCl + [173]
Fe2SiO4 Mg: 0.3 185°C, 6h  0.64 M NaHCOs
Fe: 44.3
* Talc Ca:2.2 0.36 15 Attrition grinding  Aqueous®* 152 bar, 1.0 M NaCl + [173]
MgsSisO10 Mg: 15,7 185°C, 0.64 M NaHCOs3
(OH)2 Fe: 9.2 0.5h
« Anorthite Ca: 10.3 023 9 Attrition grinding  Aqueous® 152 bar, 1.0 M NaCl + [173]
CaAl2Siz0s Mg: 4.8 185°C,6h  0.64 M NaHCOs
Fe: 3.0
» Magnetite Ca: 0.6 013 8 None Aqueous® 152 bar, 1.0 M NaCl + [173]
FesOq Mg: 0.3 155°C,6h  0.64 M NaHCOs
Fe: 21.9
* Labradorite ~ Ca:0.6 0.09 33 None Aqueous® 141 bar, 1.0 M NaCl + [174]
((Ca, Na)(Al, Mg: 0.2 185°C,3h  0.64 M NaHCOs
Si)40s) FeO: 1.0
Anorthosite, Ca0: 10.2 0.26 17 None Aqueous® 141 bar, 1.0 M NaCl + [174]
Mixed Rock MgO: 8.7 185°C,3h  0.64 M NaHCOs
FeO: 8.7
Basalt, Mixed Ca: 6,7 02 15 Attrition grinding  Aqueous® 152 bar, 1.0 M NaCl + [174]
rock Mg: 4.3 185°C, 1h  0.64 M NaHCOs
Fe: 6,7
Basalt from Ca: 6,7 019 5 None Aqueous 141 bar, 1.0 M NaCl + [174]
Columbia Mg: 4.3 185°C, 3h  0.64 M NaHCOs3
River, Mixed Fe: 6,7
Rock

Most of the carried studies on MC of naturally-occurring Mg/Ca-rich silicates have been

performed at elevated temperatures and pressures in aqueous-slurry systems (Table 2.2). This

conditions are relevant to in-situ MC, however the energy requirements for ex-situ carbonation

processes are currently too high for large-scale industrialization [42]. Different approaches have
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been carried out in order to unlock both the ex-situ and in-situ MC potential for CCUS applications
[42,98,99,175,176]. It is expected that the combination of different MC technologies will be able to
sequester 1GtC yr* (Fig. 2.2) [176]. MC of natural rock is expected to contribute up to 55% of the
MC carbon sequestration stabilization wedge. The remaining reactive feedstock is expected to come

from industrial wastes. A technical summary of this options is presented in the upcoming sessions.

Pacala and Socolow (2004)

>

)

1 Gt C stabilization wedge:
CO, sequestration

3

Continued
fossil fuel emissions

IS

=)

Ultramafic/mafic (4.8%
2010 2030 7 : le,(4.8%) Mine tailings

Fossil fuel emissions (Gt Clyr)

Year

Felsic (12.0%)

—é Iron/steel slag

(5.9%)

Ex situ and in situ
carbonation
of natural rocks + CO,
injection into subsurface
pore space
(55.0%)

Red mud
(0.1%)

CKD/cement
waste (21.4%)

Coal fly ash (0.8%)

Fig. 2.2. Contribution of the different MC technologies towards a 1 GtC yr! (“stabilization wedge”). CKD

stands for cement kiln dust. Figure from Power et al., 2013 [176]
2.1. MgO-CO2-H20 system

In the system MgO-CO,-H,0 at 0-60°C, the known stable phases at very low CO; partial
pressures are brucite and magnesite, the most stable Mg-carbonate [177,178]. At mild-low
temperatures (<200°C), the formation of magnesite is kinetically inhibited by the kinetically
preferential formation of a variety of hydrous Mg-carbonate phases. This behavior is mainly
attributed to the high hydration energy of Mg#[178]. Among the hydrous Mg-carbonate phases,
hydromagnesite is the only mineral that is stable at atmospheric CO; pressures and temperatures
[179]. Moreover, several hydromagnesite-like phases exist, differing in unit cell parameters and
waters of crystallization [179]. The relationship between this minerals and the formation mechanism
of these phases remains unclear [179]. This might explain the discrepancies regarding

hydromagnesite solubility data reported in the literature [177].

Another common hydrated carbonate is nesquehonite which forms at ca. 10-50°C and
atmospheric CO- partial pressures or higher [179] (Fig. 2.3). However, this mineral is unstable at

near surface conditions (different than hydromagnesite). Several experiments have observed a
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transition between nesquehonite to hydromagnesite in aqueous media at 52-65°C [180,181]. This
transition follows one or more dissolution-precipitation step(s) of intermediate and short-lived
phases, including hydromagnesite-like phases such as dypingite, Mgs(CQOs)4(OH),-5H,0 [180,182].
Thus, nesquehonite acts as precursor of less hydrated carbonate phases. This formation is greatly
dependent on temperature and to less extent of CO, partial pressure [177]. However, the
crystallization mechanisms between hydrated Mg-carbonates continues to be a challenging field of
study [179].

Several distinct crystalline Mg-carbonate phases have been identified (Fig. 2.3). The group
characterized by Mgs(COs)4-(OH), have different amounts of water of crystallization per units (4 to
11): heavy hydromagnesite, Mgs(CO3z)a-(OH)2-5H:0; light hydromagnesite,
Mgs(COs)s-(OH)2-4H,0O [183,184]; dypingite Mgs(COs)a-(OH)2-5-6 H.O [185]; giorgiosite
Mgs(COs)s-(OH)2-6H,0 [185], an unnamed mineral with formulae Mgs(COs)s-(OH),-8H.0 [186];
and protohydromagnesite, Mgs(COz)s:(OH)2-11H,O [180,183]. This groups follows a constant
relation from protohydromagnesite to hydromagnesite, depending on their MgO-CO,-H.0O (Fig.
2.3).

MgO

Brucite [Mg(OH)2] Magnesite [MgCO3]
[Mg5(CO3)4(0OH)2.5H20] Dypingite & Hydromagnesnhe (heavy)

[Mg5(CO3)4(0OH)2.6H20] Giorgiosite & Dypingite o ) \
LT - ~~-» Hydromagnesite (light) [Mg5(CO3)4(0OH)2.4H20]
~»[MgCO3.H20]
r [MgCO3.XH20]
* Barringtonite [MgC0O3.2H20]
; - Protohydromagnesite [Mg5(CO3)4(0OH)2.11H20]
. Nesquehonite [MgCO3.3H20 / [Mg(HCO3.0H).2H20]
* Lansfordite [MgCO3.5H20] \
COo2

[Mg5(CO3)4(OH)2.8H20] Unnamed «...
z A.
[Mg2CO3(0H)2.3H20)] Artinite .-

H20

Fig. 2.3. Crystalline basic and hydrous Mg-carbonate phases. Specified values of X in synthetized
MgCOz3-XH20 phases are between 0.3-1.3. Dypingite might have 5 or 6 H20 molecules per unit. The status for
giorgiosite remains questionable. Unnamed mineral, Mgs(COz)s-(OH)2-8H20, is not listed. Figure from
Hopkinson et al., 2012 [179].

Within the group MgCOs-XH.0O, the known natural occurring phases are: landsfordite,
MgCOs-5H,0; nesquehonite, MgCOs-3H,O (also represented as Mg(HCOs-OH)-2H,0); and
barringtonite, MgCOs-2H,0 (Fig. 2.3). Nesquehonite and landsfordite are commonly found in caves
and are associated with weathered Mg-rich rocks at low temperatures and CO; partial pressure at

least 10 times higher than atmospheric CO; [187]. Experiments carried at 1 bar and temperatures 10
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+ 2°C showed that landsfordite spontaneously transforms irreversibly to nesquehonite. This latter
mineral has also been observed in similar environments as hydromagnesite and dypingite [188].
Natural occurrence of barringtonite are associated with nesquehonite precipitates derived from
weathered basalts [189]. Upon heating nesquehonite to 100°C, an unidentified MgCQO3-2H,0 was
observed [190]. A variety of MgCOs-XH,0 phases (X < 3) have been synthetized under different
experimental conditions [181]. Moreover, some minerals such as nesquehonite and dypingite might
have variable amounts of water, and in some cases such variability might be associated with
structural isomers of such minerals [191]. A more detailed study of the reaction mechanisms is

needed to shed light on the differentiation and formation of such minerals.

Among the phases of this group, natural-occurrences of hydromagnesite are the most common,
resulting from the weathering of Mg-rich rocks as deposits in lakes, alkaline wetlands and evaporitic
basins [188,192]. Dypingite is significantly less common than hydromagnesite, although it has been
observed often coexisting with hydromagnesite [185,188,192], which might indicate that such
minerals have similar formation mechanisms and/or dypingite might be precursor of
hydromagnesite. Far less common is giorgiosite and the unnamed mineral, whose occurrences are
associated with weathered volcanics [186]. Protohydromagnesite has not been identified in nature,
but it has been synthetized [180,182].

Vibrational spectra of these phases are undocumented, with the exception of dypingite and
hydromagnesite. However, both minerals have nearly undistinguishable CO3infrared-active
vibration modes [185,187]. It has also been reported that upon heating dypingite it rapidly transforms
to hydromagnesite [184,185].

2.1.1. Magnesite formation

Magnesite formation at low temperatures is often observed to occur upon the transformation of
hydrate Mg-carbonates, such as hydromagnesite. The direct formation of magnesite under low
temperature conditions (>100°C) is virtually impossible within an anthropic timescale due to the
kinetically preferred formation of intermediate and metastable carbonate phases [179,193].
Nonetheless, some studies have reported on the formation of magnesite at low temperature without
an hydrous crystalline precursor, but with limited formation rate [194,195]. Farhang et al., 2016
[196] suggested that hydromagnesite formation hinders magnesite nucleation and crystal growth.
The latter is likely due to the slower formation rate of magnesite nucleation and crystal growth
relative to hydromagnesite [197]. The main formation mechanisms of magnesite is crystal growth
rather than nucleation of more crystals [197,198]. In order to overcome the nucleation-limitation of

magnesite, Swanson et al., 2014 [197] investigated the use of seed magnesite and inert alumina
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particles (Fig. 2.4). It was concluded that difficulties associated with the nucleation of magnesite
were significantly reduced with the addition of magnesite particles.
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Fig. 2.4. (a, b, c) Schematic of alumina and magnesite seeded slurry carbonation reactions, including (a)
homogeneous nucleation of hydromagnesite from brucite, (b) heterogeneous nucleation of hydromagnesite on
the surface of inert alumina seeds and (c) growth of magnesite on the surface of seeded magnesite particles.
(a-1, b-1, c-1) XRD and (a-2, b-2, c-2) Scanning Electron Microscopy (SEM) analysis of the dried slurry
products, confirming the process shown in the scheme (a, b, c), as evidenced by the characteristic
rhombohedral magnesite crystals and hydromagnesite plates, together with their characteristic X-ray
diffractograms. HM: hydromagnesite; M: magnesite; A: Alumina. Figure adapted from Swanson et al., 2014
[197].

Magnesite is the most stable Mg-carbonate under Earth surface conditions and has the highest
CO; sequestration capacity (Mg/C=1). Moreover, magnesite is a profitable product and could be
used in the construction industry [199]. Its formation from aqueous slurries requires elevated
temperatures and CO; partial pressures (100°C, ~100 bar) and/or may require extended reaction
times [178,179,197,200]. Di Lorenzo et al., 2014 [201] reported that magnesite was formed from
the transformation of hydromagnesite at CO- partial pressures below 10 bar at 120 over several days.
Different studies have reported that increasing the pressure significantly enhances (>100 bar) the
magnesite yield, achieving a complete hydromagnesite to magnesite conversion in 90 minutes at

120°C [178,196]. Moreover, increasing the temperature (>150°C) while keeping elevated pressures
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enhances further the formation of magnesite [196,201,202]. However, increasing the temperature
and pressure elevates the MC costs [197]. Studies carried via steam-mediated DC have also reported
that magnesite formation requires elevated temperatures and pressures (>120°C, >10 bar) [203,204].
Montes-Hernandez et al., 2020 [199] have estimated the formation rate of hydromagnesite (120
kg/m*h) and magnesite (40 kg/m®h) from in-situ Raman measurements from aqueous carbonation
experiments carried at 90°C and 50 bar (Fig. 2.5).
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Fig. 2.5. (a) In-situ Raman analyses of slurry carbonation of Mg(OH)2 at 90°C under anisobaric conditions
(50 bar). (b) Calculated Full Width Half Maximum of hydromagnesite and magnesite Raman peaks in function
of reaction time. Figure from Montes-Hernandez, 2020 [199].

2.2. In-situ Mineral Carbonation

This approach attempts to mimic the weathering of ultrabasic-basic (specially peridotites and
basalts) rocks in an anthropic timescale. Such approach could permanently sequester billions of tCO,
y?! [48,205,206]. Natural weathering of peridotite produces alkaline springs that forms vast
travertine deposits as well as carbonate-filing fractures and veins (Fig. 2.6) [48,207] and carbonate
chimneys at submarine hydrothermal vents [208]. The carbonation of the Samail Ophiolites in Oman
alone consumes ~10° tCO, km= yr? [48]. Analogously, natural carbonation of basalts (by interaction
with CO,-rich fluids in hydrothermal and surface weathering systems) consumes ~1.8 108 tCO, y*
globally [209,210]. As it was shown in Fig. 1.9 and 1.11 in-situ MC offers several advantages when

compared to traditional geological storage, however, it has higher associated costs (Table 1.2)

Kelemen and matter, 2008 [48] proposed the engineering acceleration of natural weathering in
situ in tectonically exposed peridotite massifs. The authors estimated that carbonation can be

enhanced by a factor of ~10° relative to the natural carbonation rates by increasing the peridotite
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temperature while injecting CO»-rich fluids (Fig. 2.7). There is an optimal temperature for olivine
carbonation ¢ 185°C), at higher temperatures, the chemical potential that drives the reaction is
diminished as it approaches the equilibrium phase boundary of the reacting phases [48]. The reaction
enhancement is also greatly increased with pressure (from 4-10* to 75 bar). Further increase of
pressure yields to no significant further enhancement, coinciding with the ssCO; point of CO..
Undesired olivine serpentinization rate occurs significantly slower than carbonation and higher
temperatures are needed. The volume increase by formation of carbonates (and minor serpentines)
more likely will produce rock fracturing [211,212], which could further enhance the carbonation by
a factor of<10° With such enhancement rate, in-situ carbonation of peridotites in Oman could
sequester 2-10° tCO, km yr1[48].

Fig. 2.6. Photographs of (A) actively-depositing travertine and altered peridotite in the background. (B, C)
White carbonate veins in altered peridotite. Figure from Kelemen and Matter, 2008 [48]

Moreover, the exothermic nature of the carbonation reactions could potentially maintain the
temperatures of peridotite in-situ CO- injecting system (where the reaction-heat produced is equal
to cooling due to diffusive heat loss of cold surroundings), thus, reducing the energy requirements.
It should be also taken into account the geothermal gradient (10-20°C km™) [213], which will also
contribute to reduce the overall energy requirements. Eventually, reaction-surface areas may become
carbonate-depleted, and if no reaction-driven cracking occurs, it might be necessary to induce

hydraulic fracturing or pumped into and adjacent area to start a new process [48].

The key limitations for in-situ carbonation are: (i) decrease in the density of the rock unit and
mass gain (due to the sequestered CO), increasing the risks of compaction, (ii) precipitation of
carbonates/Si-rich phases in fractures and pore spaces [214,215], formation of passivating layer
surrounding reactive material, inhibiting their possible reaction [176].
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Fig. 2.7. Carbonation rate enhancement relative to the estimated natural weathering of olivine as function
of temperature and pressure. Olivine serpentinization is also shown. Figure from Kelemen and Matter, 2008
[48].

Generally, peridotite contains 40-50 wt% MgO+CaOzFeO, higher than basalt (20-25 wt%
MgO+CaO+FeO). Moreover, the dissolution of forsterite (which forms 60-5% of peridotite)
dissolves at a faster rate than the dominant compositional type of plagioclases, labradorite, which
forms 50-70% of crystalline basalt (Fig. 2.8). Results from experiments performed with crystalline
basalt with composition~60% plagioclase and 40% olivine + pyroxene exhibit faster dissolution

rates than plagioclase alone [208].

Similar dissolution rates are observed for forsterite with basaltic glass under similar
experimental conditions. Forsterite dissolution at high pressures (150 bar) in a highly-concentrated
bicarbonate solution (NaCl+NaHCO3/ KHCO3) occurs 100 to 1000 times faster than the dissolution
of forsterite and basalt without high bicarbonate concentrations (Fig. 2.8) [168,216]. This could be
attributed to the delayed formation of a passivating Si-rich layer on unreacted forsterite grains,
inhibiting further carbonation [168,216]. On the other hand, the effect of high bicarbonate-

concentration in the carbonation of basalt is yet unknown [79].

Figure 2.9 shows the dissolution rates (normalized by the geometric surface area) of silicate
minerals and glasses (natural and synthetic) in function of the Si:O ratio as estimated by Wolff-
boenisch et al., 2006 [217]. Such dissolutions rates are adjusted to linear regression fits and
correlation coefficients (r?), whose equation is 2.7 and 2.8. Faster dissolution rates (at least 1.6 order
of magnitude faster) are observed for silicate-glasses than their respective crystalline counterpart.

This difference is particularly evident for minerals with high Si:O ratios (Si:O >0.39). Upon
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increasing Si-content (Si<0.28) the difference between crystalline and their respective no-crystalline
counterpart do not differ. Moreover, the dissolution rates for both mineral and glasses reduces with
increasing Si-content. As discussed by the authors, this might be attributed to the effect of
crystallinity on the degree of Si:O polymerization. The rate limiting step for both minerals and
glasses with Si<0.28 is the breaking of Si-O bonds. This might explain the relative inertness of Si-
rich rocks (i.e.: granite and rhyolites), compared to basalt. Therefore, weathering and hydrothermal
alterations of Si-rich rocks play only a minor role in the carbon cycle. Anorthite, forsterite and
wollastonite do not reflect the rate of Si-O breaking, probably indicating that the dissolution

mechanisms follow the breaking bonds other than Si-O.

Tgeo mol ) 5

log( _~ )glass = —6.91 - 6.77 (Si: 0); r“ =0.71 2.7

Si /S

Tgeo ) mol ) )

log mineral = —5.15—-15.43 (Si:0); r* = 0.47 (2.8)
Dsi mz/s

6
geo = ﬁ (2.9)

Where rge is the dissolution rate normalized to the theoretically derived geometric specific
surface area (Ageo) (equation 2.9; [218]), p is the density of the solid, d is the average particle
diameter, ns; is the Si number of moles in one mole of the respective mineral or glass and r? is the

correlation coefficient.
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Fig. 2.8. Compilation of dissolution rates (expressed in mass fraction per second as a function of
temperature of olivine, labradorite, basalt (crystalline and glass) with grain size -~ 70um and semi-spherical
surface area. References within the figure: Palandri and Kharaka, 2004 [219]; O’Connor et al., 2005 [168];
Kelemen and Matter, 2008 [48]; Hanchen et al., 2006 [220]; Schaef and McGrail, 2009 [221]; Gislason and
Oelker, 2003 [222]. Figure from Kelemen et al., 2011 [223].
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Fig. 2.9. Logarithm dissolution rates normalized by the geometric surface area of silicate glasses and
minerals at pH 4 and 25°C as function of the molar ratio of silicon to oxygen in the structure (Si:O). Bold black
and gray lines represent the linear regression fit of mineral and glass data. Thin lines represent the interval of
95% data confidence. Anorthite, forsterite and wollastonite do not follow the same trends as other silicates,
associated with the breaking bonds other than Si-O during dissolution. Figure from Wolff-Boenisch et al., 2006
[217].

The dissolution of basalt glass occurs 10 to 1000 times faster than their respective crystalline
counterpart (Fig. 2.8) [217]. However, natural basic silicate glasses are not abundant due to their
quick hydration and recrystallization during hydrothermal alteration and weathering. Nevertheless,
there might be local strata where natural glass remains abundant [79]. Despite crystalline basalt have
seemingly lower dissolution rates than peridotite, basalt is the most abundant rock type in Earth’s

crust, therefore, in-situ carbonation of basalt is also a promising option.

Iceland has large volumes of basalt flows and volcanic breccias formed upon a rapid quenching
(hyaloclastites), associated with the local strong volcanic and geothermal activity. Large deposits of
basaltic andesitic tephra, mainly composed of highly-reactive volcanic glass [224]. There are several
occurrences of natural carbonation of basalt within the island [225,226]. It was estimated that this
natural carbonation analogs store up to 70kgCO.-m=3[226]. High alkaline meteoric waters (pH from
7.7 - 9.3) due to the presence of Ca?*and Mg?* from the dissolution of basaltic rocks, feed a series
of springs. Comparison of the CO- partial pressure (Pco,) and the pH of the spring waters shows
that P, systematically diminishes with pH (Fig. 2.10a). The springs waters are CO. supersaturated
relative to the CO; concentration in the atmosphere at pH<8.4. However, at lower pH the waters are
CO> undersaturated. Analogous trend is observed with the measured dissolved inorganic carbon
(DIC; Fig. 2.10b). This is consistent with the precipitation of carbonates from the alkaline meteoric

waters.
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Fig. 2.10. (a) Estimated P, using PHRREQC 2.1 4.2 and the measured pH of the spring waters (in istu
pH). (b) DIC concentration as a function of the measured pH of the spring waters. An estimation of the dissolved
Hekla glass to reach the measured pH is shown in the secondary x-axis. Figure from Flaathen et al., 2009
[225].

Moreover, the dissolution of basalt also liberates heavy metals ions that are mobilized by the
spring waters. Such metals are partially to fully immobilized as they are incorporated in precipitating
carbonates and Fe (I11) oxyhydroxides [225]. Such behavior have also been observed during the
accelerated carbonation of ultramafic rock, where the precipitation of nesquehonite,
Mg(HCO3)(OH)-2H,0, is also able to sequester transitions metals [227]. Thus, carbonate
precipitation also helps to reduce the risk of environmental pollution[225].

2.2.1. CarbFix project

In view of this vast carbonation potential, the project CarbFix (located in Iceland) emerged [228].
Such project aims to assess the feasibility of injecting CO- into reactive basalt. A gas mixture of 98%
COz and 2% H,S are injected into the basaltic aquifer originated from the emissions at the Hellisheidi
power plant [229]. The hosting basalt rock are ultrabasic to basic (45 — 49% SiO;) basalt flows and
hyaloclastites of olivine-tholeiite composition [230]. Figure 2.8 shows the NE-SW cross-section of
the injection site with the location of injection and monitoring wells. Crystalline lava flows were
deposited after the last glacial age. Hyaloclastites originated during rapid quenching during the last
glaciations (between 116000 and 1500 years ago) under the ice cover [224,229,231]. The originated
geo-structure is a sequence of permeable lava flows (hosting a shallow aquifer), separated and
isolated from the deeper aquifer by a low-permeability layer of hyaloclastites [224,232]. The degree

of basalt alteration increases with depth [232].

The shallow aquifers (above 400m) has a pH and temperature range of 7.7 — 8.4 and 8-12°C,

respectively, a Pco, near to atmospheric CO pressure and undersaturated with respect to calcite. The
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ground waters are between 400 and 800 m depth (where approximately the injection takes place
[80]) with a pH range from 8.4 - .9.4, temperatures between 18-33°C [230], a lower P, with respect
to atmospheric CO; pressure and are at saturation with calcite [232]. The target injection formation
consists of basaltic lavas and hyaloclastites with calcite and Ca-zeolites (formed upon alteration of
the hosting basaltic rocks). The permeability is highest between 400 and 500m. At depths below 800
meters, the permeability is greatly decreased.

A novel and specific CO; injection system was designed in order to avoid the high risks of CO;
gas leakage through fractures, particularly since the shallow depth of the target storage reservoir.
Such system consists on dissolving CO; into down-flowing water in the well during injection.
Trapping (initially) all the injected CO; by solubility trapping (Fig. 1.11), which makes it no longer
buoyant and immediately starts to react with basaltic rocks [233].
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Fig. 2.11. NE-SW cross-section of the CarbFix injection site with the location of injection (HN-2) and

monitoring wells (HN-4 is the first monitoring well). Figure from Gislason et al., 2010 [232].

Modelling of the mineral precipitation at the injection site estimates that the precipitation of
secondary minerals will occur at a significant distance from the injection well, therefore the clogging
due to calcite and other alteration mineral precipitation in the vicinity of the injection well should
not be a problem [234].

Model calculations estimate the fraction of minerals that will be formed upon accelerated basalt
alteration under specific pressure and temperature injection conditions. Fig. 2.12 shows the
estimated mole fractions of alteration minerals formed upon basaltic glass dissolution and
precipitation at 25°C and 2, 10 and 30 bars of CO,. Ca-Fe-Mg divalent and trivalent cations upon

basalt dissolution could be fixed by carbonates or by undesired reactions such as the formation of
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mixed clays and zeolites, since they fix a fraction of the available Ca-Fe-Mg% without sequestering
CO; [235]. Aradottir et al., 2012 [234] has predicted the clay minerals and oxyhydroxides will
compete with magnesite-siderite precipitation and zeolites compete with calcite for the dissolved
Ca.

It is estimated that at elevated CO- partial pressure the carbonation efficiency of the system is
enhanced, as evidenced by the highest yield of Ca?* precipitated as carbonates. Note that the
precipitation of Si-Al minerals in unavoidable, however those minerals do not fix any of the divalent
and trivalent cations that could be used to sequester CO.. Nevertheless, the formation of such
minerals reduces the density and increases the volume and solid mass (due to hydration) relative to

unaltered basalt. This might increase the risks of compaction [176].
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Fig. 2.12. Estimated mole fraction of secondary minerals formed upon accelerated groundwater alteration
of basaltic glass under COz and HzS injection conditions at 25°C and 2, 10 and 30 bar CO2. Mixed clays include
celandonite, Ca-Fe-Mg smectites and chlorites. Carbonates include magnesite, calcite, dolomite, siderite and
Mg-Fe carbonate. Si-Al minerals include allophanes, imogolite and kaolinite. Figure from Gysi and Stefanson,
2008 [235].

Conventional well monitoring methods are not able to detect dissolved or mineralized CO..
Therefore, the injected CO, was enriched with 1*C to monitor its mobility and reactivity [232]. *CO,
and 2CO, have almost identical physical and chemical behavior, minimally differing by isotope
fraction during phase transitions [236], providing accurate monitoring of dissolved and mineralized
CO.. Non-reactive and volatile sulfur hexafluoride (SFs) and trifluoromethyl sulfur pentafluoride
(SFsCF3) were additionally co-injected to monitor the transport of the injected CO,-rich fluids.

In 2012, two injection tests were performed: (phase 1) 175 tCO, were injected from January to
March 2012 and (phase I1) a gas mixture composed of 55 tCO, and 18 tH,S were injected from June
to August [80]. Table 2.3 summarized the composition and characteristics of the injected fluids of
these two phases. The **C, tracers and DIC concentrations as well as the pH from fluid samples were
measured without degassing at the injection (HN2; Fig. 2.11) and monitoring wells (HN4, located

at~0m downstream from HN2) with help of a specially designed in-situ syringe sampler [237].

Upon Phase | injection, the arrival of the injected fluids to the monitoring well HN4 was

confirmed, as evidenced by an increase of SFs, DIC and “C concentrations and a significant decrease
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of pH (Fig. 2.13), especially after 56 days after injection [80]. Slightly decreased in the SFs

concentration were observed after the plume arrival to HN4 before increasing significantly, reaching
peak concentration after 406 days after injection. Analogous behavior was observed for the SFsCF;
tracer during phase Il injection. This double tracers concentrations peak are an indicative that the
basaltic aquifer has relatively homogenous porosity with intersected low-volume and fast flowing
paths, where about 3% of the plume volume was mobilized faster than the remaining plume between
HN2 to HN4 [238]. 1“C and DIC concentrations decreased after phase | injection followed by a
subsequent increase due to phase Il injection, coinciding with a small drop in pH. After CO;

injections, *C and DIC concentrations remained stable during the monitoring period.

Table 2.3. Summary of the 4C and traces concentrations, injection rates, DIC and pH of origin basaltic
reservoir of injection phase | and Il. *Conditions of the basaltic reservoir prior injection. STP (Standard
Temperate and Pressure).

Phase 14C concentrations Tracers (ccSTP/cc) [80]  Injection rates (g/s) [233] DIC (mol/L)  pH (20°C)
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Fig. 2.13. Measured (a) SFs and SFsCFs tracer concentrations, (b) pH and DIC concentration changes
during 550 days from phase | injection in the monitoring well HN4. (c, d) Calculated (open squares) and
measured (solid circles) DIC and '*C concentration in monitoring well HN4 as function of monitoring time.

Shaded areas indicate the phase | and Il injection periods. Figure from Matter et al., 2016 [80].
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DIC and **C mass balance calculations (eq 2.9, 2.10, 2.11) were performed to assess the fate of
the injected CO [80], following the procedure in Assayag et al., 2009 [239]. The calculated DIC and
14C concentrations due to the mixing of injected solutions with ambient groundwater are much higher
than the measured. This strongly suggest a significant loss of *4C and DIC between HN2 and HN4
(Fig. 2.13c, d). Among the alternative options in the context of basalt dissolution and precipitation
of secondary minerals [240] that explain the consumption of **C and DIC, the precipitation of calcite
is the most plausible [80]. Calculated data estimates that over 95% of the injected CO, has
mineralized between HN2 and HN4 within 2 years [80]. This observation is also corroborated by (i)
calculation of the monitoring fluids, which were found to be in saturation and supersaturation with
respect to calcite, (ii) X-ray Diffraction (XRD) and Energy Dispersive X-ray spectroscopy (EDX)
analysis of solid samples collected from the clogged submersible pump in HN4 and (iii) collected

calcite has similar **C concentration to the enriched *C injected [80].

[SFel; = X[SFglis + (1 — X)[SF¢lpw (2.9)
DIC,ix = X - DICis + (1 — X) - DICgw (2.10)
MCmix = X MCis+ (1 —-X) - MCpw (2.11)

Where, X is the fraction of the injected solution in the extracted water sample; i represents the
calculated concentration for each extracted water sample. IS and BW stands for injected solution

and ambient groundwater, respectively.

Released cations upon hosting basaltic rock dissolution were also measured during injection
phases and monitoring from fluid samples obtained at the monitoring well HN4 [241] (Fig. 2.14).
Ca, Mg and Fe concentrations rapidly increased after each of the injection phases followed by a
subsequent gradual decline. Analogously to the calculated and measured *C and DIC
concentrations, measured Ca, Mg and Fe concentrations were significantly higher than the calculated
if the injection and ambient groundwater fluids mixed without the dissolution and precipitation of
hosting basaltic rock (Fig. 2,11a, b, c). This strongly suggest that the hosting rock dissolved,
enriching the fluids with divalent cations followed by their mineralization. The presence of calcite
was verified [80] and together with **C and DIC observations it is more likely that all (or mostly all)
dissolved Ca precipitated into Calcite. Several studies have provided insights into the fate of the
other dissolved and precipitated cations [241,242]. Moreover, the measured dissolved Si
concentrations were constant throughout the monitoring period (Fig 2.1d). This could be explained

by the rapid or subsequent precipitation of Si-rich phases upon silicate dissolution [101,243].

Saturation indices (SI) for calcite, magnesite and siderite were calculated using PHREEQC.
Calcite was saturated before and after injection phase I and Il (Fig. 2.15a) [241]. However, this latter
mineral remained undersaturated right after the injection phases, in correlation with the significant

decrease of pH after injection phase | (Fig 1.20b). The fluid samples attained saturation with respect
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to calcite when the pH increased to >8. An analogous behavior was observed for aragonite (CaCOsz)
and solid solutions of Ca, Mg and Fe carbonates such as dolomite CaMg(COs). and particularly

ankerite, CaFe(COs),, (Fig. 2.15b). This latter mineral, despite being supersaturated, was not
identified to precipitate. However, Gysi and Stefanson, 2012 [244] reported on the formation of
ankerite during basaltic-glass in contact with CO2-rich waters at 75°C and McGrail et al., 2006 [206]
identified its formation during basalt carbonation with ssCO2-rich fluids at 75°C.
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Fig. 2.14. (a) Ca, (b) Mg, (c) Fe and (d) Si concentrations of montitoring fluids from HN4 prioir and after
phase | and Il injection phases (which its times its characteristic time is gray-highlighted). Figure from
Snaebjornsdattir et al., 2017 [241].

On the other hand, the monitoring samples were saturated with respect to siderite after the
injection phases, without being influence by the decrease of the pH and magnesite was strongly
undersaturated throughout the monitoring time (Fig 2.15a). Magnesite and siderite were not
observed to precipitate in the onset. These latter minerals have been observed in drill-cuttings from
Svartsengi saline high-temperature geothermal field in Iceland [241].

Sulphur-bearing minerals could also precipitate due to the injection of H,S together with CO..
Their respective saturation indices are shown in Fig. 2.15c. The monitoring fluids were
undersaturated with respect to native sulphur and at equilibrium with pyrrhotite, Fe;S (x=0-0.17),
mackinawite, (Fe,Ni)Soo. Pyrite, FeS;, was estimated to be supersaturated in the monitoring fluids.
Calcite was the only precipitate on the clogged pump from HN4. However, samples collected from
the HN2 confirmed the presence of pyrite after phase 11 injection. The other S-containing minerals
were not identified in HN2. The identification of pyrite on the injection well but not on the
monitoring well evidences the rapid precipitation of this mineral an suggest that its precipitation was
essentially complete before arriving to HN4 [241]. The success of both CO; and H,S mineralization

indicates that the injection of mixed gases could be a cost-effective approach [228,241].
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2017 [241].

Oelkers et al., 2019 [242] measured the Mg isotope composition of the monitoring fluids
collected from HN4 in order to provide more insights on the fate of dissolved Mg?*. Fig. 2.16 shows
the evolution of 6*Mgpswms (isotopic ratio as per mil deviation of the ?Mg/?*Mg ratios from the
DSM3 international reference materials) composition of the fluids collected from HK-12, HK-13
and HK-25 (drilled at depths of 130, 210 and 310m, respectively; Fig. 2.11) prior injection and from
HN4 during and after the injection. It was concluded that the Mg isotope composition of the
monitoring fluids were lighter than the dissolved host basalts. This is consistent with the formation
of clays which tend to fix isotopically heavier Mg, rather than the formation of carbonates which
often fixes isotopically light Mg. Mg-smectites are commonly found as secondary minerals in altered
basalts at low temperature instead of Mg-carbonate phases. The formation of Mg-clay minerals is
seemingly relatively slow. Mass balance calculation estimates that 12% of the dissolved Mg remains

to be precipitated after 2 years. Despite the slow precipitation of such minerals, their formation may
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limit significantly the CO, mineralization efficiency as discussed by Rigopoulos et al., 2018 [245]
during EW of peridotites and basalts.
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Fig. 2.16. 5*®Mgpsms composition of the fluids from the CarbFix site (pre-injection fluids from HK12, HK13
and HK25, represented as open diamonds; pots COz injections fluids from HN4, represented as solid circles).
The horizontal lines represent the composition of the hosting basaltic rocks. Blue bars represent injection phase

| and Il, respectively. Figure from Oelkers et al., 2019 [242].

The injected carbon mineralization efficiency is limited by the permeability and porosity of the
hosting basaltic rock and their ability of cations to form carbonates instead of zeolites and clays.
Therefore, the precipitation of this latter minerals such be avoided. This could be achieved by (i)
raising the pCO; (Fig. 2.12) and (ii) keeping the pH high enough to be favorable for carbonate
formation at a distance from the injection well. Snabjornsdattir et al., 2018 [246] estimated that the
precipitation of carbonates is more efficient at pH from 5.2 to 6.5 at low temperatures (20-50°C).

Analogously to Mg isotopic measurements, 3**Ca (isotopic ratio as per mil deviation of the
#Mg/*°Mg ratios) isotope composition of the monitoring fluids from HN4 was measured [76]. Prior
CO:; injection, the 3*Ca values of the ambient groundwater is of 1.89 — 1.95 %o. After injection
5*Ca varies significantly between 0.8 — 2.1 %o (Fig. 2.17). As discussed previously, there are two
periods of calcite undersaturation (Fig. 2.15, 2.17), coinciding with the injection periods of phase |
and Il due to pH decrease [241]. Nevertheless, calcite remained supersaturated during the rest of the
post-injection periods, where it precipitated [80]. Post-injection §*‘Ca values correlate with calcite
saturation, and therefore is associated with calcite precipitation. Mass balance calculation based on
isotopic measurements from the fluid estimates that 93% of Ca has been fixed by carbonates, similar
to 95% estimated by Matter et al., 2016 [80].

The in-situ MC success of the pilot scale CarbFix project [80], as determined by independent
methods, has motivated to upscale this process toward mineralizing all CO, and H,S emitted gases
from the Hellisheioi geothermal power plant in the CarbFix 2 site [247]. Such gases are captured by
a cost-saving capture approach by dissolving them in water and separate them from the non-soluble

gases in water. Therefore, only water and electricity are needed for this process, lowering
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significantly their associated costs (estimated to be 21.3$/t). The estimated transport, injection of
combined CO; and H>S and monitoring costs are significantly lower than the capture process (1.3,
1.3 and 0.9 $/t, respectively). The overall cost of in-situ MC in CarbFix2 is estimated to be 24.8%/t
[247]. Moreover, the estimated sequestration capacity of subsurface basaltic rocks in Iceland is up
to 2500 GtC [248], 25 times greater to those required for in-situ MC to meet the 2°C target [47].
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Fig. 2.17. (a) Relation between the estimated calcite saturation index (dotted black line) and measured
5*Ca (blue line) from the monitoring fluids sampled at HN4 as a function of time. Blue shaded area represents
the analytical uncertainty on isotopes measurements. (b) pH changes (dotted black line) and the calculated
CO:2 precipitation rate based on mass balance calculation of Ca isotopes (red line) prior and post-injections.
Red shaded area represents the uncertainties of calcite precipitation rates. The injection periods of phase | and

Il are shown in grey areas, respectively. Figure from Pogge von Strandmann, et al., 2019 [76].

At such low prices, in-situ MC is a promising option to help the joined efforts to mitigate CO,
emissions. Such process could be implemented in different locations around the world where
permeable basaltic rocks and water are abundant. On plausible option is the ocean floor which is
mostly comprised of basaltic rocks and an inexhaustible supply of water [206,248-250]. This latter
property will make this storage location favorable to many continental coastlines and on volcanic
islands. Nevertheless, the application of the CarbFix approach to such location has to take into
account: (i) CO, solubility is lower in seawater than in fresh water [247,251] and (ii) the
transportation of captured gases to the injection sites and their associated costs [247]. Moreover,
Wolff-Boenisch et al., 2011 [249] have concluded that the CO, mineralization of basaltic glass is
accelerated using CO,-charged seawater instead of CO- charged fresh water, due to faster dissolution

rates.
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Basaltic subsea floor of the Juan de Fuca plate, characterized by a basaltic bedrock composed of
pillow lavas and massive flows covered by fine-grained turbiditic sequences and clay sediments,
with porosity greater than 10% and pore volume of 7800 km?, has a CO, sequestration potential of
920 GtC [250]. The Hook permeable basaltic basin offshore New Hersey has a porosity of 15% and
a pore volume of 1 km?® with a CO, sequestration potential of 900 MtC [252]. The estimated overall
CO: storage potential in offshore basaltic subsea floor (with average porosity of 10%) is of 8238
GtC [205].

2.3. Ex-situ Mineral Carbonation

Ex-situ MC refers to the above-ground carbonation processes of raw mined minerals and alkaline
industrial wastes through chemical processes (Fig. 2.18). As summarized in table 2.2, Ca/Mg-
bearing minerals have been the studied as potential MC reactive feedstocks. Moreover, cheap and
widely available alkaline industrial wastes rich in Ca and Mg-rich material and near to the CO;
emission source have been also predicted as potential CO, sinks. Nevertheless, their total amounts
are considered to be too small, thus, they have very-limited CO. storage capacity. However, the
implementation of this technologies has been foreseen as a key step in the development of an
economically viable MC processes of natural minerals. Among the alkaline industrial wastes,
steelmaking slags, concrete wastes, mining and mineral processing wastes, combustion waste ashes
and alkaline paper mill wastes have been considered for ex-situ MC [42,224]. A key advantage of
ex-situ MC is that the reaction products could have profitable value [44]. Particularly, the carbonated
products of steel slags, fly ash, bottom ash and cement kiln can be used in the construction industry
[82,253-256].
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Fig. 2.18. General scheme of ex-situ MC processes. Figure from Bobicki et al., 2012 [42].
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A variety of processes have been developed for ex-situ MC with acceptable reaction kinetics.
Generally, such processes can be divided into two main categories: (i) Direct Carbonation (DC) and
(ii) Indirect Carbonation (IC). DC processes is characterized by carbonation is carried in a single
process that can be achieved by (i) direct gas-solid (DGS) reactions or (ii) via mineralization in
aqueous solutions. In IC reaction schemes, reactive oxides are chemically separated from alkaline
wastes or natural rocks, and then such oxides are carbonated in a different step. Figure 2.19
summarizes aqueous DC and IC processes.

Table 2.4. Summary of Ex-situ carbonation reaction schemes for DC and IC processes. Table from
Bobicki et al., 2012 [42].

Method Characteristic
Gas-solid * COz reacts with mineral in Gas-solid reaction
« Simplest approach for MC
« Pre-treatment is required (grinding, thermal activation”")
* Currently, not feasible for silicate minerals
Aqueous  COz is dissolved in water and reacts with minerals in aqueous solution
(See Fig. 2.19) « Pre-treatment is required (grinding, thermal activation™)
» Most promising technique

(a) CO,-rich phase (b-1) Aqueous phase
. t | H
CO, Hydration {atiow pHi
- 2H* Mg?* , Ca?*
CO, + Reaction Fluid  COyg) + H0 & H,CO4,
H,CO034(5q) 2 H*(aq)+ HCO3(4q)
HCOy7aq) > H'aq) + CO3% )

Carbonate Formation :

Mg?* sy + CO% oy > MgCO5 Mineral Dissolution

Ca?'(ag) * CO%(aq > CaCOs ) Mg,8i0.s) + AH"(aq) 2. 2MG?" ) + SiOy().2H,0
CaSiOs + 2H" o> Ca2* g + SiOye+ H,0

2H Mgz Mg;Si,05(OH); + BH? — 3Mg2* (., + 2Si0;, + 5H,0

(b-2) CO,-rich phase
CO, Hydration

CO, () + H,0 > H,CO5 oy
H;CO5 (ag) > H'(eq)* HCO3'q)
HCOy'aq) > H'ag * COs%(ag)

Aqueous phase
(at high pH)

Mg,Si0, )+ 4H* > 2Mg? oy + SO+ 2H,0 Carbonate Formation

Mg?* aq) + CO3% (5 > MCO; )

Ca?*(5q) + CO4? (q) > CaCO; () mummmmmp

(aq)

+ 8i0y* H,0

CaSiO; +2H" >  Ca?*

(aq)

Mg;Si,05(OH), + 6H* — 3Mg?* (pey + 2SO0, *+5H,0

(aq)

Fig. 2.19. Schematic of ex-situ MC processes via (a) DC in aqueous media where silicate dissolution and
carbonate precipitation occurred concurrently and (b) two-step IC in aqueous media which consist of (b-1)
dissolution of silicate minerals, releasing Mg?* and Ca?* and (b-2) their subsequent carbonation in a separate
step. Figure from Gadikota and Park, 2015 [98].

™ Thermal amorphization of serpentine minerals, see section 2.3.1.3.2
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2.3.1. Direct Carbonation

DC is the simplest MC approach and can be achieved via reaction of Ca/Mg-rich minerals with
CO, either in a DGS or aqueous reaction scheme (Fig. 2.19). Ca and Mg oxides and hydroxides are
the most reactive MC feedstocks, however, the have limited abundance. Therefore, Ca/Mg-rich
silicates and industrial wastes have been targeted for MC [41]. Serpentine, olivine and less abundant
wollastonite have receive more attention due to their fast reaction kinetics and abundance [168].
However, such minerals require some mineral pretreatments (grinding and heat-treatment’) prior
carbonation in order to unlock their carbonation potential, but do not require the extraction of
reactive metal oxides from Mg/Ca-rich silicates prior carbonation. Table 2.2 summarizes

representative MC studies on different Ca/Mg-rich minerals.

DC reactions can be significantly enhance by the following key parameters: (i) reducing the
particle size increases significantly the reaction rates and yields since diffusion can occur in a larger
surface area [224], (ii) temperature, which influences the dissolution of CO, (lower at higher
temperatures) in water as well as the dissolution of silicates (higher at higher temperatures)
[257,258] and (iii) high pressure treatments (40-150 bar) enhance both the dissolution of CO; in
water and the diffusion of carbonic acid into the silicate [224].

Recent research has emphasized the importance to implements ex-situ MC as an integrated
CCUS process [44,56,57,99,100]. This route will simplify significantly the MC reaction since prior
CO; capture processes are not required. Similar carbonation mechanisms are expected using
concentrated CO, (CC) and flue gas (FG). However, some studies reported slower reaction rates
using FG rather than CC [55,254].

2.3.1.1. Direct gas solid carbonation
DGS carbonation of Ca/Mg-minerals is the simplest and economically viable MC approach,
however these reactions take place over geological timescales (eqg. 2.1 — 2.5; Table 2.4) [157]. Some
studies have suggested that such reaction mechanisms are not an efficient mechanism for MC,
despite their thermodynamically favored reactions [259-261], requiring elevated CO, pressures
(100-150 bar) to obtain reasonable reaction rates

Dacosta et al., 2012 [262] reported a DGS carbonation of silicate rock using FG obtaining an
olivine carbonation yield of 12%. Moreover, with the addition of water vapor, the obtained
carbonation yield reached 18% [259]. Several studies have reported that DGS reactions are greatly
enhanced with the addition of water vapor, aiming to unlock the economically desired DGS
carbonation potential [204,263,264]. It has been suggested that water vapor plays a crucial role

during DGS, allowing the formation of reactive hydrated carbonate phases [265,266].

T Thermal amorphization of serpentine minerals, see section 2.3.1.3.2
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Early studies reported on the carbonation of portlandite, Ca(OH),, and brucite, Mg(OH); is
significantly improved in the presence of high pressure steam [203,267]. However, the utilization of
pressurized steam increases significantly the reaction energy requirements. Recent research obtained
reasonable carbonation yields of portlandite and brucite by working near the vicinity of liquid-vapor
equilibrium point of water (Relative Humidity, RH,: 100%) with reaction carried at <150°C and at
moderately low pressures (<10 bar) [55,204,268]. Larachi et al., 2012 [269] reported a significant
increase of the carbonation yield during activated chrysotile** (up to 70% at 130°) with decreasing
temperature, most likely attributed to the increase of relative humidity. Bhardwaj et al., 2016 [270]
also reported high carbonation extents (up to 50% at 120°C) of activated serpentine®® with moist
CO..

2.3.1.2.  Aqueous carbonation

This route is generally carried at elevated pressures (100-160 bar) and temperatures (>100°C),
involving: (i) the dissolution of CO- in water, decreasing the pH to about 5 -5.5 at elevated CO,
partial pressures (eq. 2.12); followed by (ii) the dissolution of silicate minerals, releasing Mg?* and
Ca?" from the silicate matrix (eq. 2.13); and the subsequent (iii) Mg?* and Ca?" reaction with
bicarbonate, precipitating carbonates (eq. 2.14; Fig. 2.19a)[98,224]. Dissolution of silicate and
carbonate precipitation occurs simultaneously, thus, a successful reaction is greatly dependent on
the internal pH swing and the formation of passivating Si and Fe-rich layers [98]. As summarized in
section 2.2, the addition of bicarbonates (NaHCQO3) to the aqueous solution significantly increases
the obtained reaction yield as it serves as a pH buffer and a source of carbon [145,146,168,216], see
also Table 2.2.

CO2(g) + H20q) = HyCO3(aq) = Hiaqy + HCO3Z (2.12)
Mg25i04(s) + 4Hg-aq) = ZMg%;q) + SIOZ(S) + ZHZO(I) (213)
Mgty + HCOZsy) = MgCOs(s) + Hi (2.14)

Energy intensive pretreatments and carbonation reactions due to the slow dissolution of silicate
minerals have limited the large-scale deployment of such technologies [41,271]. The dissolution
process is mainly controlled by the following sequential steps: (i) diffusion processes between a
fluid film on the particle surface, (ii) diffusion through a reaction solid product on the surface of the
particle and (iii) chemical reactions on the particle surface [224]. Several studies were performed on
the dissolution of serpentine and particularly olivine [220,272-274]. The rate-limiting step is the
formation of a Si-rich inert passivating layer product of the dissolution of both olivine and

serpentine, which reduces significantly the diffusivity between the reactive mineral and CO;

 Thermal amorphization of serpentine minerals, see section 2.3.1.3.2
$ Thermal amorphization of serpentine minerals, see section 2.3.1.3.2
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[101,275]. Carbonate precipitation on silicate grains might also play a role on the passivation of the
reaction. However, some studies suggested that carbonate precipitation allows ions from the

dissolving mineral to be rapidly transported to the bulk fluid [276].

Both serpentinites and dunites generally contains up to 15% of iron oxides. The presence of such
minerals upon carbonation often resulted in the formation of an Fe-rich passivating layer on silicate
grains, significantly limiting the carbonation reaction [44,146,171]. Therefore, separation of
magnetic minerals is often carried out prior carbonation. Moreover, such processes significantly
increase the extent of MC and relatively pure and profitable magnetic minerals are obtained

[44,168]. Nevertheless, it also increases the energy requirements of such processes.

The liquid-solid ratio (L/S) is another important parameter for aqueous DC. Generally, at L/S
lower than 2, the autoclave reactor cannot be stirred sufficiently, reducing the carbonation efficiency
[277]. The majority of aqueous DC experiments is carried at a higher L/S to enhance the carbonation
efficiency [278].

Agueous-route DC with mineral pretreatment is considered as the most successful approach
[224]. However, reaction yields are low, often requiring elevated CO; partial pressures and
temperatures. Some pretreatments have been proposed in order to enhance the obtained reaction
yields [157], as summarized in following sections.

2.3.1.3.  Silicate mineral pretreatment
Two major processes have been developed for increasing the reactivity of silicate minerals: (i)
high energy mechanical grinding processes, increasing the diffusive surface area and (ii)

amorphization of serpentine minerals by thermal treatments, known as thermal activation.

2.3.1.3.1. Mechanical grinding

This approach aims to increase the reactivity of silicate minerals by aiming to destroy or disorder
the mineral lattice, increasing the surface area [224]. Such method has been extensively studied by
the US National Energy Technology Laboratory (NETL). Firstly, the minerals are crushed, reducing
their particle sizes to <300um, followed by wet grinding, obtaining grain sizes bellow 75 or 38 um.
The energy requirements for optimal grinding processes were assessed for different silicate minerals.
The reactivity of olivine is significantly and steadily increased with diminishing particle size,
reaching a reaction extent over 80% (Fig. 2.20), however the concomitant energy requirements for
only grinding also significantly increases, besides the high carbonation energy requirements.
Wollastonite was found to be the more reactive (Fig 2.20a) with reaction extents over 80% without
the need of ultrafine gridding processes. Wollastonite and olivine carbonation were greatly
influenced by the increased of surface area. The higher reactivity of wollastonite is attributed to the

higher precipitation rates of CaCO3; when compared to MgCOs (four times lower than CaCO3) [279].
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Nevertheless, hydrated Mg-carbonate phases have precipitation rates much higher than MgCOs, but
their formation is inhibited at elevated temperatures (>200°C) [55,197,199,204]. More detailed
explanation of hydrated Mg-intermediate carbonate phases will be given in Chapter 3.
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Fig. 2.20. (a) Grinding energy requirements and the obtained extent of reaction, Rx (see eq. 2.15), for
olivine, lizardite, antigorite and wollastonite. (b) Relationship between surface area and particle size in function
of grinding energy requirements for olivine grinding. Dso represents 50% of the particle sizes are finer than
50um. Figure from O’Connor et al., 2005 [168].

_ Xco2 (2.15)
ea(1 — Xco,)

Where X¢, is the CO, wt%. in the solid product and ¢, is the percent weight gain assuming

Ry

100% stoichiometric conversion of the available Ca?*, Mg?* and Fe?* to carbonates.

Un-activated analyzed serpentine minerals (antigorite and lizardite) were significantly less
reactive than olivine and wollastonite, especially for lizardite, indicating that such minerals require
additional pretreatments in order to unlock their carbonation potential. This is mainly justified by

the large abundance of this latter minerals in the earth’s crust [145,168].

Similar experiments were carried by Fabian et al., 2010 [280] and Haug et al., 2010 [272], where
the mechanical activation was found to be effective for olivine. Rashid et al., 2019 [281], recently
proposed a concurrent (in operando) grinding process where the carbonation at high temperatures
(155- 180°C) and pressures (65-130 bar), with the addition of 0.64M NaHCQO3, and grinding takes
places simultaneously. The carbonated material is brucite-rich serpentinized dunite, mainly
composed of lizardite (Fig. 2.21a). It was observed that partial carbonation of un-activated lizardite,
obtaining a magnesite yield above 60% after 8 hours of reaction. The carbonation extent of such
material without concurrent grinding was found to be below 20%, mainly attribute to the presence
of lizardite (Fig. 2.21b). The carbonation of lizardite was significantly enhanced, providing a new
option for activation of lizardite. However such pretreatment costs require too much energy for
CCUS purposes (see table 2.5) [224].
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Additionally, ultrasonic and wet grinding in caustic solutions have been also tested but no

significant enhancement was obtained [224], however they increase the pretreatment energy-
requirements, which is the main drawback of such technologies. Table 2.6. summarizes the specific

pretreatment energy requirements for different minerals and the obtained extent of reaction.
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Fig. 2.21. (a) XRD analyses and (b) magnesite yield (%) of concurrent grinding experiments and reference
experiments carried at 180°C, 15wt% slurry solid using 0.64M NaHCO3z and 130 bar of pressure. O: Olivine, L:
Lizardite, M: Magnesite and T: Magnetite. Figure from Rashid et al., 2019 [281].

Table 2.5. Estimated pretreatment energy requirements for olivine, lizardite, antigorite and wollastonite

as well as the Rx at optimal high pressures and temperature conditions. SMD mill: Stirred media detritor.

Bene: beneficiation step (i.e.: gravity separation)Table adapted from Gerdemann et al., 2007 [145].

Feed material Pretreatments energy consumption, kW-h-t

Pretreatment Grinding Heat
Mineral (grade) methodology Crush  Bene Stagel  Stage2 Stage3 treatment Total R«
Olivine, 100% Ball mill (- 75um) 2 - 11 - - - 13 16
Ball mill (- 38um) 2 - 11 70 - - 83 61
SMD mill 2 - 11 70 150 - 233 81
Serpentine Ball mill (- 75um) 2 - 11 - - - 13 9
Lizardite (100%)  Heat treatment (- 75um) 2 - 11 - - 326 339 40
Olivine, 70% Ball mill (- 75um) 2 2 15 - - - 19 16
Ball mill (- 38um) 2 2 15 70 - - 89 61
SMD mill 2 2 15 70 150 - 239 81
Serpentine Ball mill (- 75um) 2 - 11 - - - 13 12
Antigorite (L00%) Heat treatment (- 75um) 2 - 11 - - 293 306 62
Heat treatment (- 38um) 2 - 11 70 - 293 3716 92
Wollastonite, Ball mill (- 38um) 2 4 21 70 - - 97 43
50% SMD mill 2 4 21 70 70 - 167 82

2.3.1.3.2. Thermal activation
Upon heat treating serpentine minerals, their hydroxyl content is partially to fully removed,
increasing significantly their reactivity [282,283]. Mckelvy et al., 2004 [49] reported that the
reactivity of activated materials is highly dependent on the remaining OH content. Thermal
activation of lizardite occurs between 580°C to 800°C. At 580°C, lizardite undergoes partial

dehydration, losing structural order, becoming partially amorphous. At this temperature a new phase
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emerges as evidenced by the X-ray scattering at 26=6°, suggesting that it has longer range-ordering
than lizardite and is likely associated with a doubling of the 7.336 A interlamellar spacing (~14.7 A
corresponds to 26 ~6°) along the <001> plane. This phase is commonly called the “o. component”
and is observed to coexist with structurally-ordered lizardite (Fig.2.22). This might suggest that the
dehydration of lizardite occurs via lamellar nucleation and growth, similarly to the dihydroxylation
of brucite [49,284].
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Fig. 2.22. (a) XRD analyses of heat activated materials activated from 550 — 1100°C, as well as their
residual OH content (wt%). Colored circles indicate no (red), trace (yellow) and substantial (green) carbonation
as observed with in-situ synchrotron XRD carbonation analysis. The onset carbonation temperatures are shown
alongside the colored circles. Carbonation was performed at elevated CO: pressures (150 bar) in an aqueous
solution containing 0.64M NaHCOs + 1M NaCl. (b) XRD phase analysis of activated lizardite at 580°C, where
residual lizardite crystalline features are observed coexisting with “a component” and an “amorphous
component”. (C) Relative content of both intermediate phases (a: green, amorphous: red) and residual

crystalline lizardite (blue) as function of the residual OH content. Figure from McKelvy et al., 2004 [49].

At 650°C, the residual OH content reaches 10%. Lizardite sharp features disappears as an XRD
an “amorphous component” emerges, as evidenced by an XRD plateau centered at 20 =~ 28°
(Fig.2.22a, b). As the temperature increases the “o component” is diminishing. At 750°C, the o
component have disappeared and only the “amorphous component” remains. At 780°C, nucleation
of forsterite begins to occur, followed by enstatite, MgSiOs (at 790°C). At 1100°C, the “amorphous

component” has disappeared and only forsterite and enstatite are observed.
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When the residual OH content is between 8-25%, a significant enhancement of the reaction
extent is obtained relative to those obtained with un-activated lizardite (Fig. 2.23) [285,286]. In
particular, when the OH residual contents reaches 16%, the obtained reaction extents are nearly
100%, coinciding with the highest proportion of the amorphous component, relative to the other
intermediate phases (Fig 2.22c). Previous studies have suggested that the reactivity of activated
serpentines is primarily due to the highly-disordered nature of the intermediate phases [49,287].

Moreover, it is also observed that when serpentine minerals are fully dehydroxylated, the
carbonation yield is reduced, indicating that there is an optimal temperature for serpentine activation
[286]. This is likely attributed to the nucleation of forsterite and particularly enstatite from the
intermediate phases, consuming the available amorphous reactive phases [49,287]. This is in
agreement with in-situ synchrotron XRD analysis of activated lizardite carbonation, where the
optimal carbonation was obtained with materials activated at 650°C (associated with 10% of residual
OH; Fig. 2.22a) [49]. The transition from lizardite to forsterite and enstatite follows a topotactic
transformation, where the rate transition rates decreases with increasing degree of disorder [287].

Dihydroxylation of antigorite and lizardite possess similar reactivity as evidenced by the similar
trends observed in Fig. 2.23. However, both minerals have different thermal stability, being
antigorite the more thermally stable. Therefore, each mineral has an optimal activation temperature
[287].
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Fig. 2.23. Obtained reaction extent upon carbonation of heat activated lizardite and antigorite as function
of the residual OH content. Activated lizardite carbonation was performed by introducing simulated flue gas into
the alkalized leachate until a neutral pH was reached, then the solution was heated at 85°C for 15 min. Direct
carbonation of antigorite was carried at >155°C and 150 bar of CO2 in an aqueous solution with 0.64M NaHCOs3

+ 1M NaCl. HT’ refers to heat activated. Figure from Dlugogorski and Balucan, 2014 [287].

Gerdemann et al., 2007 [145] have compared the reactivity of olivine, wollastonite and activated
serpentine at analogous experimental conditions (Fig 2.24). Since the reaction rate is greatly
dependent on the particle size, comparison of different material with different pretreatments is
difficult. The authors proposed to compared the obtained Ry, normalized by the maximum Ry

obtained in the reaction series (Rxmax). Therefore, the mineral-specific variations partially due to
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different pretreatments are not taken into account in the comparison [168]. The actual maximum Ry
values were 49.5, 81,8 and 73.5 for olivine, wollastonite and heat treated (HT) serpentine,
respectively (Fig. 2.24) [145]. Heat treated serpentine is more reactive than olivine, requiring lower
temperature and pressures to obtained maximum carbonation yields. This demonstrates that HT
plays a crucial role on the enhancement of serpentine reactivity. However, the maximum reaction
yield obtained in any set of experiments at elevated temperatures and pressures conditions is of 49.5,
significantly lower than olivine and wollastonite. The possible explanation for this behavior as well
as a more detailed description together with a performed experimental campaign will be extensively
discussed in Chapter 5. Wollastonite remained more reactive than the other compared materials,
requiring moderately low pressures (40 bar) and temperatures (100°C), without the addition of 0.6M

NaHCO; + 1M NaCl to the aqueous solution, to obtain its maximum carbonation yield.
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Fig. 2.24. (A) Obtained Rx normalized by Rxmax) Of carbonation series of olivine, HT serpentine and
wollastonite, performed at: (a) 25-250°C and 185 bar of COz2; (B) 185°C and 10-250 bar of CO2. Figure from
Gerdemann et al., 2007 [145].

Sanna et al., 2013 [288] suggested that the energy requirement for activation at 610°C during
0,5h could be reduced to 245 kW-h-t. Mg extracted was higher compared to those reported in a
different study for activation at 640-700°C, during 1h [289]. Moreover, other studies have suggested
that if thermal heat is used instead of electrical energy, the activation energy requirements could be
reduced up to 60% [290]. Orica (an Australian company) have proposed to reduce the energy
requirements for activation by using exothermic heat from carbonation reactors (operated at elevated
CO; pressures and temperatures) as well as low grade heat from the power plant that provides the
flue gas [291]. It has been estimated that such process could be economically viable and has a CO»
storage capacity of 14.1 Mt y™! from a conventional pulverized fuel-based electricity generation plant
[87,291]. Activation pretreatments are more effective than mechanical grinding processes but the

energy requirements are still too high to CCUS large-scale implementation [280,288].
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2.3.2. Indirect carbonation

It refers to the ex-situ MC process that takes more than one step, decoupling dissolution of
minerals and extracting reactive components (Table 2.7) and carbonation processes as two different
steps. This is based on the differences in the pH that favors mineral dissolution (acidic) and
carbonation (basic). The individual steps can be better optimized than a couple MC process,
achieving lower reaction temperature during the carbonation step [292,293]. Moreover, high-purity
and profitable carbonate products can be obtained if an additional step is added between mineral
dissolution and carbonation [42,294]. The most relevant extraction method will be summarized in

the following sections.

Table 2.7. Summary of extraction of metal ions from silicates processes prior carbonation. Table from
Bobicki et al., 2012 [42].

Metal oxide Characteristic

extraction methods

Acid extraction * Mineral dissolution via HCI or other acid

(See Fig. 2.19) « Alkaline metals precipitate as a hydroxide for carbonation

« Acid can be recovered
« Energy intensive if acid is recovered
» Multiple steps allow the separation of carbonate pure phases
Molten salt » Molten NaCl is used to extract metal ion from silicates
« Alkaline metals precipitate as a hydroxide for carbonation
 Molten NaCl is highly corrosive
* The associate chemical cost is prohibitive
Bioleaching » Chemolithotrophic bacteria combined with acid generating substances and silicate minerals to
extract metal ions
« Passive and inexpensive
Ammonia » Ammonia salts are used to extract metal ion from silicates
extraction « Selective leaching of alkaline earth metals
« Reagent recovery is possible
» Reasonable conversion rates obtained
Caustic extraction  « Caustic solid used to extract metal ions from silicates
* Not a promising technique

2.3.2.1.  Acid extraction

Generally, HCI, H,SO4 and HNOs; are used to dissolve silicate rocks [42,274,295]. Eq. 2.16-2.19
summarizes the reaction involving IC by HCI extraction. Among these acids, H.SO4 was found to
extract Mg from silicates more effectively, followed by HCI [274]. Lin et al., 2009 [295] tested the
dissolution of serpentine with HCI at 150°C over prolonged times. The precipitate brucite was then
carbonates at 325°C and atmospheric pressure for 2. Another approach tested the dissolution of
serpentine minerals with H,SO4 at 20-65°C during 3-12 hours, producing magnesium sulfate, which
subsequently reacted with sodium hydroxide, precipitating brucite. This latter mineral was then
carbonated at 20°C and 40 bar. H,SO, was regenerated after reaction between CO, and MgSO.[171].
However, the energy intensive regeneration of such acids prohibits the current development of such

approach [42].
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Organic acids, such as acetic acid (CH;COOH) and formic acid (HCOOH) dissolve significantly
serpentine minerals and their utilization is proposed to avoid the high energy requirements associated
with strong acids [274]. Krevor and Lackner, 2009 [296] reported that sodium salts of citrate,
oxalate, and EDTA significantly dissolved serpentine minerals under weakly acidic conditions. Park
etal., 2003 & 2004 [170,293] reported that a mixture of 0.1% EDTA, 0.9wt% oxalic acid and 1vol%
of orthophosphoric acid enhanced Mg leaching from serpentine minerals at 70°C and 1 bar. SiO;
residue was then filtered from the slurry. The Mg? and Fe?*-rich filtrate was subjected to

carbonation by bubbling CO, at ambient temperature, achieving 65% conversion.

. 100°C . (2.16)
Mg3SIZOS(OH)4(S) + 6HC1(aq) + HZO — 3MgC126H20(aq) + 25102(5)

250°C (2.17)

cooling 2.18

2.3.2.2.  Ammonia extraction

The first approach of using ammonium salts for serpentine dissolution (known as pH swing
process) was reported by Wang and Maroto-Valer, 2011 [257]. It was reported that 100% Mg was
leached from serpentine after 3h at 100°C in a solution containing 1,4M NH4HSO.. The complete
process consists of five steps (Fig. 2.25; eq. 2.20-2.24): (i) NHs is used to capture CO,, forming
NH4HCOs; (ii) separately, a solution containing 1.4M NH4HSO; is used to leach Mg?* from
serpentine minerals with grain sizes between 75-125 um; (iii) the solution is then neutralized by
adding NH4OH and the solution is filtered to removed SiO; residues and Fe-rich minerals from
serpentine dissolution; (iv) Mg?*-rich filtrate is reacted with NHsHCOj3 (from the CO, capture step),
precipitating nesquehonite, Mg(HCO3)(OH)-2(H.0), which is then transformed in-situ into
hydromagnesite Mgs(CO3)4(OH).-4(H20). The resulting solution, after carbonate precipitation
mainly contains (NH.).SO.; (v) the last step consists of the regeneration of the additive by
decomposition of (NH4).SO, at 330°C, producing NH3; and NH4sHSO, [278,297] One of the main
advantages of this process is that the different products (carbonates, iron oxides and silica) can be
separated [274,275,293,294,297]. Chilled ammonia can also be utilized in such processes, increasing
the CO; capture efficiency to more than 90% with overall estimated energy penalty of 477 kwW-h t?
[224]. One of the main drawbacks of this process is the salts regeneration step. Wang and Maroto-
Valer, 2013 [298] proposed to reduce the water usage in the system, due to its high evaporation
energy penalty. However, the CO; sequestration efficiency was greatly decreased and larger

amounts of reactants (ammonia salts and serpentine) were required.

NH3 ° H20 + COZ 4 NH4HC03 (220)
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heat
MgsSi,05(0H),(Fe?t, Fe3*) ) + 6NH,HSO, aq) = 3MgS0, (Fe?*,Fe*) 5 (2.21)

+ 2Si0, 4 3(NH,),S04s) + 5H,0
3MgS0, (Fe?*,Fe3*) q) + 8NH,OH 5q) (2.22)

pHto85 Fe,03
_—
FeO (s)

+3MgS0,, + 8NH} + 4H,0

6MgS0, + 6(NH,);S04(aq) + 24/c €Oy + 12NH,0Hag (2.23)
> 6/ (4MgCO; - Mg(OH), - 5H,0) (5) + 12(NH,), S04

320°C (2.24)
4(NH4)ZSO4(S) — NH4HSO4(aq) + NH3(g)

NH,#3H,0

v

Flue gas €O, Capture Cleangas p——

+ water

NH:*3H:0 i
NH.HCO:

Aqueous NH. (g)
MgsO., Aqueous v
. {NH.):504, Removal of MgS0., Precipitation Ausoas (NH.):S0 Regenerati
Serpentine JAMmler.al impurities | ;o\ourities and | (NHi)2S04 | of magnesium (NH):50. Evaporation Gl on of NH.H50.
> | adjust pH carbonates additives
Product 1: Product 2: Product 3:
amorphous NH.HSO, mohrite, hydromagnesite
silicon, goethite
residual
serpentine

Fig. 2.25. Scheme of pH-swing CO2 MC process using ammonium salts looping. Figure from Wang and
Maroto-Valer, 2011 [257].

Fagerlund et al., 2009 [299] proposed a modified version of the Mg extraction by ammonium
salts (known as the AA Route, from Abo Akademi), involving two-steps (Fig. 2.26; eq. 2.25, 2.26):
(i) a slurry containing a mixture of serpentine feedstock with NHsHSO, is heated to 450 -550°C,
producing MgSQ,. By adjusting the pH using ammonium hydroxide or ammonia, brucite
precipitates; (ii) brucite is carbonated in the dry phase in a fluidized bed at 20 bar and 500-
550°C,where 50% Mg conversion was achieved in 10 minutes [267]. However, modest Mg recovery
yields of this technologies (50-60%) limits the large-scale deployment of this technology[204]. The
main advantages of this method are: (i) highly reactive brucite is produced and (ii) there is high

potential for heat recovery due to the exothermic carbonation reactions.

. heat . (2.25)
Mg5Si,05(0H) 45 + 3(NH,),S04(s) — 3MgS04s) + 2510, + NHj

Hunwick, 2008 (123) developed another multi-step IC process via ammonia extraction from

power station flue gases: (i) Mg/Ca-silicates were mixed with ammonia to produce an aqueous slurry
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containing 30% solids; (ii) the slurry was then pressurized with CO> to 100 bar an heated to 225°C,

precipitating magnesite; (iii) ammonia recovery.

Heat
. = Steam
= NH, .
P : ]
el A : l
Mg-silicate e Y

. Mg(OH),
mineral

Solid-solid
flux reaction

Precipitation

Fluidised bed  |Ma8nesite
step >20bar, >500°C ==

(NH,),S0,4
Sio, Iron oxide Cco,

Fig. 2.26. Scheme of AA route among the IC processes. Figure from Sanna et al., 2014 [224]

2.3.2.3.  Molten Salt processes

This process was developed as an alternative to HCI extraction with lower energy requirements.
The process is very similar to HCI extraction, varying in the extraction agent used: molten salt,
MgCl,-3.5H,0 instead of HCI (eq. 2.27-2.30) [157]. Despite having less energy requirements than
HCI extraction, molten salt is extremely corrosive, and it need a continuous production of such
compound. It has been estimated that even with an attained commercial supply of MgCl;, such
process will remain unaffordable. Therefore, it has received less attention over the last two decades
[42].

. 200°C (2_27)
Mg351205(OH)4(S) + 3MgC12 . 35H20(aq) am— 6Mg(OH)Cl(aq)

150°C (2.28)
Mg(OH)Cl(aq) + nHZO(aq) — MgCIZ : nHZO(aq) + Mg(OH)Z(S)

120°C (2.29)
MgCl, - nH;0(aq) — MgCl; - 3.5H;0(,q) + (n — 3.5)H,0

2.3.2.4. Bioleaching
It refers to the process when bacteria are utilized to extract metals from minerals [300]. Such
process has been adapted to extract Ca and Mg from silicates, following natural analogues [301].
Silicate weathering can be artificially enhanced with a combined utilization of Acid Generation
Substances (AGS; i.e.. sulphides and sulfur) and chemolitothrophic bacteria such as:
Acidithiobacillus (A.) ferrooxidans and A. thiooxidants [302]. Both bacteria generate H,SO. during

their metabolism process (which leaches metal ions from silicates) and feed on AGS. Moreover,
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both species also utilizes atmospheric CO- as a source of carbon for producing new cell material
[300,302]. Such process has been studied on the accelerated carbonation of passive MC of mine
tailings (Fig. 2.27). However, such process has not yet been optimized to achieve significant metal
leaching rates from silicates, since only limited amounts of AGS can be utilized in order to avoid
the formation of acidic leachate [302]. Currently, the metal extraction obtain by this method cannot
compared to those obtained in the other methods described, due to their characteristic slow kinetics.
Nonetheless, it is and innovative, sustainable, low cost and passive approach which intends to
utilizes waste products for MC purposes. It is foreseen that such method could play an important
role on CO, mitigation efforts [42].

P S

Bioleaching
using an AGS Carbonate precipitation pond

Acid-generating i) Ultramafic E Leaching Impermeable ] Cyanobacterial Evaporation
substance (AGS) 8 tailings barrier =] mats and gas exchange

Fig. 2.27. Schematic of enhanced passive metal leaching from mine tailings by utilizing combined AGS
and chemolithotrophic bacteria. Figure from Power et al., 2010 [302].

2.3.3. Carbonation of alkaline industrial wastes

There is an increasing interest for the utilization of both CO, and wastes materials for CCUS
purposes. Such wastes often elevated Ca, Mg, Al and Fe contents. Unlike Ca/Mg-rich silicates,
alkaline wastes are primarily composed of reactive oxides and hydroxides [98]. The main advantages
of utilizing alkaline industrial wastes for MC instead of natural minerals are: (i) mining is not
required and consumption of raw material is avoided, as well as their associated environmental
impacts [303]; (ii) generally, no additional milling is required to increase their reactivity [145]; (iii)
such material are widely available and cheap [157]; (iv) generated near the PSCC, potentially
avoiding transportation costs; (v) generally, do not require pre-treatments due to their high reactivity;
(vi) upon carbonation, such wastes are potential neutralized, allowing to stored them more safely,
reutilized and value is added due to the generation of profitable by-products [253,304,305].
However, the available quantity of alkaline wastes (estimated to have a CO, storage capacity of 200-
300Mt yr?) is significantly smaller than known Ca/Mg-rich silicate reserves [224]. Despite their
limited CO; storage, their successful implementation is foreseen as a key step in the development
and industrialization of MC technologies [41,303].

Alkaline residues can be classified in three major categories: (i) wastes from power generation,
such as: fly ash, bottom ash, Air Pollution Control (APC) residues and oil shale wastes); (ii) cement,

building material and paper production, such as: kiln dust, asbestos and paper mill waste; (iii) steel




Chapter 2: Mineral carbonation

an aluminum production, such as: steelmaking slag [98]; (iv) mine tailings, such as: asbestos, cooper,
nickel, platinum deposits, etc. [224]. The availability of fly ashes far exceeds the other alkaline
wastes (Fig. 2.28). However, steel slag has significantly higher Ca content [98]. The average Mg
content of the residues shown in Fig. 225 is generally low. Nevertheless, ultramafic mine tailing
have significantly higher Mg contents (up to 40% MgO) and are generally poor in CaO [224].
Generally, APC wastes and waste ashes from fuel combustion contains significant amounts of
reactive free lime. Its carbonation is driven by exothermically and fast kinetics in DC via aqueous
carbonation (eg. 2.31 - 2.35) [306—308] and steam mediated [82,268].

CaOs) + Hy0¢y — Ca(OH) () (2.31)
Ca(OH)y(s) = Cafly) + 20Hq, (2.32)
COyg) + H20qy © HyCO03(,q) < Hiagq) + HCO3 (5 (2.33)
HCO3 (aq) + OHGaq) © CO5(aq) + H20q) (2.34)
Ca{iy) + CO5aq) = CaCO3 (nucieiy = CaCO3 () (2.35)
140 H T T T
—m—ca|]%
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Fig. 2.28. Annual production rate (Mt yr1) in the USA and their average Ca and Mg concentration in fly
ash, CDK, steel slag and red mud, see table 2.8. Figure from Gadikota and Park, 2015 [98].

Several wastes, such as steel slags, have high CaO contents, however, Ca is mainly bounded to
silicates, instead of highly reactive oxides and hydroxides. The carbonation of such silicates follows
the general equation 2.36 and 2.37 [224]. Different studies have reported that Ca leaching from
silicates in alkaline wastes is enhanced by increasing temperature, pressures and surface area
[145,306,309].

Ca(or Mg) silicate(s) + 2H(,q) = Ca®* (or Mg?*) aq) + SiOy(s) + H20q (2.36)
Ca®*(or Mg®*) aq) + HCO3 (»q) — Ca(or Mg)CO35) + Higy (2.37)

Industrial materials containing hazardous materials such as heavy metals, their carbonation

should be carefully assessed, particularly in DC via aqueous media, since leaching of such metals
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can be enhanced. Some studies have reported that such metals could be fixed within the precipitated

carbonate matrix [227]. A summary of MC studies of different waste materials is shown in Table

2.8. The main MC routes for alkaline wastes will be summarized in the following sections.

Table 2.8. Summary of MC carbonation studies of different alkaline industrial wastes and their reaction

conditions and reactive feedstocks Ca and Mg content. MSWI: Municipal Solid Waste Incineration; BM:

Building materials; UMT: Ultramafic mine tailings; PMW: Paper Mill Waste; LF slag: Ladle Furnace slag; BOF

slag: Basic Oxygen Furnace slag; BHC: blended hydraulic slag cement. @Indirect Carbonation Table adapted
from Gadikota and Park, 2015 [98] and Bobicki et al., 2012 [42].

CO: Storage Reaction conditions
capacity
Composition ( kgco, ) Reaction  Pco,, T, Chemical
Material type (wt%.) Kgwaste Rx (%) phase reaction time additives
Fly ash Coal Ca0:9.3 0.07 86 Aqueous 40 bar, 30°C, NaCl
1h
Coal Ca0:4.1 0.03 82 Aqueous 1 bar, 30°C, None
18h
Coal Ca0: 55.44 N/A 81 Gas-solid 80 vol% CO-, None
MgO: 1.04 800°C, 1h
MSWI CaO: 36.3 N/A N/A Aqueous 3 bar, 8-42°C, None
3d
MSWI Ca0: 53.02 N/A N/A Aqueous 1 bar, 25°C, 10 None
d
Lignite Ca0: 15.72-29.28  0.04-0.09 N/A Aqueous 10 bar, 25°C, None
MgO: 0.78-4.47 10d
Lignite Ca: 28.4 0.21 53 Aqueous  0.15 bar, 25°C, None
Mg: 9.2 2h
Bottom MSWI N/A N/A N/A Gas-solid 1 bar, 50°C, 2h  None
ash MSWI Ca0: 16.3 241 CO2/kg  N/A Gas-solid 17 bar, 25°C, None
MgO: 2.6 3h
APC APC Ca0: 35 0.25 67 Aqueous 3 bar, 30°C,5h  None
residues Mg: 0.0084
MSWI Ca: 308.07 mg/kg  0.20 N/A Aqueous  1bar, 20°C,3h  None
APC Mg: 29.243
mg/kg
Oil shale Oilshale  CaO: 50,75 0.17 N/A Aqueous 1 bar, 25°C None
waste MgO: 15.19
Oil shale  CaO: 50,75% N/A N/A Aqueous 1 bar, 25°C None
CKD CKD Ca0: 34,5 0.19 71 Gas-solid 1 bar, 25°C, None
MgO: 2.1 12d
CKD Ca0: 345 0.20 75 Gas-solid 1 bar, 25°C, 3.4 None
MgO: 2.1 d
CKD Ca0: 345 0.26 94 Gas-solid 1 bar, 25°C, None
MgO: 2.1 4,9d
Asbestos HT Ca0: 0.5 N/A 0.7 mol  Gas-solid 32 bar, 260°C, None
(BM) Chrysotile  MgO: 39.7 CO2/mol Mg 1h
HT Ca0: 35.4% 0.14-0.18 N/A Aqueous 55 bar, 22°C, None
ashestos MgO: 5.12 1h
UMT Nickel Ca: 3.4 0.43 94 Aqueous® 1 bar, 30°C, None
tailings Mg: 21.8 via HCI, 40m
HNO3
and

H2S04

Ref.
[310]

[307]
[311]
[312]
[255]
[313]
[314]

[254]
[315]

[316]

[317]

[318]

[319]
[253]

[253]
[253]
[263]
[320]

[321]
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CO: Storage Reaction conditions
capacity
Composition ( kgco, ) Reaction  Pco,, T, Chemical
Material type (Wt%.) Kgwaste Rx (%) phase reaction time additives Ref.
PMW Ca mud Ca0: 83.2 0.22 85 Aqueous 10 bar, 30°C, None [322]
2h
Steel Steel slag Ca0: 317 0.25 74 Aqueous 19 bar, 100°C, None [303]
slag MgO: 6.0 0.5h
LF slag Ca0:58.1 0.25 N/A Aqueous 1 bar (15vol% None [323]
MgO: 6.2 CO2), 25°C,
40 h
Blast Ca0:40.6 0.23 90 Aqueous® 1 bar, 30°C,2h NaOH + [304]
furnaceslag  MgO: 6.2 via (pH- CHsCOOH
swing)
Converter N/A N/A 80 Aqueous®  0.07 bar (13 NH4CI [275]
slag via (pH- wvol% COy),
swing) 40°C, 1h
Stainless Ca:40-50 0.13 N/A Aqueous 3 bar, 50°C, 2h  None [324]
steel slag Mg:2.2-45
BOF slag Ca0:51.1 0.23 57 Aqueous 1 bar, 70°C, 2h  None [325]
MgO: 4.2
BOF slag Ca0: 42.2 0.29 93 Aqueous 1.47 bar, 60°C, None [326]
MgO: 9.2 30 min
BHC Ca0: 54.2 0.19 44 Aqueous 1 bar, 70°C, 2h  None [325]
MgO: 4
BHC Ca0:52.8 0.29 69° Aqueous  48.3 bar, None [327]
MgO: 4,7 160°C, 12h
BHC Ca0:52.8 0.24 59 Aqueous  89.6 bar, None [327]
MgO: 4,7 160°C, 1h
Red mud  Bauxite Ca: 4.8 0.02 N/A Aqueous 1 bar, 30d None [328]
residue Mg: 0.1
Red mud Ca0: 2.99 0.05 N/A Aqueous 3.5 bar, 25°C, NaOH [329]
3.5h

2.3.3.1. Metallurgical Slag

Significant amounts CO; is emitted from steel production, accounting for 6-7% of global CO,
emissions [304]. Slags are a by-product of steelmaking process, formed upon interaction of
impurities (mainly silica) and lime during steelmaking processes [42]. Different types of slags are
produced depending on the steelmaking process: (i) basic oxygen furnace (BOF), which constitutes
62% of the total steel slags; (ii) electric arc furnace (EAF; 22%); (iii) ladle slag (LS; 9%); (iv) blast
furnace slag (BF), which is generated as a by-product of iron production via ore gangue melting
together with coke ashes and siliceous and aluminous residues from reduction and separation of iron
from starting ore. Moreover, refinement process for stainless steel production also produces LS and
argon decarburization slag (AOD) [330,331].

Generally, steelmaking slags consists mainly of Ca, Mg, Al-silicates and oxides with CaO and
MgO contents between 31.7 -58.1 and 3.97 — 10.7 wt%, respectively (Fig. 2.28) [303,323,325]. Their
estimated CO, storage capacity is of 130 — 289kg CO; t* of slag [324,327]. In order to achieve

reasonable conversion rates to carbonates, grinding pretreatments are often required [42]. Table 2.8
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summarized representative steel slags studies. Such process is mostly carried via aqueous DC at
ambient and elevated pressures and temperatures [224], similarly to the carbonation of natural Ca-
silicates, but with lower energy requirements [303,323]. Steel slags that contains higher free lime
instead of Ca-silicate contents were observed to be more reactive [323]. The experimental CO,
uptake upon steel slag carbonation varies between 1.7-28.9 wt% as reported by different studies
[224]. Generally, carbonation kinetics were greatly improved by experiments carried at elevated
temperatures and pressures, but also are associated with increased costs [331,332]. Due to the high
Ca content of steel slags, studies have studied the possibility to synthetize commercial-grade high-
purity euhedral scalenohedral precipitated CaCO3; (PCC) in order to reduce the carbonation costs
[271,275,304].

IC of steel slags via acid extraction has also been studied. It has been reported a rapid dissolution
of Ca-silicate from BOF and EAF with HNOs, achieving a CO; storage capacity of 0.26-0.38
tCO2/ts1aq.[333]. When using NH4Cl, 0.16 tCOa/tsiag Was attained upon carbonation [275]. In general,
when using weaker acids, high temperatures and prolonged reaction times, a selective Ca-extraction
is obtained, allowing the formation of high-purity PCC [304]. However, the associated costs of
producing PCC from steel slag is still too high, with an actual cost of 1990€/t CaCO3z when using
acetic acid as dissolvent agent [224]. IC via ammonia extraction route has also been applied to steel
slags, obtaining a carbonation efficiency of 59-74 % [334].

2.3.3.2. Municipal solid waste incinerator (MSWI) ashes
Resulting from the incineration of Municipal Solid Wastes (MSW), which reduces the MSW
mass and volume up to 70 and 90%, respectively, as well as disinfection and potential energy
recovery. Upon incineration, bottom ash is produces (MSWI BA; 80%) and APC residues (20%), as
well as CO; emissions [42,98,224].

MSWI BA is considered as a non-hazardous waste. Such material is mainly composed of Ca, Si,
Al-silicates, sulfates, carbonates, reactive oxides (portlandite, magnetite, hematite) and chlorides
[42,335]. However, their Ca and Mg content are generally limiting its CO, storage capacity, and MC
processes are mainly focused on chemically neutralizing such wastes (reducing its alkalinity and
trace metal mobility [336,337]) for different applications [42,315]. Their experimental CO; storage
capacity ranges between 3-6.5 wt% [315,335]. This carbonation is mainly associated with reacting
portlandite [254,315]. However, it is likely that Ca, Mg-silicates were also involved but with

significantly slower reaction rates [303,335].

APC residues are generated during the process of flue gas treatment. Generally, they contain a
mixture of fly ashes, unburned carbon and residual lime. These residues are considered as hazardous
due to their elevated alkalinity and high concentrations of heavy metals (Zn, Pb, Cd, Cr, Cu, Hg,

Ni), soluble salts and chlorinated compounds [42,334]. Nonetheless, the elevated lime contents make
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these materials appealing for MC (Table 2.8). Moreover, this latter process reduces their alkalinity
to acceptable regulatory limits (pH <9.5) [338,339], and could also fix heavy metals into carbonates
[227], however, MC could also contribute to enhance the leaching of such metals [98]. Their
carbonation potential is of 0.07-0.25tCO, t*APC [42,224,331]. The comparison of the DC via
aqueous media or dry-DGS was performed by Bacciochi et al., 2009 [258]. Faster reaction kinetics
were observed for DGS compared to aqueous DC.

2.3.3.3.  Power plant ashes
Coal-fired power plants provide nearly 40% of the world’s electricity demand [307], producing
600Mt y* of Fly Ash (FA) and 12000 MtCO; yr! (23, 25). Up to 30% of coal FA are generally
utilized in the construction industry. FA composition varies significantly depending on the mineral
content of fuel. Generally, FA consist of a mixture of aluminosilicate glass, silica, cristobalite and
mullite. This carbonation of this material does not need further grinding, as their grain size ranges
between 10-15um [331].

The MC of oils shale FA, which contains low-grade fossil fuel, have been investigated since it
contains an elevated content of highly reactive free-lime (12-30%) [308]. Analogously, MC of co-
fired wood and coal power plant FA have also received attention, since it contains about 45% CaO
[340]. FA from Ca-rich lignite coal combustion have a CO, storage potential of 43-49%
[82,268,341]. On the other hand, the resulting FA from bituminous coal combustion has a relatively
low CaO content and CO; storage potential [82,307,331]. Carbonation of such material is usually
carried out by aqueous DC at mild conditions (Table 2.8) [224]. It has been estimated that capture
90% of the emitting CO, from a 532MW coal fired power plant would cost between $11-21/tCOg,
assuming a FA CO; storage capacity of 0.1-0.2 tCO,/t FA [342]. However, FA CO; storage capacity
is limited and could only sequester 0.25% of CO- from coal fired power plants [42,307,331].

2.3.3.4. Cement wastes

The production of Portland cement and lime (responsible for 5% of anthropogenic CO;
emissions) from high-temperature rotary kiln generates fine-grained 0.2t of Cement Kiln Dust
(CDK)/t cement as a by-product [42,331,343,344] and, in minor quantities, Cement Bypass Dusts
(CBD). This latter is generated as a by-product during kiln firing. The global annual production of
CDK is 2.8 Gt and it is expected to increase to 4.0Gt [42]. Due to its high alkalinity, CDK is
considered as potential hazardous material [42,343]. Generally, it contains 38-48% CaO and 1.5-
2.1% MgO [42,331,344]. CDK is already 46-57% carbonated due to its high reactivity and fine grain
sizes [344]. CBD have a much lower carbonate content and, therefore, higher carbonation potential
(0.5 tCO,/t CBD) compared to CDK [340]. Experimental studies on CDK carbonation have reported
a CO; uptake up to 0.08 - 0.25 tCO,/t CDK (Table 2.8) [340,344]. It has been estimated that CDK
could potential store up to 42 MtCO, yr, equivalent to 0.1% of global CO, emissions [42].
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Waste cement has similar properties as CDK and it is a by-product generated during the
aggregate recycling process, where waste concrete (obtained mainly from demolished buildings) is
grinded and classified, separating aggregates from waste cement. This latter is can be reused for
construction applications without any treatments. However, the majority of this waste material is
disposed. The CO, storage capacity of this material is estimated to sequester up to 42 MtCO, yr?,
taking into account the total produced waste concrete (1100 Mt yr™ in the USA, EU and China) [42].

CaCO0s, the reaction product, is significantly less hazardous than CD and waste cement and can
be reused in the cement manufacturing, avoiding mining and calcining limestone, and their
associated CO, emissions or in other industrial processes. Therefore, MC of such materials
contributes to mitigate the building of CO- in the atmosphere and to neutralizes potential hazardous
materials [253,309].

Some studies have evaluated the possibility of producing high-purity CaCOs by aqueous IC
[309,345]. Ca?* was performed using pressurized CO; (30 bar), followed by carbonation (which was
performed at a CO,-rich atmospheric pressure) (Fig. 2.29). It was concluded that 98% pure CaCOs
was possible to produce at a cost of US$ 136 t?, significantly lower than the market price for CaCOs
(US$400 t1) [345].
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Fig. 2.29. Scheme of the high-purity CaCOs production from aqueous IC of waste cement. Figure from
Katsuyama et al., 2005 [345].

2.3.3.5.  Mine tailings

These wastes are desirable for MC purposes, since they are already mined feedstock, and in the
case of mineral processing (metal extraction), they have already grinded to a suitable size for MC
[266,302,346]. Generally, deposits that are hosted in ultramafic rocks produces suitable MC
feedstocks, including: asbestos, cooper-nickel-PGE (platinum group elements), diamondiferous
kimberlites and podiform chromite deposits, hosted by dunites, serpentines and gabbronorites.
[346,347]. Another common type of mine waste is bauxite residue (known as red mud) generated
during the alumina extraction [323,329,348]. Particularly for red mud and asbestos, MC processes

not only stores CO- but also improves the properties of the waste, enabling a safer landfilling or
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reuse. The CO; sequestration capacity of such tailings is generally exceeding the CO; emissions
from the ore processing site. It is expected that MC will become another revenue stream for mining

and milling operations upon new incentives to reduce carbon emissions[42].

2.3.3.5.1. Asbestos tailings

Globally, 20t of tailings are generated upon the production of 1t of asbestos. Tailings produced
after chrysotile processing are associated with residual asbestos, therefore, are classified as
hazardous materials [42]. These wastes are suitable for MC due to their high MgO contents (up to
40%), they have already been grinded and their asbestiform hazardous nature is destroyed upon MC
[145]. Natural weathering of such piles has extensively studied [346,349]. It has been estimated that
natural carbonation of chrysotile has a carbonation rate of 0.3% yr. This rate could be enhanced by
optimizing the grain surface area and by bioleaching processes (see section 2.3.2.4) [346]. Larachi
et al., 2010 [266] have investigated dry and moist DC at low pressures and high temperatures of
chrysotile mine tailings, obtaining significantly higher carbonation yield for humid experiments
compared to dry experiments (Table 2.8). Generally, chrysotile MC processes requires pretreatment
and elevated temperature and pressures, as described in section 2.3.

2.3.3.5.2. Nickel tailings

Ni-industry have focused on low-grade sulphide resources, commonly found in ultramafic rocks,
since high-grade sulphide Ni-deposits are almost depleted and laterites requires energy intensive and
complex processes. The processing of ultramafic rocks generates grinded Mg-rich tailings, suitable
for MC. The valorization of such tailing could provide additional revenue for Ni-projects. Teir et
al., 2007 & 2009 [274,321] have studied the aqueous IC via HCI and HNO3, obtaining a carbonation
yield of 94%, as well as relatively high-purity (93-99%) individual and profitable by-products: silica,
iron oxides and hydromagnesite [274]. However, the utilization of chemicals alone has an estimated
cost of US$600 — 1600/tCO-, currently unfeasible [321]. The integration of MC processes with

nickel mining operation needs further developments, including a sufficiently high carbon price [42].

2.3.3.5.3. Red Mud

Red mud (RM) caustic waste is generated upon bauxite ore processing for alumina extraction.
Generally, 1-1.5t red mud is produced per tonne of alumina [329,350]. The global production of RM
is 70 Mt yr'. RM is rich in iron (Fe,O3: 30 — 60%) and Na (2-10%). On the other hand, it is relatively
poor on Ca and Mg (2-8 %, Fig. 2.28). It generally contains a wide range of Na, Ca, Al, Si, S, Fe-
rich minerals [323]. Carbonation of such wastes not only sequesters CO but also reduces its toxicity
and the leaching of heavy metals [329,350]. Neutralized RM can be reused for various applications
[323].

The carbonation of RM is generally carried via DC at ambient pressure and temperature
conditions [323,329,348], with a CO- storage capacity of 0.04-0.05 tCO, t* RM (Table 2.8). MC
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processes have been estimated to costs: US$147 t* CO,. RM main alkaline source is NaOH, which
also are the main products upon carbonation [348]. However, Na-carbonate are significantly more
soluble than Ca-Mg-carbonates. Therefore, RM MC provides a less permanent CO; storage. Dilmore
et al., 2007 [350] and Johnston et al., 2010 [351] proposed the mixing of RM with brine solutions
(containing hydrated Ca and Mg-chlorides) prior carbonation in order to provide a more permanent
CO: storage as well as providing an increased CO; storage capacity (Fig. 2.30). It has been estimated
that >100 Mt CO; have been fixed via natural weathering of cumulated RM stockpiles [352].

Bauxite Brine
pH~13 pH~3

Bauxite
Res./Brine
Mixture
pH~10
CO,
) § snmmmn)- fean
Carbonized
Bauxite Res./Brine
Mixture
pH~7

Fig. 2.30. MC scheme of mixed brine and RM to obtain neutralized and reusable material as well as
sequestering COz. Figure from Dilmore et al., 2007 [350].

2.3.3.6.  Alkaline paper mill wastes

Several types of alkaline paper mill wastes (PMW) are produced from cellulose pulp production
for paper production, containing elevated free lime contents (45-82%) [322,340]. This material is
highly suitable for MC purposes. Moreover, pulp mills generate also CO, which can be used for on-
site MC, avoiding transportation costs. Elevated high-Ca contents of PMW eases the production of
high-purity and valuable CaCOs. This can be utilized in the pulp and paper industry or for other
various applications [322]. Their carbonation is mainly carried via aqueous DC obtaining high
reaction yields (85%) at mild conditions (Table 2.8) due to the highly-reactive nature of free lime
[42,322]. Despite these favorable properties, the research on PMW is limited [42]
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3.
Methodology

3.1. Analytical methods

3.1.1. X-ray Diffraction (XRD)

X-ray scattering of the reaction products were obtained by XRD, using a Bruker D8™
diffractometer with Cu Ko radiation. The 26 deg analyzed range was of 5 to 80°, with a step-size of
0.01° and measuring time of 1 second per step.

3.1.2. Raman spectroscopy

Micro-Raman spectra were obtained with an inVia Qontor™ confocal Raman microscope,
equipped with a green laser (532.1 + 0.3 nm) with a nominal 100 mW output power directed through
a specially adapted Leica DM2700 M microscope (x50 magnification). Spectra were acquired in the
range 100-1350 cm™ with an exposure time of 1s, 0.05 % of laser maximum power and 60
repetitions. Given the substantial heterogeneity of phase distribution at the microscale of the
analyzed samples, Raman spectra was recorded by mapping a region acquiring a total of 40
measurements. The Raman results presented below correspond to the average of 40 measurements
on each sample in order to obtain representative results. Raman results presented in chapter 9 shows

point analysis.

3.1.3. Fourier Transformed Infrared Spectroscopy (FTIR)

FTIR spectra was acquired by FTIR Nicolet 6700™. An attenuated total reflection (ATR)
module was used to record ATR spectra on a germanium crystal of the carbonated samples.
Transmission spectra of the starting materials were acquired for analysis of the OH vibration modes.

The samples (~3% total mass) were mixed with KBr (~97%) and pressed into pellets.
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3.1.4. X-ray Fluorescence Spectroscopy (XRF)

Data were acquired using 64 scans and 2 data point spacing. Bulk chemical compositions were
determined by XRF by the fusion bead method on a UniQuant® apparatus from Thermo Fisher

Scientific™.

3.1.5. Thermogravimetric analysis (TGA)

The mass losses upon decomposition of phases obtained upon carbonation were estimated by
TGA system (TA Instruments Q50™). Data were acquired at a heating rate of 10°C/min, from room

temperature to 900°C, under a N; flow of 60mL/min.

3.1.6. Temperature Programmed Desorption of CO, and H,O (CO,, H,O-TPD)

CO;, H,O-TPD analysis was acquired by BELCAT-M™ instrument equipped with Thermal
Conductivity Detector (TCD), where CO; and H;O wt% of the analyzed samples was measured.
Data were acquired at a heating rate of 10°C/min from room temperature to 850°C, under a He flow
of 50mL/min. Calibration of the CO; signal of the TCD was carried out on the basis on measuring
the moles of CO, from different known gas mixtures composition varying the CO,/He proportions
(0.34; 0.18; 0.10). Calibration of the water vapor signal was carried out by measuring the moles of
water vapor originated from calcining brucite (>99% BioUItra CAS number: 1309-42-8), using a
heating rate of 10°C/min.

3.1.7. Scanning Electron Microscopy and Focused lon Beam (SEM-FIB)

SEM-FIB imaging of single crystals was carried out with a cross-beam work station Zeiss Neon
40™ equipped with an INCAPentaFET energy dispersive X-ray system for elemental analysis,
operated at 5keV.

3.1.8. X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectra (XPS) was acquired at room temperature on an SPECS system
equipped with a XR50 source operating at 250 W and a Phoibos 150 MCD-9 detector, using Mg K
(hv=1253 eV) X-ray soruce. The pass energy of the hemispherical analyzer and the energy step of
high-resolution spectra were set at 20 eV and 0.05 eV, respectively. The pressure in the analysis
chamber was kept below 10722 bar. Peak deconvolution was performed with the CasaXPS software.
Binding energy (BE) of the Cls core level from adventitious carbon was used as reference to
calibrate acquired XPS spectra. Acquired carbon 1S spectra were deconvoluted following the

procedure explained by Larachi et al., 2010 [266].
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3.1.9. Particle size measurements

The particle size distribution of samples was measured by a Malvern Panalytical MasterSizer
3000.

3.2. Purpose-built carbonation reactor

For the purpose of this thesis, the author designed, built and calibrated a purpose-built steam-
mediated carbonation stainless-steel reactor for continuous flow and batch configurations (Figs 3.1,
3.2). The system allows pressurization up to 20 bar in continuous flow configuration and up to 100
bar in batch. Cwik et al., 2019 [82] explored the possibilities of such configuration in the carbonation
of High-Ca FA. In continuous flow configurations, pressure was controlled by using pressure
reducers and back-pressure regulators, achieving a constant pressure at a given flux. The pressure of
the reactor was measured by two manometers located prior and after the reactor. The pressure drift
was measured under operando conditions in pressurized continuous flow configuration and
corresponds to a maximum of + 0.2 bar. A thermocouple was placed inside the reactor, allowing
accurate temperature measurements. The maximum measured temperature drift was 1°C. The gas
volumetric income was regulated by specifically-adapted flowmeters for the regulated gas. Prior
CO; enters the reactor, if flows through a heated bubbler containing water, allowing an accurate
mixture of incoming gases with water vapor. Different RH can be obtained by adjusting the bubbler
temperature. The CO- dilution with water vapor was estimated following the saturated water vapor

pressure Antoine equation (Eq. 3.1) and Raoult’s law (3.2).

B
P =10%7CoT (3.1)

Pi o) = Xi@) * Pisat(T) (3.2)
Where P is the water vapor pressure, T is the temperature and A, B & C are constant specific for
different components. Pi ) is the partial pressure of the component, Xiqy is the vapor pressure of the

pure component and X; is the dissolvent molar fraction.

To avoid possible gas mixture changes due to the dissolution of CO- in the bubbler water, a
continuous flow of the desired gas mixture (CO2, N.) at the specific temperature and pressure
conditions of each experiments was maintained for at least 30 min, saturating the water on the
bubbler with CO, prior each experiment. During heating and cooling, N> was used as a carrier gas,

allowing repeatability of the experimental conditions.
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Fig. 3.1. Schematic of the purpose-built steam-mediated carbonation reactor. Figure from Rausis et al.,
2020 [55].

Fig. 3.2. Picture of the purpose-built steam-mediated carbonation reactor. Picture taken by K. Rausis.

3.3. Materials

3.3.1. Brucite

In this thesis, pure commercial brucite (>99%, Sigma-Aldrich™, CAS # 1309-42-8) was

obtained for carrying several experiments and as reference material.

3.3.2. Serpentine

Lizardite was obtained from the Hispaniola Island, located in the orogenic complex at the
northern edge of the Caribbean plate (Fig. 3.3). XRD analysis confirmed that the obtained material
was mainly composed of lizardite, as evidence by its characteristic X-ray scatterings (Fig. 3.4a)
[49,287,353], as well as minor magnetite (Fe®*, Fe?* Oy, often found in serpentines, reaching up to
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15wt%). Other serpentine phases were not observed. was identified. Oxide composition was
determined by XRF (Table 3.1). Loss on ignition was also determined, accounting for 12.24wt%.

Such values are slightly lower than reference stoichiometric lizardite (13.04 wt%). The calculated
(Mg/(Mg+Fe)) ratio accounted for 0.805.
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Fig. 3.3. Geological province of the Caribbean region with location of modern plate boundaries and major
tectonic elements. White box shows the location of the sampled location. (b) Geological units of the sampled

area. Figure from Marchesi et al., 2016 [354].

Table 3.1. Chemical analysis of the tested serpentinite.

Compound % Content

SiO2 41.45
MgO 35.98
Fe203 8.71
Al203 0.59
MnO 0.11
CaOo 0.1
TiO2 0.01

FTIR analysis of this serpentine shows absorption bands at 3705, 3690, 3650, 1086, 958, 610

and 570 cm™* (Fig. 3.4b). The first three bands are associated with the vibration modes of the inner
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(3690 and 3705 cm?) and outer (3650 cm™) OH groups attached to octahedral Mg-sheets,
characteristic of lizardite [49,101]. Bands at 1086 and 958 cm™ are attributed to the out of planes
and in plane vibration of Si-O bonds, respectively. The 610 cm™ is associated with the deformation
modes of OH. The last band (570 cm™) is characteristic to the Mg-O out of plane vibrations of
lizardite [355,356].

Fig. 3.4c shows the Raman analysis of un-activated serpentine, exhibit bands at 3705, 3684,
3648, 1098, 689, 618, 383, 328 and 229 cm™. The first three bands, analogously to FTIR
observations are associated with the inner (3705 and 3684 cm™) and outer (3648 cm™) O-H
stretching modes [287,357]. The band at 1098 cm™ is associated with the antisymmetric stretching
modes (vas) of the Si-On, groups, characteristic of lizardite. The 689 cm™ absorption band is
attributed to the vs,m of the Si-Op-Si groups. The 618 cm™ band is characteristic to the antisymmetric
translation modes of the Oh-Mg-OH groups. The 382, 348 and 229 cm™ are associated with the veym
modes of the SiO4 groups, symmetric vibration of the Mg-Oh groups and to the vibrations of O-H-
O groups, respectively [357,358].
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Fig. 3.4. (a) XRD, (b) FTIR, (c) Raman, (d) TPD analysis as well as (e) particle size distribution of sampled
serpentinite prior and after activation.

TPD-CO;-H,0 analysis shows that the starting material contains 11.85 wt%, associated with the
chemically bond inner (450-680°C) and outer (580-840°C) OH groups (Fig. 3.4d).
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3.3.3. Serpentinized dunite

Brucite-bearing serpentinized samples were obtained from the same geological setting to those
described in section 6.2. (Fig. 3.3). Table 3.2 shows the oxide composition of the analyzed material
as determined with the aid of XRF. The obtained loss on ignition was 13.71 wt%. Atomic

Mg/(Mg+Fe) ratio was estimated accounting to 0.86.

Table 3.2. Chemical analysis of the tested serpentinized dunite.

Compound % Content
MgO 44.72
SiO2 35.04
Fe203 6.03
MnO 0.1
CaO 0.05
Al203 0.03
TiO2 0.02
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Fig. 3.5 (a) XRD, (b) FTIR, (c) Raman, (d) TPD analyses as well as (e) particle size and distribution of the

grinded and sieved brucite-bearing serpentinized dunite. Ei(T) and Aig (T) indicate the parallel and

perpendicular vibrations of the brucite OH groups.

Fig. 3.5. shows XRD, FTIR, Raman, TPD analysis as well as particle size distribution of the

analyzed material. Forsterite, lizardite and brucite were identified by its characteristic XRD, Raman
and FTIR features (Fig. 3.5a, b, ¢) [179,198,359,360]. Quantification of brucite and lizardite contents

were estimated by measuring the H,O moles released upon thermal dehydration of such phases
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[204,263,264,270,356] and taking into account their stoichiometric compositions, as determined
with TPD (Fig. 3.5d) and corroborated with TGA (Fig. 3.6). The estimated brucite and lizardite
contents are 9.4 and 68 wt%, respectively. Moreover, it is possible that magnetite is also present in
the starting material, as serpentinites often contains magnetite contents up to 15wt%. However, this
latter mineral was not identified. It is plausible that such mineral exists in such low abundance that
it was not detected by XRD. Forsterite, lizardite and brucite were the only observed phases, therefore
the remaining 22.6wt% content (based on TPD and TGA data) might be attributed to forsterite and
possibly minor magnetite. The material was grinded to powder and sieved to obtain grain sizes

smaller than 45 um (Fig. 3.5e).
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Fig. 3.6. TGA analysis of starting material, corroborating TPD analysis.

3.3.4. Enstatite and forsterite single crystals
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Fig. 3.7. Micro-Raman analysis of (a) forsterite (Fo) single crystal, compared to reference Fayalite (Fa) and
Fo; (b) Rare magnetite occurrence along the forsterite crystal. Dashed lines show the relevant peak positions.

Raman data of reference minerals were obtained from Lafuente, et al., 2015 [361]. Mt: Magnetite.
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Fig 3.8. SEM image of unreacted surface of forsterite and their respective EDS analysis.
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Fig. 3.9. Raman analysis of enstatite single crystal. Blue and black lines represent the average between
40 surface measurements. Red line is the reference data for enstatite. Unmarked peaks are respective to

enstatite Raman features obtained from Lafuente, et al., 2015 [361].

Single crystals of enstatite and forsterite were provided by the University of Barcelona. Raman
analysis confirmed that olivine single crystal is mainly composed by forsterite, as its Raman features
are consistent with reference forsterite instead of fayalite (Fe.SiOs; Fig. 3.7a) [362]. Some
occurrences of magnetite were observed along the forsterite crystal (Fig. 3.7b). Quantitative EDS
analysis of forsterite single crystal exhibit that it is mainly composed of Mg and Si. However, Fe is
uniformly distributed across the analyzed surface, indicating that a small amount of Fe is
incorporated into olivine crystal accounting to Mgi.9Fe1SiO4 (Fig. 3.8). Enstatite crystal is only

composed by this mineral phase, as evidenced with Raman spectroscopy [363](Fig. 3.9).
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3.4. Carbonation Experiments

The specific carbonation conditions from chapters 4-9 are described as following:

3.4.1. Chapter 4

Samples of 600mg brucite were loaded inside the reactor. Table 3.3 summarizes the carried
brucite carbonation experiments as well as the specific experimental conditions of each experiment.

A constant mixture of CO, with water vapor was 80% Pco, and 20% Py,o was used in each
experiment in the temperature range 120-205°C. At 50 and 90°C, the Py, far exceeds the dew-point

of water at chosen experimental conditions, therefore, the mixture was adjusted at the maximum

allowed for such experiments (RH: >90%).

Table 3.3. Summary of the carried experiments as well as the estimated COz and H20 partial pressures.

Temperature
Pressure  50°C 90°C 120°C 145°C 165°C 185°C 205°C
7 bar 4h, 16h 4h, 16h 4h, 16h 4h, 16h 4h, 16h 4h, 16h 4h, 16h
Pco,: 6.87 Pco,: 6.3 Pco,: 5.6 Pco,: 5.6 Pco,: 5.6 Pco,: 5.6 Pco,: 5.6
Py,0: 0.13 Py,0: 0.7 Py,0: 1.4 Py,0: 1.4 Py,0: 1.4 Py,0: 1.4 Py,0: 1.4

10 bar 4h, 8h, 16h 4h, 8h, 16h 4h, 8h,16h  4h, 8h,16h  4h, 8h,16h  4h, 8h, 16h  4h, 8h, 16h
Pco,: 9.87har  Peo,:9.3bar  Pgo,:8bar  Pgo,:8bar  Pgo,:8bar  Pgo,:8bar  Peo,: 8 bar
Py,0:0.13bar  Py,o:0.7bar  Py,o:2bar  Py,o:2bar  Py,g:2bar  Py,p:2bar  Py,o: 2 bar

3.4.2. Chapter 5

Table 3.4. Summary of the carried experiments. Results are presented and discussed in section 5.2.1 (*),
5.2.1.1 (¢) and 5.2.4 (»). Table from Rausis et al., 2020 [55].

Concentrated CO2 (Relative Humidity > 90%) Simulated Flue Gas
Temperature
Pressure 50°C 120°C 120°C
1 bar 4,8, 16h* 4, 8, 16h* 4,8, 16h"
4 bar 4, 8, 16h* 4,8, 16h* 4,8, 16h"
7 bar 4,8, 16h* 4, 8, 16h* 4,8, 16h"
10 bar 0.125,0.25,0.5,1, 2, 4, 8, 16, 4,8, 16h* 4,8, 16h"

24,48, 120h**

Samples of 600 mg brucite (>99%, Sigma-Aldrich™, CAS # 1309-42-8) were treated via steam-
mediated DC at 50 and 120°C in the pressures range 1 to 10 bar using concentrated CO, (CC) and
simulated flue gas (SFG). Table 3.4 summarizes the carried experiments. Flue gas composition was
simulated with a 85% N, — 15% CO, mixture, following previous research [56,364-366]. The
relative humidity of each experiments was adjusted by regulating the temperature on the bubbler,
obtaining 5 and 90% RH for SFG and CC experiments. Table 3.5 summarizes the specific estimated

partial pressures for CO, and H,O during each carried experiment (*).
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Table 3.5. Estimated CO2 (Pco2), H20(g) (PH20(g)), N2 (Pn2) partial pressure of the carried experiments (Table
4.1). CO2 dilution with water vapor (relative humidity > 90% and 5% for concentrated CO2 and simulated flue

gas experiments, respectively) was estimated following the saturated water vapor pressure Antoine equation

and Raoult’s law. Prm) refers to the total pressure measured during the experiments. * shows the estimated
Pco2and PH2o(g) of experiments carried at 120°C and 1 bar taking into account the proportion between calculated
Pco2 and PH20(g) and the measured total pressure, since the carbonation system consists on a pressurized
continuous flux reactor that does not allow the increase of pressure above the set-pressure. Table from Rausis

et al., 2020 [55].

Concentrated CO2 (Relative Humidity > 90%) Simulated Flue Gas
Temperature
Pressure 50°C 120°C 120°C

Pco2: 0.89 Pcoz2: 0.36* Pcoz: 0.14

1 bar Pr2o(g): 0.11 PH2o(g): 0.64* Ph2o(g): 0.01
Pn2: 0.85

Pcoz: 3.97 Pcoz: 3.54 Pcoz: 0.58

4 bar PH20o(g): 0.028 PH2o(g): 0.45 Phzo(g): 0.04
Pn2: 3.38

Pco2: 6.98 Pcoz: 6.74 Pcoz: 1.01

7 bar PH20():0.016 PH20(q):0.26 PH20(g): 0.07
Pn2: 5.91

Pco2: 9.98 Pco2: 9.81 Pcoa: 1.45

10 bar PH20(g): 0.011 PH20():0.18 Pr2o(g): 0.1
Pn2: 8.45

3.4.3. Chapter 6

Table 3.6. Specific experimental conditions and the identified carbonate phases for each experiment.
Relative humidity was estimated following the saturated water vapor pressure Antoine equation and Raoult’s
law. Pcoz: COz2 partial pressure; Pr2o(g): H20 vapor partial pressure, Nsq: Nesquehonite; Dyp: Dypingite; Hmg:
Hydromagnesite; Mag: Magnesite; AMC: possibly an amorphous hydrous Mg carbonate.

Activated Time 50°C 90°C 120°C
material (h) Pco2: 5.9; Proo(g): 0.1 Pco2: 5.4; Pr2o(g): 0.6 Pco2: 4.2; Pr2o): 1.8
AS610 0.5 Nsq Dyp, AMC Hmg
1 Nsq Dyp Hmg
2 Nsq Dyp Hmg, Mag
4 Nsq Dyp Hmg, Mag
AS650 0.5 Nsq Dyp, AMC Hmg
1 Nsq Dyp Hmg
2 Nsq Dyp Hmg
4 Dyp, AMC Dyp Hmg, Mag
AS710 0.5 Nsq Dyp, AMC Hmg
1 Nsq Dyp, AMC Hmg
2 Nsq Dyp Hmg
4 Dyp, AMC Dyp Hmg, Mag

Serpentinite was heat treated at 610 (AS610), 650 (AS650) and 710°C (710°C) during 16h at the
desired temperature. To avoid exceeding temperature to those defined due to thermal inertia a

heating rate of 1°C/min was used, generating an activated Mg-rich due to the partial amorphization
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of lizardite [49,196,266]. The material was ground to a powder and sieved to obtained grains of size

smaller than 45 pm, prior heat activation.

Heat activated serpentine was loaded into the stainless-steel reactor and then it was heated to 50,
90 and 120°C, respectively. Once the temperature was reached a mixture of CO, and water vapor
(RH>90%) was introduced into the system. The pressure was increase to 6 bar at a constant given
flux (20ml/min). Carbonation treatments were performed individually from 30 min to 4h. After
experiments, CO and water pressure were released and carried away from the reactor with N2, while
cooling, inhibiting further carbonation. Table 3.6. summarizes the performed experiments as well as

the CO; and H,O estimated partial pressures for each experiment.

3.4.4. Chapter 7

600mg of grinded serpentinized dunite were loaded in the reactor. Experiments were carried in
the temperature range from 50 to 185°C at 10 bar in the presence of steam (>90% RH). A summary
of the carried experiments, as well as the estimated CO, and H,O partial pressure for each
experiment, is shown in Table 3.7.

Table 3.7. Performed experiments and the estimated COz and Hz20 partial pressures as well as the

identified carbonate phases.

Time (h)
T(°C) P (bar)
2 4 8 16 60
50 Pco2: 9.8 Nsg> AMC~
Pr2o(g): 0.2 Dyp
Pcoz: 9.4
90 Dyp > AMC
PH20(g): 0.6 yp
Pcoz: 8.2
120 Hmg > AMC
PH20(g): 1.8 g
Pcoz: 6.2
145 PH20(g): 3.8 Mag
Pcoz: 3.7
165 o2 3 Mag>Hmg Mag Mag Mag Mag
PH20(g): 6.3
Pco2: 0.3
185 Hmg>Mag Hmg>Mag Mag>Hmg Mag>Hmg Mag
PHz20(g): 9.7

3.4.5. Chapter 9

Forsterite and enstatite single crystals were sonicated for 1h in ethanol solution, immediately
after they were dried at 75°C for 24h in an N, atmosphere. Then, samples were analyzed with XPS

and Raman. Once this XPS spectra of untreated crystals were acquired, they were placed in the
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carbonation reactor, following the experimental procedure explained in chapter 3. Single crystals
were treated individually at 185°C and 5 bar from 8h to 2 weeks. Experiments were carried with the
addition of water vapor, where RH was always maintained below 1% (simulating possible local
conditions on early Mars [367]. Immediately after carbonation experiments, samples were analyzed
with XPS, Raman spectroscopy and SEM-FIB. Crystals were always transported from analysis to

experiments and vice-versa with a N desiccator.
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4.
Steam-mediated carbonation of brucite: the

formation of distinct Mg-carbonate phases

4.1. Introduction

Brucite is a common product of the serpentinization of ultramafic rocks [368]. So far it has not
been one of the main materials of interest for CCS technologies due to its limited natural abundance.
Nevertheless, its reactivity towards CO; sequestration is higher than Mg-rich silicates [369]. The
presence of brucite in Mg-rich silicate rocks plays a key role in the carbonation of serpentine mine
tailings [370,371] and natural carbonation [368], improving its CCS efficiency. The CO; fixation
capacity via brucite carbonation alone from the total mine tailing residues stockpiles (with ~1.8wt%
Brucite) at Black Lake mine in Quebec is 27Mt of CO, [371]. Moreover, brucite can also be extracted
from widely abundant serpentine minerals by metal leaching via acid extraction processes, such as

the AA route (see section 2.3.2.2). However a significant energy penalty is associated [42].

Direct carbonation of Mg(OH), is under intense academic scrutiny [170,175,372—
376,203,204,261,264,267,368,370,371] because of its known fast carbonation kinetics in slurry
phase [170,264,371,373].

At temperatures <200°C, brucite carbonation is driven by the formation of metastable hydrated
carbonates, selectively produced at different temperatures [264]. Still, an optimal process where the
formation of these intermediate phases is controlled and in consequence the carbonation is

accelerated has not yet been reported [267].

From a CCS perspective, the formation of anhydrous magnesium carbonates is preferred.
Compared to hydrated Mg-based carbonates, magnesite is less soluble and has less molar volume

and mass yielding to lower cost on transportation and processing [264]. Although the direct
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carbonation reaction of brucite to anhydrous magnesium carbonate is difficult because the
carbonation and dihydroxylation occur simultaneously in similar temperature ranges, but reaction of
CO; with MgO is reported to be much slower than with Mg(OH)2 [203,204,377]. The reaction
mechanism of slurry-phase Mg(OH). carbonation is currently poorly understood for CCS
applications [264].

Previous research has stated that the gas-solid carbonation of both MgO and Mg(OH). takes
place at very slow Kinetic rate [169,203,204,261,378]. Recent work has emphasized the role of
relative humidity in such reactions, which is a key factor to accelerate the reaction rate
[204,263,266,270]. The carbonation reaction is favored by working near the vapor/liquid
equilibrium of water [204]. Highfield et al., 2016 [204] reported a promising moisture carbonation
process at moderate conditions of Mg(OH), to metastable hydrated carbonates, which spontaneously
transforms in route to the desired anhydrous magnesium carbonate (MgCOs3) over longer reaction
times (Table 4.1). Generally, the reaction rate was increased upon reducing the temperature from
350 to 100°C, as the RH increased. Magnesite yield was observed to be higher for middle
temperatures (125 and 200°C), as low temperatures (<125°C) induced rapid formation of hydrous
phases, but their transformation to magnesite was greatly reduced. On the other hand, at higher
temperatures (>200°C), the RH is greatly reduced as well the stability of rapidly forming hydrous
phases, therefore only anhydrous carbonate phases were formed as a product of an uncomplete

carbonation of reactive materials.

Table 4.1. Steam-mediated carbonation of periclase and brucite at specified conditions and the main
product phases after 5 hours of reaction. A95, A99: Commercial Aldrich brucite (>95, >99%); Ext: extracted
from Finnish serpentine. Ext-cw: extract-cold wash; Ext-hw: extract — hot bath; DSP: dead sea periclase. Table
from Highfield et al., 2016 [204].

Conditions
Sample T(°C) Peo, RH (%) Rx Main phases (XRD)
MgO 350 40 2 68 Magnesite, periclase
MgO 300 40 5 61 Magnesite, periclase
MgO 250 40 10 58 Magnesite, periclase
MgO 200 40 25 75 Magnesite
MgO 125 40 >100 84 Magnesite
MgO 125 20 85 90 Hydromagnesite ~ magnesite
MgO 100 10 ~100 98 Hydromagnesite
Mg(0H)>% 150 40 85 96 Hydromagnesite >> magnesite = brucite
Mg(0H)5*° 150 40 85 85 Hydromagnesite > brucite
Mg(OH)E*t 150 40 85 82 Magnesite > hydromagnesite
Mg(OH)Ext—cw 150 40 85 92 Hydromagnesite
Mg(OH)Ext-hw 150 40 85 93 Hydromagnesite >> magnesite
Mg(OH)ZSP 150 40 85 32 Brucite > hydromagnesite
Mg(0H)5%° 100 10 ~100 98 Hydromagnesite >> brucite

Mg(0H)>% 100 5 50 93 Hydromagnesite >> brucite
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In this work, an experimental campaign on the carbonation of brucite under moderate
temperatures and pressures (50-205°C, 7 — 10 bar) was carried out in order to provide further insights
on phase formation and evolution of distinct carbonate phases upon steam-mediated brucite
carbonation processes, which still remains a challenging field [179].

4.2. Results and discussion

4.2.1. Role of temperature

Raman and XRD analysis of the reaction products of brucite steam-mediated carbonation from
50-205°C at 10 bar from 4 to 16 hours are shown in Figs. 4.1 and 4.2. Brucite was observed as the
only phase in the starting materials, as evidenced by its characteristic peaks 443 and 279 cm™
[203,379]. At 50°C, a partial carbonation of brucite was observed as well as the emergence of two
distinct peaks (1093.11 and 1122.3 cm™) within the characteristic vi symmetric stretching mode
(visym) Of the carbonate ion (CO3?) [380,381]. The 1122.3 cm™ has similar position to reference
hydromagnesite and dypingite, being closer to dypingite [179,382]. Dypingite is similar in
composition to hydromagnesite, but it has a more disordered structure and variable amount of waters
of crystallization [180,183,185]. The 1093.11 cm™ has a viym peak position similar to that of
magnesite, but it lacks the characteristic peak of magnesite within the lattice vibration region at 324
cm?, suggesting that the phase responsible for the 1093.11 cm™ peak is distinctive of magnesite. It
remains unknown which is the (carbonate) phase responsible for such peak. It should be noted that
there might be several unnamed or highly-disordered precursors that could possibly be forming
during our experiments [179]. XRD results shows the presence of a hydromagnesite-like phase (such
as dypingite), as also suggested by Hovelmann et al., 2012 [373]. XRD patterns do not show any
additional crystalline phase in addition to from residual brucite. This might suggest that the phase
responsible for the 1093.11 cm™ Raman peak is either low in abundance (since Raman and XRD
have different detection limits) or it is a highly-disordered phase. Since this phase cannot be
associated with any known Mg-carbonate phase, it will be referred as Unknown Mg-carbonate
(UMC).

Raman results from treatments performed at 90°C show the emergence of only one peak within
visym (1118.9 cm™?). Such peak is slightly shifted with respect to that observed at 50°C (1122.3 cm-
1), approaching the reference Raman data for hydromagnesite. XRD results shows a clear crystalline
pattern, suggesting that the phase responsible for the 1118.9 cm™* has a more ordered structure to that
observed at 50°C. This is consistent with the possible presence of hydromagnesite-like phases [373].
Upon raising the temperature to 120°C, the Raman visym peak (1117.64 cm™) and their associate X-

ray diffractograms strongly suggest the presence of hydromagnesite.
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Fig. 4.1. Raman analysis of the reaction products obtained from treatments at 50-205°C, 10 bar during 4

to 16 hours in the presence of steam.

At 145°C, hydromagnesite was the only phase identified after 4h of reaction. However, after 8
and 16h, a new visym Raman peak emerged (1094.36 cm™). The presence of this peak is associated
with the emergence of the 328.3 cm™. Such peaks are characteristic of magnesite [380,383,384].
Such observation is corroborated by the identification of magnesite by XRD. The formation of
magnesite is accelerated at 165°C and 185°C with respect to 145°C. However, at 205°C, magnesite
is no longer identified, leaving hydromagnesite as the only identified carbonate phase. Moreover,
residual brucite is significantly more abundant than at lower temperatures (50-185°C), indicating
slower carbonation kinetics at 205°C. Such behavior has been extensively documented for activated
serpentine and olivine. It has been observed that increasing the temperature above 185°C, the

carbonation yield is significantly reduced [48,145]. This is attributed to the chemical potential that
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drives the reaction is significantly reduced as it reaches the equilibrium between serpentine or
carbonate mineral stability [48,145].
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Fig. 4.2. XRD analysis of the reaction products obtained from treatments at 50-205°C, 10 bar during 4 to
16 hours in the presence of steam.

In a recent study it was suggested that the formation of magnesite is strongly dependent on the
formation of hydromagnesite (see chapter 6), where the formation of magnesite is greatly accelerated
in a hydromagnesite-saturated environment [385]. This might explain the inexistence of magnesite
at 205°C, due to the significantly slower formation of hydromagnesite relative to 50-185°C

experiments, concurrently, delaying the formation of magnesite.

The direct formation of magnesite at moderately-low temperatures is inhibited by the formation
of hydrated intermediate Mg-carbonate phases, and is often observed from the transformation of
such phases [179,193,196]. However, magnesite could directly form without a hydrous precursor
over extended reaction times [194,195]. Therefore, it remains unclear if magnesite formed directly

from brucite or passed through a hydrous precursor.
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Fig. 4.3. Representative SEM images of the reaction products of brucite carbonation at 10 bar and (a) 50,
(b) 90, (c) 120 and (d) 165°C, during 16h. Dyp: dypingite; Hmg: hydromagnesite; Mag: Magnesite.

The evolution of the carbonate reaction at different temperatures was also observed by SEM. At
50°C, platy dypingite crystals organized in agglomerates (<1 um; Fig 4.3a) [188,386]. Rosette crystal
arrangements consisting of thicker plates to those observed at 50°C crystals (>1 pum; Fig. 4.3b) were
observed at 90°C. Comparison of Raman and XRD results strongly suggest the presence of a
hydromagnesite or a hydromagnesite-like phase with very similar composition and structural order
to hydromagnesite. At 120°C, a rosette crystal arrangement of thicker plates than those observed at
50 and 90°C, consistent with the presence of hydromagnesite (Fig. 4.3c) [171,179,182,194]. At
165°C, euhedral hydromagnesite thick plates (<0,5um) as well as characteristic magnesite
rhombohedral crystals (<1um; Fig. 4.3d) [387].

4.2.2. Role of pressure

Additional experiments were carried at 7 bar, in order to assess the role of pressure during brucite
carbonation. Figs. 4.4 and 4.5 show the Raman and XRD analysis of the reaction products obtained
at 50-185°C, 7 bar during 4 and 16h. The obtained carbonate phases at 50°C are analogous to those
obtained at 10 bar. At 90°C, the Raman visym peak is slightly shifted from such observed at 10 bar.
XRD analyses of the reaction products obtained at 7 bar shows the presence of a hydromagnesite-
like phase, with significantly broader peaks to those observed at 10 bar, strongly suggesting that the
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carbonate phase observed at 7 bar have a more disordered structure, consistent with the presence of

a hydromagnesite-like phase.
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Fig. 4.4. Raman analysis of the reaction products obtained from treatments at 50-205°C, 7 bar during 4

and 16 hours in the presence of steam.

Experiments carried from 120 to 165°C at 7 bar yielded the formation of identical carbonate
phases to those observed at 10 bar. However, magnesite is significantly less abundant during 7 bar

experiments at 145 and 165°C relative to analogous experiments carried at 10 bar.

Significant differences are observed from 185°C experiments carried at 7 and 10 bar. The yield
of carbonation is significantly reduced and magnesite is no longer observed in the 7 bar relative to
the 10 bar experiments. This is consistent with the slower brucite carbonation to hydromagnesite
kinetics of the 7 bar experiments, delaying the formation of magnesite. | should be noted that the

enhanced carbonation is highly dependent on combined temperature and pressure.
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Fig. 4.5. XRD analysis of the reaction products obtained from treatments at 50-205°C, 7 bar during 4 and

hours in the presence of steam.

4.2.3. Phase equilibrium of the MgO-CO,-H,0 system

Phase equilibrium boundaries of the reaction systems involving brucite and periclase (MgO)
carbonation through metastable intermediates were calculated based on phase equilibrium in
reacting systems that contain solid and gas phases [388—390] for the experimental conditions used
in this study. The standard potential of gases refers to pure ideal gases at temperature T and standard
pressure P, = 0.1 MPa. The thermodynamic properties used for the calculations are summarized in

Table 4.2.

Defining enthalpy of reaction (AHzgs), entropy of reaction (A/Szes) and volume of reaction

(ArV293) as.

4.1
ArHaog = Z(V1H2981)Products Z(lezggl)Reactants (*.1)
4.2
ArSz9g = Z(VISZ%I Products z(VISZ%I Reactants (*+.2)

_ 4.3
AFVZ% - z(vivzgg'i)Products - Z(vivzg&i)Reactants ( )
i i
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where vi is the stoichiometric coefficient of species i.

The standard Gibbs free energy of reaction which contains solids and gases phases is described

as follows:

AGpr = AGpT + A:Gps + RTInK;® (4.4)
Where A/Gpr Kq designates Gibbs free energy and thermodynamic equilibrium constant,
respectively. The superscripts s and g stands for solid and gas phases respectively. The equilibrium
constant referring to solids equals to 1, due to the solid components are considered pure phases. On
the other hand, the equilibrium component that refers to the gas phases activities does not equal 1.
The reaction activities are approximately the value of the partial pressures of each gas phases divided

by the standard pressure:
B
Kq = Z v]-lnp—0 (4.5)

j
where P; and P, refers to the partial pressure of gas j and standard pressure respectively.

The enthalpy and entropy of such reactions will be expressed by:

ArHaog = AcHSgg + A HSoq (4.6)
ArSzog = A1’5398 + Arsggg (4-7)

If temperature and pressure dependence of the enthalpy, entropy and volume of reaction is not

considered, Gibbs free energy of reaction reads:
s g 1
AI‘GP,T = AI'H298 - TAI‘SZ98 + AI‘V298 (P - PO) + RT V]- 11’1P— (48)
j (o]
where T stands for temperature. A system in thermodynamic equilibrium A,Ge 7 equals zero.
Table 4.2. Thermodynamic properties of the observed mineral phases in the Mg-CO2-H20 system. ArHzgs,

S29s, V298 stands for the standard enthalpy, entropy and volume respectively. Values taken from Robie &
Hemingway, 1995 [390] and Holland & Powell, 1990 [388].

Phase AfH208 [kImol ] Sa20g [Jmol?] V208 [cm®mol?]
Brucite -924.5 63.20 24.60

Periclase -601.6 26.9 11.25

CO2(g) -393.51 213.79 0

H20(g) -241.29 188.84 0

Magnesite -1112.48 65.7 28.02
Hydromagnesite -6514.9 503.7 211.10

Nesquehonite -1977.3 195.6 75.47
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Brucite exothermic carbonation is favored under high temperatures >800°C (depending on the
water vapor and CO; partial pressures, as well as the total pressure), exceeding the stability boundary
of brucite dihydroxylation and magnesite decarbonation. Phase boundary of brucite carbonation to
form hydromagnesite and nesquehonite at studied CO, and H.O partial pressures (Pco,/Py,0: 4) is

found to be 259°C and 134°C respectively at 10 bar and 247°C and 129°C respectively at 7 bar.
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Fig. 4.6. (Solid lines, left axis) Calculated phase diagram of observed reactions from the system Mg-CO2-
H20 with a gas mixture relation of (CO2/Hz20 = 4). (Dotted lines, right axis) Calculated phase diagram from the
system Mg-CO2-H20 with varying CO2/H20 relation. Bru, Per, Mag, Hmg and Nsq stands for brucite, periclase,
magnesite, hydromagnesite and nesquehonite respectively. AG = 0 represents that Gibbs free energy equals
zero. Dots refers to the experiments performed. Arrows represents the thermodynamic equilibrium curve
changes due to variations of H20/CO: relative to the gas mixture of (CO2/H20 = 4). Gray area indicates the
pressure and temperature range where the reaction of brucite to a hydrous carbonate phase is exothermic and

concurrently, the transformation of such hydrous phase to magnesite is also exothermic. Note that all the carried

experiments are withing this gray area.

The obtained experimental results are in agreement with the calculations performed.
Carbonation processes are only observed when the reacting system is in the stability yield of
hydrated carbonates relative to brucite carbonation. Concurrently, the transition between hydrated
carbonates (nesquehonite and hydromagnesite) to magnesite is estimated to be exothermic at these
experimental conditions (Fig. 4.6, gray area). It should be noted that the equilibrium boundaries of
dypingite (which is more hydrated than hydromagnesite and less than nesquehonite) are not

estimated due to their thermodynamic properties have not been well stablished j[177].

It has been reported that the presence of water is a key factor to prevent the dihydroxylation of
brucite and catalyzing the carbonation reaction [267]. The latter is reflected on Fig. 4.6, where at
higher H.O() partial pressures, the thermal stability of brucite is increased. The stability of
hydromagnesite and magnesite are greatly influenced by the water vapor partial pressure. Generally,

dehydration-induced reactions have greater thermal stability with increasing water vapor pressure.
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The Mg-CO»-H,0O system is strongly influenced by the reaction-pathway [391], selectively
induced by temperature, leading to major variations in reaction kinetics[391]. Considering a 2-step
reaction process (involving brucite carbonation through a hydrated reactive intermediate, followed
by spontaneous dehydration to form an anhydrous magnesium carbonate) within one reaction system
seems to be a CO. fixation mechanism that fits into the experimental observations. Two-step reaction
through an intermediate hydrated reactive carbonate is more optimal than direct synthesis of

magnesite (since the reaction temperatures and pressures are considerably lower [203,267]).

Experiments carried at higher temperatures (185 and 205°C) are approaching the phase
equilibrium boundary between hydromagnesite and brucite. Moreover, it was observed slower
reaction kinetics at 185 and 205°C, compared to lower temperatures (50-165°C). This is consistent
with previous studies regarding where a decreased carbonation yield is observed upon approaching
the equilibrium phase boundaries between reacting phases [48,145]. This also might suggest that the
preferred brucite-carbonation path is through the formation of hydromagnesite, followed by its
transformation to magnesite (at 145-185°C), inhibiting the direct formation of magnesite. At lower
temperatures (50 and 90°C), a different behavior is observed. At this temperatures dypingite
coexisting with a not known carbonate phase are observed. These phases could be possibly be
products of intermediate precursor, thus, distinct processes are associated [178,179].

These simplified thermodynamic estimations mainly express the exothermic or endothermic
nature of certain reactions. The actual reaction mechanisms, which unequivocally occurs at the
mineral-CO»-H,0 interfaces [392] might include complicated reaction pathways that may not follow
predictions based on equilibrium thermodynamics including diffusion mechanisms thought a
condensate water-film on the surface reacting mineral. This water film could also be generated from
surface brucite dihydroxylation and the presence of water might play a crucial role to prevent
evaporation of such film. Moreover, unnamed and highly-disordered Mg-carbonate phases might be
evolving and transforming during our experiments. The formation of hydrous Mg-carbonate mineral
assemblages often do not follow predictions based on thermodynamic equilibrium, as expressed by
the Ostwald rule, where the transformation of phases often evolves to a structurally similar phase

rather than a thermodynamically more stable phase [393].

4.2.4. Thermogravimetric analysis

TGA analysis was performed to quantitatively asses the CO; sequestration efficiency of the solid
products obtained from the reaction in the 50-185°C temperature range at 7 and 10 bar for 16h
(Fig.4.7). The differential thermogravimetric (dTG) approach has been used in this work to represent
the velocity at which mass change occurs upon thermal decomposition. Results from the treatments
at 7 bars at different temperatures shows significant differences relative to the starting material.
Characteristic dihydroxylation of Mg(OH); at ~360 °C [204,264] is observed in the starting material.
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Decomposition of residual brucite is observed in the results from reactions performed at different
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Fig. 4.7. Differential thermogravimetric analysis (dTG) of mass change upon thermal decomposition at 50-
185°C, (a) 7 and (b) 10 bar during 16h. (Solid line) dTG (%/ °C), (Dash line) peak fitting cumulative, (Doted line)
mass loss upon thermal decomposition. The decomposition ranges of relevant and reference Mg-carbonate
phases are shown with double ended arrows. 'Bru: brucite dihydroxylation; *Mag: magnesite decarbonation;
IHmg: hydromagnesite dihydroxylation and dehydration; 2Hmg: hydromagnesite decarbonation; 3Hmg;
magnesite decarbonation (produced from hydromagnesite decomposition); ‘Dyp: Dypingite dehydration; ?Dyp
and 3Dyp: Dypingite decarbonation; tUMC?: possible dehydration range of the unknown Mg-carbonate phase;

2UMC?: possible decarbonation range of the unknown Mg-carbonate phase.

Results obtained from treatment at 185°C, 10 bar exhibits new decomposition peaks due to the
loss of water molecules from hydromagnesite with peak position ~283°C [394,395]. Followed by
the characteristic dihydroxylation of residual brucite. Immediately following, two decomposition
peaks with center in ~422°C and ~452°C. Those peaks can be attributed to the decarbonation of the
dehydrated/hydroxylated hydromagnesite respectively [395]. Magnesite decomposition with peak
position (~503°C) [204,264,395,396] is observed afterwards. Finally, two sharp peaks are observed
with peak position ~514°C and ~540°C, respectively. The 514°C peak can be attributed to a sudden
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release of CO, that is trapped in the remaining magnesium carbonates from hydromagnesite
decomposition, which exothermically recrystallizes to form a more thermally stable structure [397].
The latter decomposition is immediately followed by the release of the remaining CO. trapped into
the recrystallized magnesium carbonate [397].

dTG of materials treated at temperatures 145-165°C are akin to the one observed at 185°C. The
major difference is that magnesite is significantly more abundant at 145-165°C relative to 185°C.
The amount of water lost from residual brucite seems to decrease as the carbonation temperature
diminished from 185 to 120°C, achieving its minimum at 120°C. Further decrease of the reaction
temperature (90 and 50°C) leads to higher amounts of residual brucite. It can be concluded that
treatments performed at 120°C undergo a more efficient brucite carbonation, although the only
carbonate phase of the reaction is hydromagnesite. Increasing temperature reduces the
hydromagnesite formation efficiency, but leads to an increased yield of magnesite formation.

Dypingite, as observed with Raman and XRD from 50 and 90°C treatments, has dehydration
temperatures that starts at room temperature (rT) to 380°C. Different studies reported that dypingite
has differing dehydration behavior within this temperature range. It is plausible that coexistence of
different dypingite-like phase and highly disordered Mg-carbonate phases might be accountable for
discrepancies in dehydration behavior for dypingite [398-400]. The possible dehydration and
decarbonation temperature ranges of UMC are shown in Fig 4.7, which are likely overlapping with

those of the identified carbonate minerals, and therefore, making difficult their differentiation.

Treatments performed at 7 bar exhibit similar dTG profiles to those obtained at 10 bar. The main
difference is observed from carbonation treatments at 145°C to 185°C, where magnesite

decomposition peaks are significantly lower.

4.2.5. CO,sequestration efficiency

Quantification of total CO, sequestration efficiency (CO, wt%) was estimated by area
calculation of the dTG deconvoluted peaks within the 350-550°C region, since Mg-carbonates
decarbonate within this temperature range [395-400]. It should be taken into account that residual
brucite have a dehydration temperature range of 275°C — 420°C, which overlaps with the
decarbonation temperature ranges of hydrated Mg-carbonates. Therefore, the area of the
deconvoluted peak associate with residual brucite dehydration was not added to the calculated area

associated with the decarbonation of Mg-carbonate phases (Fig. 4.8).
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Fig. 4.8. Peak deconvolution of differential thermogravimetric analysis (dTG) of mass change upon thermal
decomposition of carbonation products at 50 °C and 4 bar, maintained for 16h using concentrated CO2 (RH >
90%). Solid and dashed curves represent the differential mass change (% / deg) and cumulative peak fitting
curve, respectively. Thermal decomposition temperature ranges of Bru: brucite (filled area), nesquehonite
(Nsq), hydromagnesite (Hmg), dypingite (Dyp) and possibly “Unknown Mg-carbonate” (UMC) are indicated with
double-ended arrows. The dehydration of such phases occurs from room temperature to 270 °C and
decarbonation (350-550 °C). Figure from Rausis et al., 2020 [55].

CO; sequestration efficiency was found to be optimal for treatments at 7 and 10 bar within
temperature range 120-165°C and 120-185°C respectively (Fig. 4.9). Achieving, at both studied
pressures, the highest CO, sequestered value at 165°C, accounting to ~39 and ~ 41 CO; wt%,
respectively for 7 and 10 bar. Respectively, at this temperature is observed the highest CO; efficiency
due to its high hydromagnesite and magnesite yield (magnesite have greater CO, storage capacity
than hydromagnesite). Hydromagnesite formation is optimal in reaction temperature range 90-165°C
at both studied pressures, reaching its highest value at 120°C. Nevertheless, magnesite yield is
negligible at 120°C, leading to lower CO, sequestration efficiency. Yet, the extent of the reaction is
almost complete under these conditions, as evidenced by the lack of brucite features. Treatment at
50°C exhibits lower CO, sequestration efficiency compared to the ones obtained within the

temperature range 120-165°C, associated with the slower reaction kinetics at low temperatures.

Pressure increase from 7 to 10 bar exhibits higher CO, sequestration efficiencies at 10 relative
to 7 bar experiments ( ~5%). Crucial differences are observed from treatments at 185°C with varying
pressure. Further pressure increase (>10 bar) will probably enhance the kinetics of hydromagnesite
and magnesite formation, which will reduce the synthesis times. Further optimization regarding the

experimental conditions should be studied in order to improve the CO- sequestration efficiency.
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Different water vapor partial pressures should be studied in order to find an optimal CO./H.O

relation at different temperatures and pressures for an efficient brucite carbonation.
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Fig. 4.9. CO2 sequestered in g/100g of sample at different temperatures (50-185°C) with varying pressure
(Dotted line) 6 and (Solid line) 10 bar (CO2/H20 = 4) for 16h.

Brucite carbonation efficiency with water vapor saturation is found to be similar to the one
obtained from slurry phase carbonation proposed in Fricker and Park, 2014 [264]. This process,
similar to the “non-immersive” approach [204], is found to optimize water utilization for such
processes. This work proposes a mechanism to sequester CO, through a very simple reaction system
for brucite carbonation. Besides, the proposed reaction set-up is cost-effective due to the used

moderate pressures, low temperatures and H,O/CO- gas mixtures.

Research interest in moist carbonation processes is continuously increasing because it is
potentially a cost-saving approach [204]. Recent work has been focused on claiming the proof-of-
principle of such processes [203,204,263,266,270]. Highfield et al., 2016[204] showed evidence of
nearly complete carbonation of Mg(OH)2 at 150°C and 40 bar (humid) through a “non-immersive”

approach was attained at 1h.

4.3. Conclusions

Brucite carbonation in the presence of steam yielded to the formation of hydrated and anhydrous
Mg carbonates, and their formation is selectively dependent on temperature. At 50°C, highly-
disordered dypingite was observed as well as an unknown Mg-carbonate phase. The relative
inexistence of this phase in XRD analysis might be explained by either low abundance of this phase
or that it may have a very disordered internal structure. Nevertheless, the nature of this carbonate

phase remains unclear as well as its composition. Further research is needed to narrow down the
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characteristic of this phase for its correct identification and its possible association to other carbonate

phase reported in literature.

At 90°C and 7 bar dypingite was observed. However, upon raising the pressure to 10 bar, a
carbonate phase more similar to hydromagnesite than dypingite was observed, as evidence by a more
ordered internal structure and thicker crystal plates as observed by XRD and SEM, respectively.
Hydromagnesite and magnesite were observed in treatments performed at different temperatures
(120-185°C). The relative proportions of these minerals are highly dependent on temperature,
pressure and reaction time. The formation of magnesite is more likely to occur via transformation
of hydromagnesite. Brucite carbonation yield increases with temperature until 165 and 185°C is
reached at 7 and 10 bar, respectively. Significantly slower reaction rates were observed at higher
temperatures (185 and 205°C for 7 and 10 bar, respectively). This might be attributed to the chemical
potential is reduced as the reacting phases approached the equilibrium phase boundaries. The slower
kinetics were evidenced by the significantly lower hydromagnesite yield at these temperatures
compared to lower temperatures (50-165° and 50-185°C for 7 and 10 bar, respectively). The slower
formation of hydromagnesite might also delay the formation of magnesite, explaining its relatively
inexistence in the experiments carried at 185 and 205°C for 7 and 10 bar, respectively.

Almost complete carbonation of brucite is reported in this work. Laboratory observations reveal
that 165°C was the optimal temperature for carbonation; at this temperature combined
hydromagnesite and magnesite formation was identified to be more efficient. The maximum CO,
sequestered is 39wt%. and 41wt%. for 7 and 10 bar, respectively. Results from the 10 bar
experiments shows a slightly better CO, carbonation efficiency when compared to the 7 bar

experiments.
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5.

Phase formation and evolution of Mg-
carbonate phases upon carbonation of
brucite under concentrated CO; and

simulated flue gas conditions

5.1. Introduction

An extended experimental campaign of brucite carbonation was carried out in order to provide
more insights on the nature of Mg-carbonate phases mentioned in Chapter 4, particularly to the
chemical composition, dehydration behavior and vibrational spectra of UMC as well as to assess the
carbonation efficiency under moderately low pressures and temperature conditions (1-10 bar, 50 and

120°C) under concentrated CO, and simulated flue gas conditions.

A successful MC process should be able to reach effective conversion rates when working at
temperatures and pressures near to those of flue gas emissions [56,204]. Recent studies are focusing
on the possibility of using MC processes as an integrated alternative to CO; capture
[44,57,99,100,200]. The advantages of such processes are: (i) initial CO, capture processes are
avoided as well as their associated costs, significantly simplifying the overall MC processes and (ii)
high-purity and profitable carbonate products might be obtained. Some studies have observed that
carbonation mechanisms are similar when using flue gas and captured CO,, indicating the high

carbonation potential of flue gas carbonation [99,100].

However, the formation of Mg-carbonates under these conditions remains a challenging field os
study [179] (see chapter 4), providing challenges on understanding the formed phases and their

reaction mechanisms, the stability of such carbonates and their long-term storage capacity. The
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identification of the Mg-carbonate phases that formed upon conditions relevant to the utilization of
industrial flue gas streams are of paramount importance since it might provide a better understanding
of the carbonation steps and mechanisms of intermediate phases, which is a key aspect for
engineered ways to accelerate carbonation kinetics [199] and to the preferential nucleation of
specific carbonate phases [401].

5.1.1. Amorphous Ca and Mg carbonates

Amorphous Ca/Mg carbonates (ACC/AMC) are precursors to crystalline phases and they play
an important role on the formation of hydrated and anhydrous carbonate phases. Such reactions have
been widely exploited by nature in a variety of processes [402-404]. Research has mainly focused
on studying the stability of ACC and their transition to crystalline Ca-carbonates [401,405-407].
The formation of AMC, their stability and transition to crystalline Mg-carbonate phases have
received less attention and have been mainly discussed in the context of mixed Ca/Mg amorphous
carbonate phases [401,407-409], since the presence of Mg plays a crucial for stabilizing natural and
artificial ACC [410,411]. Moreover, the stability of amorphous materials is known to depend on size
and water content [412]. The presence of Mg?* plays a key role on the formation kinetics of ACC
and its transition to crystalline phases, most likely due to the slow dehydration kinetics of Mg?*
[413], inhibiting the formation of anhydrous calcite and vaterite crystallization [414—416]. Research
interest on the formation of Mg-carbonate is continuously increasing since such processes are
foreseen to play an important role on climate change mitigation efforts [50,417].

An example being the formation of both natural and synthetic monohydrocalcite (MHC), which
occurs from the transition of ACC with Mg (ACC-Mg), requiring the presence of high concentration
of Mg relative to Ca in the precipitating solution [192,418]. The crystalline phase (MHC) formed
from the transition of ACC-Myg is controlled by its Mg content. Pure ACC crystallizes to vaterite
[416], 10% ACC-Mg crystallizes to calcite [411], 30% ACC-Mg crystallizes to MHC [408,419],
50% ACC-Mg crystalizes to protodolomite/dolomite, although it requires higher temperatures [408].
This might be explained by the energy required to desolvate Mg is higher than Ca, therefore, higher

temperature is needed to crystalize Ca-Mg / Mg carbonates, such as dolomite and magnesite [408].

Nishiyama et al., 2013 [420] reported that MHC can only form from a solution saturated with
respect to nesquehonite, indicating that MHC formation may require the paragenesis of
nesquehonite. However, this latter mineral was not observed in the XRD results. According to the
crystallographic structure of MHC, Ca in this mineral gas eight-fold coordination[401]. On the other
hand, Mg in solution do not take eight-fold coordination, which makes difficult the substitution
between Ca and Mg into MHC structure. However, Rodriguez-Blanco et al., 2014 [408] observed

changes on the MHC structure depending on the Mg content, which was interpreted as the structural
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incorporation of Mg since MHC structure is open an less dense compared to calcite and aragonite.

This conclusion was corroborated by the lack of nesquehonite formation as evidence with XRD.

This two latter studies have significant inconsistencies, which are more likely attributed to the
solid phase speciation of Mg in MHC which remains unknown [401]. Currently, two main
uncertainties exist: (i) the possibility of Mg incorporation into the MHC structure or not. This has
remained challenging due to the possible precipitation of Mg carbonate phases during MHC
formation. Nishiyama et al., 2013 [419] and Rodriguez-Blanco et al., 2014 [408] reported the
formation of hydromagnesite after aging of MHC (Fig. 5.1). However, instead of hydromagnesite,
it is more likely that a hydromagnesite-like phase was formed (such as dypingite), as the X-ray
scattering features resembles the broad feature of dypingite, instead of sharp hydromagnesite
features [55,179,373]; (ii) the possible formation of AMC associated with MHC nucleation, instead
of nesquehonite. Wang et al., 2015 [421] suggested the presence of an amorphous material with high
Mg content, suggesting that the assumed nesquehonite formation [419] might correspond to AMC.
This is consistent with the observations of Rodriguez-Blanco et al., [408], where no crystalline
phases were identified, based mainly on diffraction techniques, insensitive to amorphous materials.
More recently, Fukushi et al., 2017 [401] estimated that a limited amount of Mg?" can be
incorporated into MHC structure. Such substitution was found to be almost constant at 0.057
Mgs/(Ca+Mgs;), where Mgy stands for Mg that substituted Ca in the MHC structure. It was also
suggested that values exceeding >0.06 were consistent with the presence of AMC. Fig. 5.2. shows
the proposed speciation of Mg associated with MHC and the discussed inconsistencies between

different studies.

Intensity (a.u.)

14 16 18 20 22
20 (degrees)

T i T 1

Fig. 5.1. Wide angle X-ray Scattering (WAXS) analysis of aged MHC, exhibiting the formation of a
hydromagnesite-like phase after 8.7h. Figure from Rodriguez-Blanco et al., 2014 [408].
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High-Mg MHC have needle-like morphology. On the other hand, low-Mg MHC exhibit
spherical morphology. Nishiyama [419] et al., 2013 and Wang et al., 2015 [421] have observed that
the elemental distribution of Ca and Mg in HMC is micro-homogeneous, in agreement with Fukushi
etal., 2017 [401]. A different study had observed the presence of a Mg-rich layer in MHC spherules
[422], which then latter was interpreted by Fukushi et al., 2017 [401], which suggested that such
layer is very likely to be AMC. The presence of AMC played a key role on the nucleation of MHC,
where AMC coats MHC surface, inhibiting its ability to form spherical surface, keeping a needle-
like shape. Moreover, this hydrated AMC layer also prevents MHC transformation to anhydrous
calcium carbonates [401]. This is consistent with the relative inexistence of Mg-carbonate phases
upon MHC formation, as there were characterized with XRD. However, the aging of MHC yielded
the formation of hydromagnesite [408,419]. Instead of hydromagnesite, it is more likely that a
hydromagnesite-like phase was formed (such as dypingite) [55,179,373]. It can be assumed that such
hydrous Mg-carbonate phase formed upon crystallization of AMC, based on Fukushi et al., 2017
[401] observations. This strongly suggest that the properties and presence AMC, AMC-Mg and ACC
plays a key role on the nucleation of crystalline phases. Therefore, it is of paramount importance to
characterize such amorphous phases and their nucleation pathways in order to understand the

formation mechanisms of crystalline phases.

a b

MHC
(CaCO, H,0)

MHC MHC

(CaCo, H,0) (CaCO; H,0)

Nesquehonite Structurally Amorphous Mg
(MgCO;, 3H,0) substituted Mg carbonate (MgCO, nH,0)

Fig. 5.2. Schematic of the discussed fate of Mg during the formation of MHC by (a) Nishiyama et al., 2013
[419], (b) Rodriguez-Blanco et al., 2014 [408] and Fukushi et al., 2017 [401]. Solid circles represent Mgst. Figure
from Fukushi et al., 2017 [401].

Zou et al., 2019 [423] have reported the formation of a new discovered hydrated Ca-carbonate
phase: calcium carbonate hemihydrate (CCHH) with composition CaCOs-1/2H,0, exhibiting
needle-like morphology. Such phase was formed during crystallization of ACC-Mg (with 5-9% of
Mg content) and it is precursor of MHC (Fig. 5.3). Upon the crystallization of ACC-Mg to CCHH,
a significant decreased in the Mgs(Ca+Mgs) molar ratio is observed, greatly limiting the amount of
Mgs: within the CCHH structure. This also control the amount of Mgs: in the MHC structure. Upon
formation of CCHH, the expulsed Mg form ACC-MG is more likely to form AMC, coating the

surface of CCHH and eventually of MHC. This provides new insight on the nucleation processes of
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ACC-Mg to crystalline phases, as well as the fate of Mg during CCHH and MHC formation (Fig.
5.4).
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Fig. 5.3. (a) XRD and (C) Raman analysis of the evolution of AMC-Mg (black and red lines) to CCHH (dark
blue, purple and green lines) and the transition of CCHH to MHC (blue line). (C) Mgsti(Ca+Mgst) molar ratio
variations in function of the AMC-Mg aging. Figure adapted from Zou et al., 2019 [423].
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Fig. 5.4. Proposed schematic of the transition of ACC-Mg to CCHH and AMC and the subsequent
transformation of CCHH to MHC, followed by Dypingite crystallization from AMC.

AMC has been recently synthetized from mixing solutions of MgCl, and Na,COs [401,424]. The
precipitates and their evolution over time (1 —48h) are shown in Fig. 5.5. AMC presence is evidence
by two broad humps at 18 and 31° in the XRD patterns of precipitates sampled at 1 to 12h. The
position of this humps are almost identical to those observed from ACC-Mg [408]. Moreover, no
crystalline features are observed. At 24h, new peaks emerged at 15, 21 and 42°C, which are
associated with a hydromagnesite-like phase, followed by a more pronounced hydromagnesite-like
phases crystallization at 48h. AMC is more durable than ACC. This latter phase transforms almost

instantaneously to crystalline Ca-carbonates [413].
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Fig. 5.5. XRD patterns of synthetized AMC and its progressive transformation to hydromagnesite-like
phases (HM). Figure from Fukushi et al., 2017 [401].

Fig. 5.6. Estimated atomic structure of hydrated AMC, where H2O-rich regions (“small pores”) are

interspersed with regions rich in Mg?* and COs?. (A, B, C) shows the structure viewed from different axes.
Figure from White et al., 2014 [424].

White et al., 2014 [424] suggested that the stoichiometric composition of AMC is MgCO3-3H,0,
similar to reference nesquehonite. Moreover, the atomic structure of hydrous AMC was also
proposed. It was suggested the distribution of H.O molecules in AMC is not distributed
homogeneously. In fact, there are H,O-rich regions, called “small pores” interspersed with regions
rich in Mg?* and COs?. This might indicate that H,O-molecules from the small pores is less tightly
bound in the MgCOs matrix, making it relatively easy to be removed from the AMC structure (Fig.
5.6). Zhang et al., 2018 [425] have also identified a hydrated AMC with dehydration behavior similar

to reference nesquehonite.
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5.2. Results and discussion

5.2.1. Concentrated CO; experiments

Raman spectra of the reaction product obtained upon brucite carbonation using CC at 50 and
120°C, in the pressure range of 1 to 10 bar from 4 to 16 hours are shown in Fig. 5.7. Distinctive
brucite Raman features are observed in the starting materials, as evidenced by its characteristic peaks
at 443 and 279 cm™* [203,379]. The reaction products obtained at 50°C shows the emergence of two
distinct peaks at 1093.3 + 1.1 and 1122.3 + 0.1 cm™* within the v; symmetric stretching mode (vVisym)
of the carbonate ion (CO3?) [380,381]. The intensity of the brucite peaks progressively diminishes
as the visym peaks increase. At 120°C, two distinct visym Raman peaks are observed at 1094.6 + 0.1,
and 1118.1 + 0.5 cm™. Moreover, an additional peak is observed at 328.3 + 0.1, especially at 7 and
10 bar.

The presence of carbonates is corroborated by FTIR analysis, which exhibits the characteristic
peaks of the COs? and HCOs vs asymmetric stretching mode at 1405, 1470 and 1515 cm™ (Fig. 5.8)
[182,356,360]. Nonetheless, overlapping features between the different Mg-carbonate phases makes
difficult their correct distinction. Moreover, Mg-carbonates cannot be easily distinguished by the

sole observation of optical methods, such as Raman and FTIR [380].
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Fig. 5.7. Raman spectra of phase evolution after thermal treatments (50 — 120°C) in the 1-10 bar range
(RH > 90%) from 4 to 16 hours. B: Brucite. Figure from Rausis et al., 2020 [55].
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Fig. 5.8. FTIR-ATR of the starting and carbonated materials at 50 and 120°C and 1 to 10 bar, maintained
for 16h (RH = 100%). B: Brucite. Figure from Rausis et al., 2020 [55].

In view of this, an XRD analysis was carried out in order to provide more insights on the
differentiation of the distinct carbonate phases formed upon brucite carbonation (Fig. 5.9). Brucite
is clearly observed in the starting materials. Its relative intensity is progressively reduced upon
carbonation from 1 to 10 bar. Characteristic XRD peaks of hydromagnesite are observed at 120°C.
At 50°C, broader peaks with similar position to such of hydromagnesite are observed, probably
suggesting the presence of a hydromagnesite-like phase, such as dypingite (Fig. 5.10; see also
section 4.2.1), as also observed by Hovelmann et al., 2012 [373]. It has been reported that the
formation of hydromagnesite might be kinetically inhibited by the preferential formation of highly
hydrated Mg-carbonate phases at temperature <50°C (such as nesquehonite and dypingite)
[188,346,426].

Comparison of the baseline from the XRD patterns shows no differences between the starting
material with the reaction products from 120°C and 10 bar treatments (Fig. 5.10b). However, a
plateau is observed from 24 to 54 26° and with center near 31 26° the XRD baseline when comparing
the baselines between the carbonated products obtained at 50 and 120°C and 10 bar (Fig. 5.10c).
This plateau is very similar to the one observed for AMC with chemical composition MgCOs-nH.O
[401,427-429]. This strongly suggest the coexistence of an amorphous phase with poorly-ordered
dypingite [49,405,423,428]. Analogous comparison was applied to the XRD results obtained at

lower pressures, where the presence of this amorphous component is clearly observed (Fig. 5.11).
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Fig. 5.9. XRD of samples after thermal treatments at 50 and 120°C and 1 to 10 bar, maintained for 16h
(RH > 90%). D/H: Dypingite/Hydromagnesite phase, H: Hydromagnesite, B: Brucite. Figure from Rausis et al.,
2020 [55].
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Fig. 5.10 (a) XRD data showing the low intensity and broad peaks of the reaction products from treatments
at 50 and 120°C and 1 to 10 bar, maintained for 16h (RH > 90%). D/H: Dypingite/Hydromagnesite phase, H:
Hydromagnesite, B: Brucite. (b) XRD data baseline comparison between the starting materials and the reaction
products obtained at 120°C and 10 bar. (c) XRD data baseline comparison between the reaction products
obtained at 50 and 120°C, 10 bar. “Amorphous component” refers to the observed plateau between 24 to 54
206° and with center near 31 26°. Figure from Rausis et al., 2020 [55].
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Fig. 5.11. XRD data showing the low intensity and broad peaks of the reaction products from treatments
at 50 from 1 to 10 bar, maintained for 16h (RH > 90%) and their XRD baseline comparison with treatments
performed at 120°C and 10 bar. “Amorphous component” refers to the observed plateau between 24 to 54 26°

and with center near 31 26°. Figure from Rausis et al., 2020 [55].

In order to provide more insight on the nature of the observed carbonates, comparison of FWHM
and position of the visym Raman peaks as well as the two more intense XRD peaks of the carbonated
products was carried out (Fig. 5.12). Calculated Raman and XRD data from 120°C treatments fits
very well with reference data for hydromagnesite, suggesting a well-defined structure. Moreover,
the calculated data for the minor vis,m Raman peak at 1094.6 + 0.1 cm™ fits very well with reference
data for magnesite. The presence of this peak is associated with the concomitant emergence of the
328.3 + 0.1 cm™ Raman peak, which is also characteristic of magnesite [380,383,384]. Moreover,
only traces amounts of this later mineral were observed, which might explain its relative inexistence
in the XRD patterns (Fig. 5.9, 120°C treatments). The possible origin of magnesite is from the
transformation of hydromagnesite or directly formed from brucite [193,203,382].
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Fig. 5.12. FWHM vs peak position of (a) Raman visym peaks and (b) two more intense XRD peaks of the
carbonated products reacted at 50 and 120°C, 1-10 bar. M: Magnesite, N: Nesquehonite, H: Hydromagnesite,
D: Dypingite. The FWHM and peak position of reference minerals were calculated from Lafuente, et al., 2015
[361]. Figure from Rausis et al., 2020 [55].

Calculated Raman data from 50°C experiments shows that the 1122.3 + 0.1 visym Raman peak
fits well with reference data for dypingite. Accordingly, the XRD calculated data shows that the two
more intense scattering peaks have very similar position to reference hydromagnesite but they are
significantly wider, which is in agreement with a more disordered structure, as discussed previously
(see section 2.1. and 4.2.1.). However, the 1093.3 + 1.1 cm™ visym Raman peak has a much higher
FWHM than the represented carbonate phases as well as higher peak position variability, indicating
that such phase might have a disordered structure. Some studies have previously observed this peak,
and its presence is often related to dypingite [179,430]. Nonetheless, the semi-disordered to
disordered structure of dypingite puts some challenges on acquiring good quality Raman spectra
[430]. Moreover, the possible coexistence of semi-ordered dypingite-like phases with a possible
amorphous phase further increases the difficulties on obtaining Raman spectra of pure dypingite
phases. It remains unclear if the 1093.3 + 1.1 cm™ vi5,m Raman peak belong to dypingite-like phases
or it is prompted by the excitation of an amorphous Mg-carbonate phase [179,430]. The nature of
the phase responsible for this peak is yet unknown, and therefore it will be referred to as unknown
Mg-carbonate (UMC). UMC might be associated with the amorphous component observed with
XRD (Figs. 5.10, 5.11).

Morphology of the formed Mg-carbonates have been studied with the aid of SEM (Fig. 5.13).
The starting material is consists of well-defined characteristic hexagonal crystal of brucite (< 1um;
Fig. 5.13a), as also observed by Pang et al., 2011 [431]. Upon carbonation at 50°C and 10 bar, sub-
euhedral brucite grains are observed as well as an irregularly-shaped massive material (Fig. 5.13b).
Such phase might be associated with UMC. Energy dispersive spectrometry (EDS) reveals that such

material is a carbonate-phase, different from the carbon-free starting material (Fig. 5.14).




Chapter 5: Phase formation and evolution of Mg-carbonate phases

Characteristic hydromagnesite plates of maximum sizes of ~1 um are observed at 120°C and 4 bar
(Fig. 5.13c), resembling features identified by Zhang et al., 2006 [181]. As pressure reaches 10 bar,
fully developed hydromagnesite plates (Fig. 5.13d) are observed as well as minor rhombohedral
magnesite (Fig. 5.13d, inset) [387].

o) S

Fig. 5.13. Representative SEM images of the progressive carbonation stages, from (a) brucite starting
material (euhedral hexagonal crystals <1um) to (b) relict subhedral brucite immersed in a massive carbonate
matrix formed at 50°C, (c) well developed hydromagnesite plates (~1 um) appearing at 120°C with some
residual brucite and (d) euhedral hydromagnesite plates (<10 um) and rhombohedral magnesite (<1um) formed
at 120°C and 10 bar. Bru: Brucite, Mg’: massive irregularly shaped carbonate, Hmg: Hydromagnesite, Mag:
Magnesite. Figure from Rausis et al., 2020 [55].

Carbonate products from 120°C treatments are composed of crystalline carbonate phases and
residual brucite. However, at 50°C a possible amorphous phase and semi-ordered dypingite-like
phases are observed. These later phases provide challenges for predicting and controlling the long-
term CO, storage capacity, since the properties of such phases are not well stablished [391].
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Fig. 5.14. SEM images (left) of the progressive carbonation stages from the solid products of the
experiments at 4 bar (RH > 90%), maintained for 16h with varying temperature (50 and 120°C). Qualitative
EDS analysis (right) of single points shown on the SEM images (a) Brucite hexagonal crystals (<1um); (b)
Residual brucite surrounded by a poorly crystalline material with no associated shape (50°C); (c)
Hydromagnesite plates and residual brucite (~1 um; 120°C). Figure from Rausis et al., 2020 [55].

5.2.1.1.  Evolution of carbonate phases at 50°C

Additional experiments were carried at 50°C and 10 bar over from 7 min to 120h in order to
provide additional insights on the identification of different carbonate phases (Fig. 5.15). Fig. 5.16
shows the variation of visym Raman peak for carbonate products as well as starting and residual
brucite as a function of reaction time. After only 7 minutes, dypingite is already identified as well
as UMC. From 15 min to 2 h, a new vigym Raman peak with position 1101.1 cm™ emerges (Fig.
5.15a) as well as concomitant XRD features (Figs. 5.15b, 5.17a), which are characteristic of
nesquehonite [178,182]. UMC and dypingite were also identified (Figs. 5.15, 5.18). An analogous
comparison of the XRD baselines from section 5.2.1. (Figs. 5.10, 5.11) shows the presence of an
amorphous component in each of the carbonated products (Fig. 5.17b, c).
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Fig. 5.15. (a) Raman and (b) XRD analysis of the carbonated product of reactions from 7 minutes to 120
hours. B: Brucite, D/H: Dypingite/Hydromagnesite phase, N: Nesquehonite. Figure from Rausis et al., 2020
[55].
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Fig. 5.16. (a) Raman semi-quantitative intensities of the Raman characteristic peaks of different phases
(b) Raman semi-quantitative ratio intensities of the characteristic Raman peaks of Dypingite/UMC. Bru: Brucite,
Nsq: nesquehonite, Dyp: dypingite, UMC: “Unknown Mg carbonate”, Avg(Dyp/UMC) shows the average
Dypingite/lUMC Raman visym peak intensity ratio of the experiments carried from 7 minutes to 24 hours, E* and
E represent the estimated error of the Dypingite/UMC Raman visym peak intensity ratio considering both highest
and lowest ratio value within the 7 minutes to 24 hour treatments, respectively. Figure from Rausis et al., 2020
[55].
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Fig. 5.17. (a) XRD data showing the low intensity and broad peaks of the reaction products from treatments
at 50 and 10 bar, maintained from 7 minutes to 120 hours (RH > 90%). D/H: Dypingite/Hydromagnesite phase,
H: Hydromagnesite, B: Brucite; XRD data baseline comparison between the reaction products from (b) 4 to 120
hour treatments and (c) 7 minutes to 2 hour treatments with reaction products obtained at 120°C and 10 bar.
“Amorphous component” refers to the observed plateau between 24 to 54 26° and with center near 31 26°.
Figure from Rausis et al., 2020 [55].

Dypingite-like phases and UMC are the only identified phases at 4 hours of reaction, implying
that nesquehonite is precursor of one of both phases (Figs. 5.15, 5.17). It is known the precursor
nature of nesquehonite to form hydromagnesite or hydromagnesite-like phases [179,180]. Such
transformation may occur via an amorphous precursor [376]. It remains uncertain the if nesquehonite
was formed upon the crystallization of an amorphous precursor or was directly formed from brucite.
However, it is clearly observed that nesquehonite is precursor of UMC and/or less hydrated

dypingite-like phases.

A complete carbonation of brucite is observed after 48h, as evidenced by the lack of residual
brucite peaks. However, the intensity of the vis;m Raman peak keeps increasing as UMC and the
amorphous component observed with XRD are diminishing. Calculated dypingite/UMC visym Raman

peak intensity ratio exhibits a similar formation rate for both dypingite and UMC at <24h (Fig. 5.16).
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However, at longer reaction times (>48h), dypingite formation is significantly increased relative to
UMC. This might suggest that UMC is nourishing the late-growth of dypingite. Moreover, the
differential behavior also suggests that UMC visym Raman peak is not characteristic of dypingite, as
Hopkinson et al., 2012 [179] suggested, instead these two peaks might be respective to two distinct

phases.
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Fig. 5.18. Deconvoluted Raman visym peak comparison between the reaction products obtained from
treatments at 50°C, 10 bar for (left) 2 and (right) 4 hours. Inlet shows the overlapping and differentiating features
among both analyses. N: nesquehonite, D: dypingite, UMC: “Unknown Mg Carbonate”. Figure from Rausis et
al., 2020 [55].

Brucite carbonation under these experimental conditions probably proceeds through the
formation of an amorphous precursor, followed by the progressive crystallization of this latter phase
to highly-disordered dypingite, which over time it becomes more structurally organized. This

behavior is consistent with the Ostwald step rule [393].

Fig. 5.19 shows the FWHM vs peak position comparison between visym Raman peak and the two
more intense X-ray scattering peaks of the carbonate products. Calculated data for the peaks
associated with nesquehonite fits very well with the reference data. Dypingite peaks are
progressively approaching the reference data for hydromagnesite as the carbonation reaction
proceeds, indicating that dypingite becomes structurally more ordered and with less molecular water
per unit. This might indicate a slow and progressive transformation of highly-disordered dypingite
to semi-ordered dypingite and finally to hydromagnesite. Calculated UMC data is observed to have

similar position as observed in Fig. 5.12 (1093 + 2.05 cm visym Raman peak).
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Fig. 5.19. FWHM vs peak position of (a) Raman visym peaks and (b) two more intense XRD peaks of the
carbonated products reacted at 50 °C, 10 bar from 7 minutes to 120 hours. N: Nesquehonite, H:
Hydromagnesite, D: Dypingite. The FWHM and peak position of reference minerals were calculated from
Lafuente, et al., 2015 [361]. Dashed line represents the evolution of different phases over time. Figure from
Rausis et al., 2020 [55].

Previous studies have identified the rapid formation of AMC with Raman, as reported by the
emergence of visym Raman peak with position 1082 cm™* and FWHM 8cm™ [382]. However, this
peak have a very low FWHM (often associated with crystalline phases [423]) and its peak positions
is lower from any known Mg-carbonate phase and very similar to Ca-carbonate phases, which often
have a lower visym Raman peak position than Mg-carbonates [380]. Moreover, it should be noted that
there are several disordered precursors and unnamed Mg-carbonate phases, which might be forming

and evolving differently in this study and in Montes-Hernandez et al., 2016 [382].

A SEM study was performed to provide additional insights on the evolution of the carbonation
reaction at 50°C (Fig. 5.20). The reaction products obtained at 30 minutes form agglomerated of
platy crystals, characteristic of dypingite (<1um) [188,386] coexisting the hexagonal brucite crystals
(Fig. 5.20a). Large rod crystals ¢ 10pum), characteristic of nesquehonite, are observed after 1h of
reaction. Moreover, this crystal have etch pits and overgrowths of platy dypingite crystals, producing
a “house of cards” texture (Fig. 5.20b) [179,432]. Well developed “house of cards” texture is
observed at 2 hours of reaction (Fig. 5.20c). On the residual uncovered nesquehonite rod is observed
a massive carbonate layer with an irregular interface between both minerals (Fig. 5.20c inset). This
layer has a similar morphology to that observed by an hydrated AMC identified by Zhang et al.,
2019 [425]. This might suggest that such layer is amorphous and might be related with the presence
of UMC.

The “house of cards” texture have been previously observed and has been interpreted as resulting
from a dissolution-recrystallization self-assembly growth mechanism. Moreover, the overgrowths
of dypingite eases the nucleation of more dypingite crystals [179,432]. It is probable that upon
dissolution of nesquehonite a hydrated AMC is formed, which then is recrystallized to highly-
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disordered dypingite [179]. Such behavior is consistent with the Ostwald step rule [393]. Fig. 5.20d
shows a former nesquehonite rod-like structure which has been replaced by dypingite plate and its

partially covered by a massive and probably amorphous carbonate layer.

Fig. 5.20. Representative SEM images of the progressive carbonation stages performed at 50°C and 10
bar. (a) brucite euhedral hexagonal crystals (s1um) and dypingite characteristic plates (30 min); (b)
nesquehonite rod crystal (~10um) showing etch pits and overgrowths of platy dypingite crystals ~10um,
producing a “house of cards” texture (1h); (c) well developed “house of card texture”, inlet shows a naked
section of nesquehonite being covered by a massive and irregularly shaped carbonate (Mg’; 2h); (d) former
nesquehonite rod that has been replaced with dypingite plates, which itself is covered by a massive carbonate
matrix (4h). Bru: brucite, Nsq: nesquehonite, Dyp: dypingite and Mg’: massive irregularly shaped carbonate.
Figure from Rausis et al., 2020 [55].

5.2.2. Thermogravimetric analysis

Brucite carbonation yield and carbonate contents were assessed with the aid of TGA analysis.
Fig. 5.21, 5.22 and 5.23 shows the dTG profiles of the reaction products obtained using CC at 50
and 120°C for 16, 8 and 4h.

The starting material ,brucite, dehydration occurs from 275 to 420°C, losing 31wt% of its total
mass, in agreement with its stochiometric water content [204,264]. The dehydration and
decarbonation of hydromagnesite (formed during 120°C treatments) were observed to occur in the
temperature range of 165-340°C and 350-550°C, respectively, which is consistent with previous
studies [365,394,395].
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Fig. 5.21. Differential thermogravimetric analysis (dTG) of mass change upon thermal decomposition of
carbonation products at 50 (left) and 120°C (right), from 1 to 10 bar carried during 16 hours using concentrated
CO2. Solid and dotted curves represent, respectively, the differential change (mass % per degree) and the
mass variation upon thermal decomposition. Thermal decomposition temperature ranges of brucite (bru),
nesquehonite (Nsq), hydromagnesite (Hmg), dypingite (Dyp) and possibly “Unknown Mg-carbonate” (UMC) are
indicated with double-ended arrows. The dehydration of such phases occurs from room temperature to 270 °C)
and decarbonation (350-550 °C). Figure from Rausis et al., 2020 [55].
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Fig. 5.22. Differential thermogravimetric analysis (dTG) of mass change upon thermal decomposition of
carbonation products at 50 (left) and 120°C (right), from 1 to 10 bar carried during 8 hours using concentrated
CO:z. Figure from Rausis et al., 2020 [55].



124

Chapter 5: Phase formation and evolution of Mg-carbonate phases

50°C 120°C

+lobar

N 4 N U B

7 bar

77 bar TN TN y// ~ \\ 7
— o — A

ibj”7 NS 4bar

Differential mass change ( % / deg; a.u.)
Differential mass change ( % / deg; a.u.)

qlbar N TS

Brucite >99w1%. | Brucite >99w1%.

T T T
0 200 400 600 0 200

Fig. 5.23. Differential thermogravimetric analysis (dTG) of mass change upon thermal decomposition of
carbonation products at 50 (left) and 120°C (right), from 1 to 10 bar carried during 4 hours using concentrated
CO2. Figure from Rausis et al., 2020 [55].

Reaction products obtained at 50°C exhibit and additional dehydration temperature range
between rT to 150°C. This mass loss might be interpreted as the dehydration of dypingite-like phases
[398-400], nesquehonite [396] and possibly an amorphous carbonate phase with the same
decomposition behavior as nesquehonite as observed by Zhang et al., 2018 [425]. Moreover, further
dehydration occurs between 165 and 270°C associated with the dehydration of hydromagnesite and
dypingite-like phases.

The decarbonation and dehydration of all the identified and possible carbonate phases occurs
between 350 and 550°C and rT to 340°C, respectively [365,394-396,398-400,425]. Therefore, it is
easy to determine the CO; and H,Owt% of the reaction products. However, the CO; and H.Owt%
content of each phase cannot be determined due to overlapping features. Remnant brucite is also
identified in the reaction products for both 50 and 120°C treatments. The dehydration of this phase
overlaps with the decarbonation of the identified and possible carbonate phases. Therefore, the
overlapping mass los associated with the dehydration of brucite should not be taken into account in
order to estimated correctly the CO, wt% of the carbonate products. This was performed following

the procedure explained in section 4.2.5 (Fig.4.8).

Fig. 5.24 shows the dTG patterns of the reaction products from experiments carried at 50°C, 10
bar from 7min to 120h. Dehydration of the carbonate phases occurs between rT to 380°C. The phases
responsible for such behavior are nesquehonite, dypingite-like phases and UMC. However,

discrepancies between the dehydration temperatures of dypingite-like phases are reported in
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literature [398-400]. This might be attributed to the possible coexistence of dypingite phases with
different level of structural order and hydrated amorphous phases.
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Fig. 5.24. Differential thermogravimetric analysis (dTG) of mass change upon thermal decomposition of
carbonation products obtained at 50°C, 10 bar during 7 minutes to 120 hours using concentrated CO2. Thermal
decomposition temperature ranges of brucite (bru), nesquehonite (Nsq), hydromagnesite (Hmg), dypingite
(Dyp) and possibly “Unknown Mg-carbonate” (UMC) are indicated with double-ended arrows. The dehydration
of such phases occurs from room temperature to 270 °C) and decarbonation (350-550 °C). Figure from Rausis
et al., 2020 [55].

The mass loss from rT- 180°C is generally decreasing as the mass loss from 180-380°C increases.
Comparison of Raman, XRD and TGA suggest that there is a relation between the initial mass loss
(rT-180°C) and the relative peak intensity of UMC visym Raman peak as well as with the amorphous
component. Therefore, UMC associated with the observed amorphous component might have
dehydration temperatures between (rT-180°C), which are also characteristic of nesquehonite [396].
Zhang et al., 2018 have reported that a hydrous AMC with similar dehydration behavior as
nesquehonite. Moreover, White et al., 2014 [424] reported a hydrous AMC with very similar water

content as nesquehonite.
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5.2.2.1. CO2: H,O wt% ratio
The CO.:H,O wt% ratio was possible to estimate since the dehydration and decarbonation Mg-
carbonate phases have different temperature ranges. Fig. 5.25 shows the CO2:H,O wt% ratio of the
carbonated products discussed on section 5.2.1 (Fig. 5.25a) and 5.2.1.1 (Fig. 5.25b). Reaction
products obtained at 120°C have water content similar to stoichiometric hydromagnesite (Fig.
5.25a). The overall water content of all the carbonate phases observed at 50°C generally have the

hydration level of dypingite, and in some cases it reaches the hydration level of nesquehonite.
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Fig. 5.25. (a) CO2:H20 (wt%.) ratios as estimated with TGA of the solid product of reaction at (a) 50 — 120
°C, 1-10 bar from 4 to 16 hours and at (b) 50°C, 10 bar, 7 minutes to 120 hours. Error bars were estimated on
the average of three different experiments. Dashed line represents the evolution of the CO2:H20 (wt%.) ratio

from reaction performed at 7 minutes until 120 hours. Figure from Rausis et al., 2020 [55].

Moreover, carbonate products from 50°C, 10 bar from 7min to 120h treatments (Fig. 5.25b)
shows that early carbonate products have a hydration level very similar to stoichiometric
nesquehonite. However over longer reaction times, they start to dehydration, reaching hydration
levels below stoichiometric hydromagnesite (48 to 120h). Such partial dehydration is consistent with
the progressive structural organization of dypingite-like phases (Fig. 5.19) as well as the
consumption of UMC and the amorphous component. This suggest that dypingite-like phases

underwent a cell shrinkage as the reaction proceeded with less waters of crystallization.

5.2.3. CC experiments summary

The identified highly-ordered with semi-ordered dypingite-like phases are probably coexisting
with an amorphous component. Comparison of TGA, Raman, XRD and SEM analysis of the reaction
products suggests that the wide UMC visym Raman peak is strongly associated with the observed
amorphous component, and it might have dehydration behavior akin to nesquehonite as well as
similar composition. It remains unclear if early dypingite was formed from this probable hydrous

AMC or was formed directly from brucite. However, it was observed that the possible AMC
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nourished the late growth of dypingite. An analogous behavior was reported during the

transformation of AMC to hydromagnesite-like phases [401,413].

The possible AMC was observed to play an important role during the formation and evolution
of dypingite-like phases. White et al., 2014 [424] suggested that the atomic structure of AMC is
heterogeneous, where there are regions rich in Mg?* and CO3? interspersed with H.O-rich regions
(Fig. 5.6). Water molecules within this H,O might be relatively easy to be removed from the
disordered matrix. As discussed by the authors, this property might play a crucial role on the
dehydration mechanisms responsible to a prograde transition of hydrous AMC to anhydrous AMC.
Based on the observation for this study, such heterogeneity might play an important role on the
crystallization of highly-disordered dypingite-like phases, since the region rich in Mg and COs*
might tend to have a more organized structure and less tightly bound water might tend to scape,
resulting in the progressively and partial crystallization of highly-disordered dypingite-like phases.
Moreover, the partial crystallization of dypingite only accounts for partial dehydration of AMC,
which is consistent with the slow dehydration nature of Mg?*[413].

Over extended reaction times, a progressive and slow shrinkage of dypingite occurs as controlled
by the on-going partial dehydration, producing a more ordered structure. This slow process might
be resulting in the slow transition between dypingite-like phases to hydromagnesite. The kinetics of
such dehydration are controlled by the dehydration nature of Mg?*[413]. Therefore, increasing the
temperature will significantly enhance such transformation [408]. This might explain the appearance
of only hydromagnesite at 120°C, since it is the last step of a progressive crystallization from an
AMC.

On the other hand, the early formation of nesquehonite remains unclear. However, nesquehonite
also played an important role on the crystallization of dypingite and possibly AMC via dissolution-
reprecipitation self-assembly growth mechanism. The transition od nesquehonite to dypingite-like
phases is more likely to have a precursor intermediate. Such processes are consistent with the

Ostwald rule. The proposed reaction mechanism is shown in Fig. 5.26.

Research on brucite carbonation in the presence of steam have speculated on the formation of
hydrated AMC coexisting with Mg-carbonate minerals [203,204,263]. However, several challenges
are associated with the characterization of coexisting amorphous with crystalline phases
[401,408,419]. Our results provide new insights on the formation and evolution of Mg-carbonate
phases upon accelerated carbonation of brucite at moderately low temperature and pressure
conditions. A hydrated AMC was probably formed upon carbonation and played an important role

on the evolution of the observed carbonate phases.

It is known that amorphous carbonate precursors play a key role on the nucleation of different

hydrated and anhydrous crystalline carbonates. An example is the formation of MHC. Fukushi et
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al., 2017 [401] that AMC coats MHC surface. Such process inhibits the ability of MHC to form
spherical morphology as well as it prevents the transformation of MHC to more stable Ca-carbonate
phases (see section 5.1.1). Recent research highlighted the importance of amorphous precursor and
their crucial role for the nucleation of specific phases, such as CCHH [423]. Understanding the
reaction steps and mechanisms during accelerated carbonation might provide insightful observations
in order to enhance such reactions ways as well as to selectively nucleate preferential phases with

the aim of providing long-term safe CO; disposal.

Fig. 5.26. Scheme of the carbonate phases evolution during carbonation reactions performed at 50°C, 10
bar during 7 minutes to 120 hours. Bru: Brucite, Dyp’, Dyp* and Dyp represent the evolution of dypingite-like
phases from early highly disordered to late semi-ordered, Nsq: nesquehonite, UMC: possible amorphous Mg
carbonate that might have played an important role on the nucleation and/or partial crystallization of semi-

ordered dypingite. Figure from Rausis et al., 2020 [55].

5.2.4. Flue gas experiments

Fig. 5.27 shows the solid product of reactions carried at 120°C using simulated flue gas (SFG)
at 1 to 10 bar during 4 to 16h. It is observed a similar mineralogy to that observed when using CC,
being hydromagnesite the only identified phase, as also evidence by the FHWM and peak position
comparison (Fig. 5.28). Brucite was identified after each set of experiments. Trace amounts of
hydromagnesite were observed from experiments carried at atmospheric pressure (Fig. 5.27a), which
explain the relative inexistence on the XRD patterns (Fig. 5.27b). Pressure increase (from 1 to 10
bar) significantly increases the carbonation yield, as evidence by the progressive formation of

hydromagnesite.
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Fig 5.29 shows the dTG data obtained from SFG experiments. The decomposition of residual
brucite and hydromagnesite are observed, following observations from section 5.2.2. Analogously
to CC experiments, CO:H,0 ratio was possible to estimate due to the different dehydration and
decarbonation temperature ranges of hydrated carbonates and excluding the mass loss associated
with the overlapped dehydration of brucite with the decarbonation of hydromagnesite (see section
4.2.5; Fig. 5.30). The SFG reaction products are less hydrated than those obtained when using CC

as well as with stoichiometric hydromagnesite.

CO, (W1%.)

s

T T T T T T T
0 5 10 15 20 25
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Fig. 5.30. CO2:H20 (wt%.) ratios as estimated with TGA of the solid product of reaction at 120 °C, 1 - 10
bar from 4 to 16 hours uing simulated flue gas. Error bars were estimated on the average of three different
experiments. Figure from Rausis et al., 2020 [55].

5.2.5. Time-resolved carbonation efficiency

Fig. 5.31 shows the CO, wt%. and the estimated carbonate content attained during CC and SFG
experiments. Experiments carried at 120°C yielded to higher amounts of CO; contents than 50°C
experiments using CC (Fig. 5.31). At both temperatures, the increase of pressure always enhanced
the carbonation reaction, particularly from 1 to 4 bar. SFG experiments yielded to similar amounts
of CO; sequestered as the 50°C CC experiments. SFG treatments carried at atmospheric yielded to
negligible CO, wt%. On the other hand, carbonation at atmospheric pressure when using CC yielded
to a total of 11.5 and 22.1 CO, wt% for 50 and 120°C, respectively, indicating a successful

carbonation.

Fig. 5.32 shows the comparison of normalized sequester CO, wt% by CO, partial pressure
among the carried experiments. CC experiments at >4 bar have lower CO; fixation capacity per unit
of pressure when compared to atmospheric treatments. This might indicate that the carbonation
reaction is very efficient (defined as the capacity to fix CO,) at atmospheric pressure and is
significantly reduced when increasing the pressure. CC experiments show higher CO, wt% than

SFG experiments. Nonetheless, treatments carried using SFG have higher CO, fixation capacity per



Chapter 5: Phase formation and evolution of Mg-carbonate phases

unit of pressure when compared to the CC experiments in the pressure range from 4 to 10 bar. It
should also be noted that carbonation using direct SFG at 4 bar was successful. Our results highlight
the importance of the effect on CO; partial pressure during carbonation reaction, particularly at
moderately low pressures and temperatures. This might provide new insights on the direct utilization
of industrial gas waste streams via MC as an alternative to implement an integrated CCUS process.
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Fig. 5.31. (a) CO2 sequestered (gC0O2/100g sample) of experiments carried using concentrated CO:2 (50,
120°C) and simulated flue gas (120°C) from 1 to 10 bar at 4, 8 and 16 hours. Error bars estimate the average
between three analogous experiments (b) calculated carbonate content based on the sequestered COz. Error
bars represent the estimated carbonate content based on the different carbonate mineralogy. Figure from
Rausis et al., 2020 [55].
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al., 2020 [55].
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Moreover, the reaction proceeded similarly or both CC and SFG experiments, as observed in
section 5.2.4., in agreement with previous observations [99,100]. Nonetheless, faster reaction
kinetics were observed during CC than SFG experiments, particularly within the pressure range from
1to 4 bar. Previous studies on brucite carbonation in the presence of steam have suggested that such
reaction is favored when working near 100% RH (see also section 4.1) [204]. Therefore, the lower
reaction kinetics observed during SFG experiments might be associated with the lower RH when
compared to CC experiments (see section 3.3.2.). Moreover, it has been also reported different CO;
sequestration efficiencies when using different CO, partial pressure during carbonation of heat
activated serpentine [44], suggesting that there is an optimal CO; partial pressure for carbonation of

heat activated serpentine.

Carbonate contents were estimated based on the stoichiometric composition of nesquehonite
and/or hydromagnesite, since these phases represent the maximum and minimum hydration level of
the obtained carbonate products, respectively. The carbonate content ranges shown in the 50°C
experiments (Fig. 5.31b) represent either the respective carbonate content considering all the
observed carbonate phases nesquehonite (higher value) or all hydromagnesite (lower value), since
the exact proportions of this phases is unknown, due to the overlapping dehydration and
decarbonation behavior, as observed with TGA.

CC experiments carried at 120°C, 10 bar during 16 hours yielded to an almost complete brucite
carbonation (>98%), obtaining high-purity hydromagnesite as reaction product. Such material could
be profitable and may contribute to overcome the carbonation processing costs, which has been
partially reduced by the utilization of moderately low pressures and temperatures. The maximum
carbonate content obtained during SFG experiments was 53 to 70%, depending on pressure
conditions. Similar carbonation yields were observed upon brucite CC carbonation at 50°C. Further
SFG carbonation enhancement is required in order to obtain profitable high-purity carbonate
products. The carbonation yields obtained in this study are similar to those reported by Highfield et
al., 2016 [204].

Fig. 5.33 shows the CO, wt% and the carbonate content % from 50°C and 10 bar CC treatments
during 7min to 120h. A progressive increment on the CO, wt% is observed as the reaction proceeds
until it reaches 48h of reaction. At this reaction time a complete carbonation of brucite was attained.
It should be noted that 40% of the carbonation occurred in less than 2 hours, and it took over 46

hours to attained to reach the remaining 60%.

Typical temperature of flue gas waste streams from coal-burning power plants is between the
range from 160 to 180°C [433]. Therefore, this indicate that no additional heating will be required
for the direct utilization of flue gas for MC, considering the results obtained in this work. SFG

experiments at atmospheric pressure shows high carbonation potential, however they require
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significant acceleration. It should be noted that the SFG experiments were carried at lower
temperatures than typical flue gas. Moreover, typical flue gas has higher RH% than 5% (this study).
Therefore, increasing the temperature (to a maximum of 180°C) as well as the RH% (to a maximum
of 15%) could potentially provide significant carbonation enhancement and might unlock the SFG
carbonation potential at atmospheric pressure, without any additional costs [261,265,378]. The
successful implementation of such processes will utilize direct flue gas to produce valuable

carbonate products, without the need of heating large amounts of water (as required by the MC
aqueous routes).
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Fig. 5.33. (a) CO2 sequestered (gCO2/100g sample) of experiments carried using concentrated CO:2 at
50°C, from 1 to 10 bar from 15 minutes to 120 hours. (b) calculated carbonate content based on the sequestered
CO:.. Error bars represent the estimated carbonate content based on the different carbonate mineralogy. Figure
from Rausis et al., 2020 [55].

It should also be noted that only traces amount of magnesite was formed at 120°C. This mineral
is the preferred Mg-carbonate for CCUS purposes due to its higher stability, least soluble, lighter
and with the highest CO; storage capacity, which might reduce the transportation and processing
costs [264]. However, its formation under condition near to those of flue gas is kinetically
challenging and inhibited by the preferential formation of hydrated carbonates [197,204] (see section
2.1.1.). Further research is needed to acceleration the formation of magnesite under these specified
conditions. Swanson et al., 2014 [197] demonstrated that magnesite growth can occur at condition
where normally hydrated carbonates will formed by seeding the reaction with magnesite crystals,
reducing the difficulties for magnesite nucleation. It should be expected that an increase of the
temperature (up to 180°C) will significantly enhance the magnesite yield as discussed in section 4.2.
Moreover, the formation of high-purity hydrated carbonates is also valuable, and it should be
considered if increasing the temperature (which generally increases processing costs) to obtain
magnesite or to optimize the experimental condition to obtain high-purity hydrated carbonates at the
lowest possible costs [44].
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5.3. Conclusions

Phase formation and evolution during brucite carbonation using concentrated CO, (CC) and
simulated flue gas (SFG) in the temperature and pressure range from 50 to 120°C and 1 to 10 bar
was experimentally studied. Hydromagnesite was identified during 120°C treatments as well as trace
amounts of magnesite. Experiments carried at 50°C yielded the formation of nesquehonite, highly-
disordered to semi-ordered dypingite-like phases as well as a possible hydrated amorphous Mg-
carbonate (AMC). This latter phase was associated with a wide Raman peak with position at 1093
+ 2.05 cm™ and might have similar composition to nesquehonite as well as similar dehydration
behavior. It remains unclear if early dypingite was formed form the nucleation of an AMC precursor
or if it formed directly from brucite. However, the possible observed AMC nourished the late growth
of dypingite, in agreement with the Ostwald rule. The origin of nesquehonite remains unclear.
However, this latter phase was precursor to less hydrated dypingite-like phases and possibly to an
AMC. It is proposed that an AMC precursor partially nucleated to highly-disordered and less
hydrated dypingite-like phases and as, the reaction proceeded, dypingite became more structurally
ordered as cell shrinkage occurs due to partial and progressive dehydration, becoming
hydromagnesite after prolonged reaction times.

CC experiments yielded to higher carbonation yields compared to SFG experiments, attaining a
maximum of 37 CO, wt%. (equivalent to a carbonate content of >98%) at 120°C, 10 bar during 16h.
However, SFG experiments show higher carbonation potential by unit of pressure, particularly in
the pressure range from 4 to 10 bar. Treatments performed at 120°C for both SFG and CC yielded
to the formation of only crystalline phases (mainly hydromagnesite). Further research in needed to
unlock the economically-desired SFG reactions at atmospheric pressures. Results from this work
provides additional insights on the direct utilization of industrial gas waste streams via mineral
carbonation in order to obtain valuable carbonate products as well as contributing to the CO;

mitigation efforts.
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0.
Carbonation of activated lizardite: the
Identification of a highly-reactive amorphous

Mg-rich phase

6.1. Introduction

It is well stablished that serpentine requires heat activation for DC processes. Lizardite has the
simplest structure compared to antigorite and chrysotile [434]. The activation of chrysotile has been
extensively studied [283,435-437]. Chrysotile dihydroxylation products have been described to be
largely disordered [435], partially disordered [436] and semi-amorphous while preserving some of
the original structure [437]. The discrepancies among those studies is mainly due to the difficulties
associated with the characterization of different coexisting crystalline with poorly ordered phases as
well as highly disordered amorphous phases, often exhibiting overlapping feature in many
spectroscopy techniques. Readers are referred to section 2.3.1.3.2. as it gives a general overview of

serpentine activation processes.

Mackenzie and Meinhold et al., 1994 [283] studied the phase formation and evolution of Mg-
rich phases upon thermal activation of chrysotile by an nuclear magnetic resonance spectroscopy
(NMR) study. Such analysis is very sensitive to local coordination of individual silica tetrahedral.
Depending on the possible silica tetrahedral polymerization, a characteristic chemical shift is
observed, which can be assigned to five possible silica tetrahedral arrangements (Fig. 6.1) [101].
Where Qo consist on isolated silicon tetrahedral with no oxygen share with any other silica
tetrahedral, such crystal arrangement is characteristic of nesosilicates, such as olivine, where the
negatively charged individual silica tetrahedral is balanced by 2 Fe?* and/or Mg?* cations. On the
other hand, Q4 species occurs when each oxygen within the silica tetrahedral is shared with other

silica tetrahedral, characteristic of tectosilicates, such as silica (SiO-). In this case the negatively
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charged (SiO4)* silica tetrahedral are balanced by sharing oxygen with neighboring silica
tetrahedral. Such detailed analysis of the silica tetrahedral coordination changes upon heat activation
provided invaluable new insights on such processes. Results from such studies has suggested the
activation of chrysotile is significantly more complex to those previously postulated [283]. Table
6.1 summarizes the different silica tetrahedral configurations and their associated NMR chemical

— shifts for activated lizardite and chrysotile.

<

Q,

Fig. 6.1. Schematic of individual silica tetrahedral coordination as represented from Q0-Q4. Oxygen atoms
are represented as red spheres and silicon atoms are located at the center of each tetrahedron. Figure from
Chizmeshya et al., 2006 [101].

Table 6.1. 29Si NMR peak positions of activated chrysotile and lizardite and their associated SiO4-4
polymorph association, as well as the associated silicate phase.
Q-assignment  Peak position (ppm) [101,438]  Associated Mg-rich phase [283]

Qo -~64 Forsterite ¢ - 64 ppm)

Q1 -~73 Dehydroxylate | ¢ - 73 ppm)
Q2 -~85 Enstatite ¢ - 83 ppm)

Qs -~95 Chrysotile ¢ - 92 ppm)

Qs -~99 Dehydroxylate Il ¢ - 97 ppm)
Qs -4110to - 120 Silica ¢ - 110 ppm)

Upon heat treatment of serpentine minerals, the progressive formation of forsterite and enstatite
occurs with increasing activation temperature. The formation of forsterite always precedes the
formation of enstatite, since the formation of forsterite do not require full dehydration and enstatite

seemingly does, following the general equations [287]:

. <800°C . . (61)
2Mg351205(OH)4(S) _— 3Mg25104(5) + SIOZ(S) + 4H20(g)
>800°C (6.2)

ZMg381205(0H)4(S) e MgZSlO4(S) + MgSlO3(S) + ZHZO(g)

However, intermediate phases were observed upon activation of chrysotile as evidence by the

emergence of two new NMR peaks with position -73 and -97ppm (see table 6.1). The material
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responsible for the broad resonances with peak position at -73ppm have been suggested to be
amorphous due to its low degree of Si-polymerization (Hartman and Millard, 1990). Due to the
presence of different tetrahedral configurations, as evidence by the broadness of this peak, incipient
formation of forsterite and enstatite cannot be distinguished due to overlapping features. Such Mg-
rich amorphous phase is commonly referred as Q. dehydroxylate | [283]. The -97ppm resonance
peak is significantly thinner than such observed for dehydroxylate I, and its presence its related to a
phase that still contains elements of the original silicate structure, called Qs dehydroxylate 11 [283].
This phase has been strongly associated with the “a component” observed in McKelvy et al., 2004
[49] (Fig. 2.22). The proposed thermal dehydration sequence of chrysotile as well as the distribution
of Si-polymorphism upon chrysotile activation as function of activation temperature are shown in
Fig. 6.2.
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Fig. 6.2. (a) Distribution of silicate phases during dehydration of chrysotile as function of the activation
temperature, as determined by 2°Si NMR analysis. (b) Schematics of the proposed dehydration sequence of

chrysotile dehydration. Figure from Mackenzie and Meinhold, 1994 [283].

Upon chrysotile activation, amorphous dehydroxylate | is firstly formed, followed by the
formation of both forsterite and semi-ordered dehydroxylate 1l (Fig. 6.2a). Upon increasing the
temperature, dehydroxylate | and Il nourished the growth of forsterite and the formation of silica.
At >1100°C, two oxygen atoms are shared between silica and forsterite, forming enstatite as
evidenced by the appearance of a Q. structure, characteristic of inosilicates. The formation of

enstatite is inhibited upon the consumption of available silica [283].
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An intriguing question was raised upon chrysotile dehydration which yielded to two different
dehydroxylate intermediate phases (Fig. 6.2b). It was proposed that chrysotile underwent two on-
going decomposition processes: (i) dehydration-induced amorphization of the silicate structure,
however its Mg coordination remained largely intact; (ii) chrysotile was able to largely maintained
its Qs silicate structure upon partial dehydration [283].

Analogously, the dehydration of lizardite has recently received research interest within the
context of MC, since it has been observed that intermediate phases appearing during serpentine
dehydration are highly reactive in a CO2-rich environment. This elevated reactivity is mainly
attributed to the presence of amorphous phases during activation [101]. This study also analyzed the
changes of the local silica tetrahedra upon dehydration with aid of °Si NMR, as well as their
association with XRD results (Fig. 6.3).
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Fig. 6.3. Distribution of silicate phases during dehydration of lizardite as function of the residual OH content
%, as determined by 2°Si NMR analysis. The respective at which lizardite was activated is represented as Liz-
T(°C). Figure from Chizmeshya et al., 2006 [101].

Q: dehydroxylate | as well as a Q; silicate phases are formed upon lizardite amorphization.
Comparison with XRD results of lizardite activated at 580°C (Figs. 2.22 and 6.3), where an
amorphous component was observed as well as the “a component”. This latter phase is strongly
associate to a Qs dehydroxylate I due to their silicate structure remained largely unaltered upon Qs
lizardite dehydration. It should also be noted that Qs dehydroxylate IT (“a component”) have
overlapping features with Qs lizardite [283]. Therefore, the presence of “a component” in the XRD
data indicated that Qs from Fig. 6.3 represent both lizardite consumption as well as “o. component”
formation. Q; dehydroxylate I amorphous phase and a Q; silicate phase are forming as lizardite

dehydrates. Comparison with the XRD data where only “o component” and residual brucite showed
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crystalline X-ray scattering, strongly suggesting that Q. phase is also amorphous [101]. Such
inosilicate-like phase might be precursor of enstatite. In summary, upon lizardite activation three
intermediate phases might have formed. Among such phases, two are amorphous (Q: dehydroxylate
I and Q precursor to enstatite) and the remaining is crystalline (Qs dehydroxylate 11). Such
intermediate phases are precursors for enstatite and forsterite.

A possible dehydration mechanism that explain the relationships between the different formed
phase upon lizardite activation have been discussed based on the OH vibration changes upon
dehydration as observed with FTIR [49,101]. It was observed that the reactivity of inner OH was
higher than outer layer “brucite-like” hydroxyls, suggesting that the dehydration process starts form
the inner OH. Inner hydroxyls start to react with Qs lizardite and protons are liberated. Then, these
protons react with outer OH and forming water, which is liberated from the silicate structure. Local
Qs now have a charged oxygen, which induces the tearing of Qs to Qs’(“a component™), Qzand Q1
(Fig. 6.4). The proposed resulting structure is shown in Fig. 6.5. Resulting amorphous Qi
dehydroxylate | share only one oxygen with Qs’ dehydroxylate II. Such arrangement is rare for
silicates[101]. Therefore, both their amorphous nature and their rare silicate coordination might
indicate that Q: dehydroxylate I is highly reactive.

a 2Q,+ O - 2Q, Q; + 0 —» 2Q, 2Q,+ 0 » 2Q, d Q+0—>ZQO
@@ VA VA = A =0
$i,0; [S10 81,05 (S 81,0, [Si0,.] $i,04 [SI0;] S0 “X ?i’ ! 4“ [sio.]

X ‘ Y. d<y
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Fig. 6.4. Schematic of inter-relationships between Q species. Conversion of (a) Qs to Qs, (b) Qs to Q2, (c)
Q2 to Qi and (d) Q1 to Qo. Figure from Chizmeshya et al., 2006 [101].

Fig. 6.5. Proposed structure of partially-activated lizardite by tearing of the Qs silicate phases to

intermediate Q3’, Q2 and Q1 phases. Figure from Chizmeshya et al., 2006 [101].
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The high reactivity towards MC of such intermediate phases (Fig. 2.24) and the vast amounts of
serpentinites reserves, makes this process (heat activation) a promising option for MC. Moreover,
numerous worldwide and large mining sites produces large amounts of finely-ground, cheap and
easy-accessible ultramafic mine wastes [269,346,439-441]. Serpentinites are, among such wastes,
the most abundant.

An experimental campaign was carried out in order to provide more insights on the role of partial
dehydration of lizardite, by an extensive characterization of the intermediate phases formed upon
activation as well as their reactivity towards MC. Different activated lizardites were carbonated via
in a continuous flow at 6 bar and 50 to 120°C in the presence of steam. The results obtained provides
insights on the differentiation of the evolved intermediate phases upon lizardite activation and their
role towards MC.

6.2. Results and discussion

6.2.1. Mg-rich silicate phases analysis upon lizardite activation

A complete transformation of lizardite was observed upon activation, as its characteristic XRD,
Raman and FTIR features are no longer observed (Fig. 6.6a, b, ¢). The formation of forsterite and
minor hematite (Fes*?O3) were observed in all activated materials. With increasing temperature from

610 to 710°C, a prograde formation of both forsterite and hematite was observed.

Moreover, XRD analysis shows the presence of a plateau in the 26° range betweenl7 to 43 in
all activated materials, strongly suggesting the presence of an amorphous component (Figs. 6.6a,
6.7) [49,401,405]. As summarized in the introduction (section 6.1), different studies have observed
different Mg-rich intermediate phases upon activation of lizardite [101,438]. There are three known
intermediate precursors upon lizardite activation: two amorphous phases(Q: dehydroxylate | and Q-
Mg-rich phase) and one crystalline phase (Qs dehydroxylate IT “o. component™) [101,283,438]. This
intermediate crystalline phase is not identified in our results, as its characteristic X-ray scattering at
26° = 6.0° are not observed (Fig.6.7) [49,101].

Q: and Q2 Mg-rich phases might be responsible for the amorphous component observed with
XRD (Fig. 6.7). The residual OH content was estimated with TPD for each activated material,
accounting for 8.47, 4.92 and 1.93% for AS610, AS650 and AS710, respectively (Fig. 6.6d).
According to Chizmesya et al. 2006 [101], Qs “a component” is no longer observed when the
residual OH content reaches >90% and the amorphous phases (Q: and Q. Mg-rich silicate phases).

Such observation is in agreement with our results.
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Fig. 6.6. (a) XRD, (b) FTIR, (c) Raman, (d) TPD analysis as well as (e) particle size distribution of sampled
serpentinite prior and after activation. Figure adapted from Rausis et al., 2020 [385].

Farhang et al., 2016 [196] conducted an experimental study on the carbonation of activated
lizardite at elevated pressures and temperature (150°C, 140 bar). It was observed that the Qs
dehydroxylate phase was poorly reactive as it remained seemingly unreacted upon carbonation. This
might indicate that in order to increase the reactivity of activated serpentine, a complete
transformation of such phase to amorphous phases should be attained. Our results indicate that at
610°C a complete transformation of lizardite is observed as well as a complete (or almost complete)
transformation of Qs dehydroxylate 11 to amorphous and more reactive intermediate phases, while
only minor and less reactive forsterite was formed. Moreover, lower activation times might inhibit
the formation of forsterite. However, it might also decrease the conversion yield of Qs dehydroxylate
Il to amorphous intermediate phases, as well as the transformation of lizardite, as observed by
McKelvy et al., 2004 [49]. Therefore, this suggest that there is an optimal combined temperature
and time for obtaining the maximum yield of amorphous phases upon a complete transformation of
lizardite.

Upon activation, only the 3680 cm* OH Raman and FTIR band remained detectable, however
it is barely recognizable due to the partial dehydration of lizardite (Fig. 6.6b, c). The intensity of
such band decreases as the activation temperature increases from 610 to 710°C (Fig. 6.6b, c, d). The
local OH bonding environment remained largely unaltered upon activation as evidenced by the
minimal frequency shifts of the OH bands, in agreement with Mckelvy et al., 2004 [10].




142

Chapter 6: Carbonation of activated lizardite

"AC": Amorphous component; F: Forsterite; Mn: Magnetite; Hm: Hematite
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Fig. 6.7. XRD analysis of activated materials at 610, 650 and 710°C during 16 hours. Figure from Rausis
et al., 2020 [385].

The characteristic 1086, 958, 610 and 570 cm™ FTIR bands disappeared upon activation and two
new distinct broad and less intense peaks are observed at 1020 and 888 cm, which is in agreement
with a complete transformation of lizardite. These latter peaks are associated with the presence of
intermediate Mg-rich silica phases [353,442].The band at 1020 cm™* overlaps with incipient forsterite
formation. Benhelal et al., 2019 [353] discussed that the 888 cm™ band might be associated with the
Si-OH bending vibration of free silanol groups. The relative proportion of these two new peaks

formed upon activation is different for each activated material.

Raman analysis also confirmed a complete transformation of lizardite and the incipient
formation of forsterite and hematite, as well as the emergence of two broad peaks at 622 and 672
cm™. Broad Raman peaks are often associated with highly-disordered materials [55]. Analogous to
FTIR discussion, these emerged Raman bands (622 and 672 cm™) are associated with intermediate
phases. Moreover, it should be noted that forsterite Raman peaks does not overlapped with the peaks
of these intermediate phases, which makes easier the differentiation of intermediate Mg-rich silicate

phases.

Particle size changes were also measured upon activation. It was observed that the smaller grain
from the starting material have acquired a slightly bigger size upon activation (Fig. 6.6e). The size

progressively increases with higher activation temperatures.

6.2.2. Steam-mediated carbonation

The emergence of carbonate phases where observed upon reaction of AS610, AS60 and AS710.
Fig. 6.8 shows the Raman analysis of the solid products of carbonation performed at 50, 90 and
120°C and 6 bar during 30min to 4h. The appearance of two different Raman peak at 1094.2 + 0.4,
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1116.6 + 0.3 cm™*) were observed. within the region of the visym of the carbonate ion (CO3%; visymcar)
[380,381] for all three activated materials. The 1094.2 + 0.4 cm™ Raman peak appears with
concomitant 324.9 + 0.5 Raman peak within the lattice vibration region (100-500 cm™). The
identification of these peaks is particularly evidence for the AS610 materials. The concomitant
emergence of those two peaks might suggest the presence of magnesite (see chapter 4 and 5).

FWHM and peak position comparison of the viymcar Raman peaks is shown in Fig. 6.9.
Calculated data of visymcar Raman peaks from experiments carried at 120°C shows that the observed
1094.2 + 0.4 cm™ Raman peak fits well with reference magnesite for all three activated materials.
The second peak (1116.6 + 0.3 cm™?) fits well with reference hydromagnesite, particularly for AS610
materials. The calculated data for this same Raman peak observed for the AS650 and AS10 is
approaching the reference data for dypingite.
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Fig. 6.8. Raman spectra of activated materials (AS610, AS650, AS710) and their respective reaction

products from 30 minutes to 4 hours. Figure from Rausis et al., 2020 [385].

Treatments performed at 90°C exhibit the emergence of two visyncar Raman peaks at 1093.4,
1118.9 + 1 cm™). The position of these peaks does not vary as the carbonation reaction proceeds.
The 1093.4 cm™ peak, despite having similar position as reference magnesite, it does not emerge

with the concomitant magnesite peak at 324.9 + 0.5, suggesting that the phase responsible for
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the1093.4 cm is different from magnesite. The calculated FWHM vs peak position data shows that
this peak does not correlate with any represented Mg-carbonate phase. Moreover, previous studies
have observed the presence of a very similar peak [55], which was associated with the presence of
an hydrous AMC with composition and dehydration behavior akin to nesquehonite. The presence of
this peak was only observed at 30min of reaction for AS610 and AS650. However, it was observed
only during the first hour of reaction for the AS710 materials. The disappearance of this peak upon
longer reaction times (2 to 4h) for all activated materials indicates that this possibly AMC is
precursor to the phase responsible for the 1118.9 + 1 cm™ peak. This latter peak is observed to be
slightly shifted from the phase observed from 120°C treatments (1116.6 + 0.3 cm™*). The comparison
between FWHM and peak position shows this phase might be dypingite (See chapter 4 and 5).
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Fig. 6.9. FWHM vs peak position of Raman visym peaks emerged upon carbonation of AS610, AS650 and
AS710. M: Magnesite; N: Nesquehonite; H: Hydromagnesite; D: Dypingite. FWHM and peak position of
reference minerals were calculated following Lafuente, et al., 2015 [85]. Figure from Rausis et al., 2020 [385].

Treatments performed at 50°C shows the emergence of three visymcar Raman peaks at 1094.1 +
0.5, 1100.5 + 0.9, 1122.1 + 0.6 cm™. Clear differences on the emergences of these carbonates
associated peaks are observed among the different activated materials. The first peak 1094.1 £ 0.5
cm? is similar to that observed at 90°C, which might be associated with an AMC, following
observations reported by Rausis et al., 2020 [55]. The calculated data for the 1100.5 = 0.9 Raman
peak fits well with reference nesquehonite only for AS650. However, for AS610 and AS710 such
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peak keeps the same position but it has significantly higher FWHM. Additionally, the AS610 shows
only the presence of this peak at any reaction time. However, this peak is only identified from 30min
to 2h for AS650 and AS710. At 4h of reaction, two visymcar Raman peaks emerges at 1094.1 + 0.5
and 1122.1 + 0.6 cm. This indicated that the 1100.5 + 0.9 cm™ nourished the late growth of the two
emerged peaks at 4h. Analogous behavior was reported in a recent study [55]. The emergence of the
broad 1094.1 + 0.5 cm™ might be associated with the presence of a hydrous AMC, as previously
discussed. The calculated FWHM vs peak position of the 1122.1 + 0.6 cm™ band shows a good
correlation with dypingite, but with higher FWHM, suggesting a highly-disordered structure [55].

Results are in agreement with observation from previous studies, where it has been observed
that the formation of hydromagnesite at < 50 °C is kinetically inhibited by the preferential formation
of more hydrated phases such as dypingite, nesquehonite and possibly an hydrous AMC
[188,346,426]. This behavior is analogous to the inhibition of magnesite formation by
hydromagnesite at higher temperatures [193,264,369], probably due to the slow dehydration kinetics
of Mg?* [413]. Raman observation are suggesting the presence of different Mg-carbonate phases
with different amount of molecular water, whose formation is significantly controlled by the reaction
temperature. However, such phases cannot be easily distinguished with the sole observation of the
Raman associated peaks due to overlapping features [380].

Additionally, changes upon carbonation are observed on the emerged 622 and 672 cm™ peaks
(Fig. 6.6c) from activation of lizardite, particularly for the 622 cm™ peak (Fig. 6.8). These bands are
possibly associated with the presence of an amorphous Mg-rich phases since only forsterite and
hematite were the only crystalline observed phases (taking into account that semi-ordered Qs
dehydroxylate Il was not identified). The intensity of the 622 cm™ Raman band is diminishing as the
carbonation proceeds, probably indicating that this phase is partially of fully nourishing the growth
of carbonate phases. On the other hand, the broad band at 672 cm™ remained relatively unreacted
upon carbonation. Therefore, this observation might suggest that two Raman peaks are associated
with two distinct amorphous intermediate Mg-rich phases (probably Q1 dehydroxylate I and Q. Mg-
rich phase, see section 6.1.), where the phase associated with 622 cm™ Raman band is significantly
more reactive. Similar observations were also suggested by Benhelal et al., 2018 [438].

Previous studies have reported a partial recrystallization of antigorite from the intermediate
phases upon high-pressure treatments [353]. As discussed by the authors, such recrystallization is
undesired since not only partially disactivate the reactive nature of meta-serpentines, fixing available
reactive Mg within stable serpentine structure, but also increases the energy penalty of the overall
reaction. The recrystallization of lizardite did not occur in this study as evidenced by the lack of
lizardite characteristic Raman feature upon carbonation. Such observation is in agreement with
Benhelal et al., 2019 [353].
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Forsterite was not observed to carbonate under the experimental conditions used in this work, as
evidenced by the relatively unchanged forsterite Raman features upon carbonation. Gerdemann et
al., 2007 [145] observed higher carbonation yields for forsterite rather than activated serpentine from
carbonation treatments at elevated temperatures and pressures (185°C and 150 bar). However, at
pressures <25 bar, forsterite remained largely unaltered while activated serpentine was significantly
carbonating (see section 2.3.1.3.2.), in agreement with results from this study.

FTIR-ATR analysis of the activated materials and carbonated materials was carried out in order
to provide additional information on the differentiation of carbonate phases as well as intermediate
Mg-rich phases (Fig. 6.10), since both Raman and FTIR are commonly used for identifying
amorphous and semi-ordered materials [443,444]. Upon formation of carbonates tree absorbance
bands appeared at 797 + 3, 853 + 2, 883 + 3, 1418,9 + 8.2, 1480.6 + 5.3 and 1516 + 3.2 cm™. The
bands at 1418,9 + 8.2, 1480.6 + 5.3 and 1516 + 3.2 cm™are characteristic of vz asymmetric stretching
mode of the COs? and HCOs™ functional groups [182,356,360]. The latter band (1516 + 3.2 cm™?) is
often attributed to the presence of nesquehonite or hydromagnesite-like phases. The 883 + 3 cm is
attributed to the out-of-plane v COz*> bending mode, characteristic of magnesite and
hydromagnesite-like phases [182,356,376]. The 853 + 2 cm™ FTIR peak is associated with the out
of plane v, HCO;z bending mode, characteristic of hydromagnesite-like phases, nesquehonite and
possible to an hydrous AMC [55,182,376]. The 797 + 3 cm™ band is characteristic of the in-plane v4

COs% bending modes, commonly observed in hydromagnesite-like phases [182,376].

The 883 + 3 cm™ FTIR peak is not observed from the reaction products obtained at 50°C for
AS650 and AS710 (up to 4h). The absence of this peak might discard the presence of
hydromagnesite-like phases and magnesite. Therefore, the more plausible Mg-carbonate phases that
might explain the absence of this peak are nesquehonite and probably AMC. The transformation of
a nesquehonite-like phase to a hydromagnesite-like phase was observed with Raman at 50°C (Fig.
6.8), which occurred at 4 hours for both AS650 and AS710 is also observed with FTIR, as evidence
by the 883 + 3 cm™ peak emergence as well as a peak shift from 1411.3 + 1 to 1426.1 + 1 cm™
[182,376]. The differentiation of magnesite and hydromagnesite-phases is difficult due to
overlapping FTIR features.

Changes on the Si-O-Si stretching modes are observed upon carbonation. Upon carbonation two
peaks are observed at 1019 + 8.5 and 1073.55 + 3.95 cm™. The first peak (1019 + 8.5 cm%, which is
overlapped between forsterite and probably an intermediate Mg-rich phase) is also observed in the
activated materials and it remained seemingly unchanged upon carbonation, suggesting that the
phases responsible for this peak did not react. Such behavior was also observed by Benhelal et al.,
2019 [353]. Moreover, the broad peak observed upon activation at 883 + 3 cm™ is no longer
identified upon carbonation; instead a characteristic thin peak of hydromagnesite-like phases and/or

magnesite is identified in a very similar position. The intermediate and probably amorphous phase
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Mg-rich phase responsible for this peak is partially or fully nourishing the growth of carbonation. A
combined observation of Raman (Fig. 6.8) and FTIR (Fig. 6.10) results suggest that the intermediate
and probably amorphous Mg-rich silicate phase responsible for the 888.1 cm™ and 626.3 + 3.5 cm™
FTIR and Raman broad peaks, respectively, is highly-reactive. In a similar way, the 673 + 1.1 cm™
Raman peak is associated with a less reactive and possibly amorphous Mg-rich phase partially
responsible for the overlapped peak at 1019 + 8.5 cm® FTIR peak. The inexistence of the
characteristic lizardite peaks upon carbonation suggest the recrystallization of lizardite did not occur,

in agreement with Raman observations.
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Fig. 6.10. FTIR-ATR analysis of activated materials (AS610, AS650 and AS710) and their respective

reaction products. Figure from Rausis et al., 2020 [385].

Moreover, our results suggests that the observed highly-reactive amorphous intermediate Mg-
rich silicate phases is different from the poorly-reactive precipitated Mg-silicate phases (PMSP)
observed upon carbonation, associated with a similar FTIR band, as observed by Benhelal et al.,
2019 [353]. This might indicate that PMSP might be associated with another FTIR band and might
not contain silanol groups (as discussed by Benhelal et al., 2019 [353]), or might have overlapping
features with the highly-reactive phase observed in this study. In this study, upon carbonation the

characteristic peak of hydromagnesite-like phases and magnesite was the only emerged peak within
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this discussed FTIR region. This could also suggest that PMSP were not formed in this study, since
the activation process as well as the carbonation conditions were different to those reported by
Benhelal et al., 2019 [353]. Therefore, it is not clear if PMSP were formed in this study or if it should
be assigned to different FTIR features.

Analogously, the 888.1 cm?® FTIR band associated with the intermediate and possible
amorphous silicate phases might not contain silanol groups, as both this latter functional group as
well as siloxane and Si-O-Al?*/Na*/Mg?* groups are associated with the emergence of a Si-rich

passivating layer [101,445-447], which is incoherent with the high-reactivity of this phase.

The emergence of the 1073.55 + 3.95 cm™ band, formed upon carbonation and different from
the un-activated lizardite FTIR features (Fig. 6.6), might suggest that this phase contains siloxane
groups [353] or amorphous silica [448]. The appearance of this Si-rich phases, formed upon Mg
liberation, are known to passivate carbonation reactions [449,450]. Moreover, it was recently found
that such Si-rich phases can also retain a fraction of Mg, reducing the available Mg fraction to form

carbonates and therefore reducing the carbonation yield [353].
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Fig. 6.11. XRD analysis of the activated materials (AS610, AS650 and AS710) and their respective reaction
products obtained after 4h of reaction. Unmarked peaks correspond to forsterite. Figure from Rausis et al.,

2020 [385].

In order to provide more insights on the differentiation of both carbonate phases and intermediate
Mg-rich silicate phases, and XRD analysis of activated and carbonated materials was performed

(Fig. 6.11). Hydromagnesite characteristic x-ray scattering [193,203] was observed at 120°C for all
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the activated materials as well as magnesite XRD features [193,198]. However, the x-ray diffraction
lines of this latter phase was only observed for the AS610 and AS650 materials. It should be noted
that the presence of magnesite in AS710 could be obscured by the XRD data noise. At 90°C,
dypingite-like phases were observed, resembling XRD features observed by Hovelmann et al., 2012
[373] and Rausis et al., 2020a [55]. At 50°C, characteristic XRD features of nesquehonite were
observed only for AS610. Under analogous conditions, dypingite-like phases were observed for
AS650 and AS710, in agreement with Raman and FTIR observations. This observation strongly
suggest that the reactive material play an important role on the evolution of carbonate phases. The

undesired recrystallization of lizardite was not observed upon carbonation.

Moreover, a plateau was observed upon activation and carbonation in the 26° range between 17
and 43 for all activated materials. Such wide x-ray diffraction suggest the presence of an amorphous
component [49,401,405]. The comparison with Raman and FTIR might indicate that the phases
responsible for this amorphous component after carbonation might be the observed poorly-reactive
amorphous intermediate, amorphous silica and, in some experiments, the presence of a hydrous

AMC. The possible amorphous phases upon activation were discussed in section 6.2.1.

Fig. 6.12 shows representative SEM images of the evolution of carbonate phases as the reaction
proceeded. Hydromagnesite characteristic plates (>1um) [171,194] arranged in a rosette
agglomerate are observed upon carbonation of AS610 during 1h at 120°C (Fig. 6.12a). The
progressive formation of rhombohedral magnesite (~1um) [387] is observed with longer reaction
times (2h, Fig. 6.12b; 4h, Fig 6.12c). The aggregation of hydromagnesite and magnesite shown in
Figs. 6.14b inset and c, possibly indicate that both minerals were formed by nucleation and crystal
growth [198].

Prismatic rod-like structures (~5um) with similar morphology as nesquehonite [178,376] were
observed in AS610 after treatment at 90°C during 30 min (Fig. 6.12d). Overgrowths of flaky
nanocrystals (<100nm) and microcrystals (<lum) are observed on the surface of the prismatic
structure, resembling a well-developed “house of cards” texture, which is characteristic of the
transition of nesquehonite to dypingite-like phases [55,179,432,451]. The nano-flaky crystals form
also sub-spherical aggregates, as also observed by Zarandi et al., 2017 [376]. Comparison with XRD,
FTIR and Raman, where dypingite-like phases probably coexisting with a hydrous AMC were the
only identified carbonate phases under these specific conditions and reacting material, suggest that
the rod-like structure evidences a rapid formation of prismatic nesquehonite followed by its
transformation into dypingite-like phases and possibly AMC. Such transformation is a good example
of the Ostwald step rule [393].

The “house of cards” texture is associated with a dissolution-recrystallization self-assembly

growth mechanism [452]. This possibly implies the formation of a liquid water interface on the
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surface of the reacting material [452]. The condensate water interface might come from the

dissolving mineral or from surface condensation of water vapor.

Treatments performed at 90°C during 1h using AS610 exhibit the formation flaky dypingite
crystals arranged in rosette agglomerates (Fig. 6.12¢), resembling feature observed by Hopkinson,
et al., 2008 [182].

Fig. 6.12. Representative SEM images of carbonate products. AS610 materials carbonated at 120°C for
(a) 1h, (b) 2h and (c) 4h; 90°C for (d) 30min and (e) 1h. AS650 treated at 50°C for (f) 4h. AS710 materials
carbonated at 50°C for (g) 2h and (h) 4h. Hmg: hydromagnesite, Mag: magnesite, Dyp’: nano-dypingite
(<100nm), Dyp: dypingite, Nsq: nesquehonite. Figure from Rausis et al., 2020 [385].

Carbonation of AS650 at 50°C during 2h shows the formation of massive prismatic nesquehonite
crystals (Fig. 6.12f). Analogous treatments using AS710 shows acicular aggregates with
morphological features that resembles nesquehonite (Fig. 6.12g) [182]. Comparison with Raman
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and XRD indicated that the massive nesquehonite has similar FWHM to the reference mineral.
Nonetheless, the acicular aggregation of prismatic crystals is observed to have a significantly higher
FWHM while keeping the same peak position as reference nesquehonite. Upon increasing the
reaction time (4h) flaky dypingite arranged in rosette crystal arrangement were observed, suggesting
that the nesquehonite-like acicular aggregates completely transformed into dypingite, in agreement
with Raman, FTIR and XRD observations. The identified carbonate phases in each carried

experiment is summarized in Table 3.6.

6.2.3. TPD-CO2-H20 analysis

A TPD analysis was carried out in order to quantify the obtained time-resolved carbonation
yields (Fig. 6.13). Differentiation of overlapping decomposition behavior among the different Mg-
carbonate phases was carried by comparison with Raman, XRD, FTIR and SEM results.
Dehydration and decarbonation of hydromagnesite from 120°C experiments was observed to occur
from 165°C-340°C and 350-550°C, respectively, as observed in previous studies [365,394,395]. The
decarbonation between 450-570°C from treatments performed with AS610 at 120°C for 2 and 4h is
significantly increased when compared to lower reaction times (30min and 1h). This observation,
together with Raman, XRD, SEM and FTIR data suggest the presence of magnesite. The
decomposition behavior of AS650 and AS710 reaction products obtained from 120°C treatments is
similar to those obtained with AS610, but over prolonged reaction times and with a lower peak
associated with magnesite decarbonation.

Dehydration of the reaction products obtained from 50 and 90°C carbonation treatments is
observed to occurs from rT to 270°C and is associate to the dehydration of nesquehonite [396],
dypingite-like phases [398—400] and/or possibly a hydrous AMC with dehydration temperature akin
to nesquehonite [55,425]. The decarbonation of these phases occurs between 350-550°C.

The residual OH content from the activated material upon carbonation remained seemingly
unchanged. This indicates that undesired recrystallization of lizardite did not occur [353] in
agreement with above mentioned observations (see section 6.2.2.). Moreover, it also indicated that
a silicate phase containing OH groups (evidenced by the elevated dehydration temperatures >600°C
remained after carbonation. The more plausible explanation might be that the poorly-reactive
intermediate and possibly amorphous phase contains OH groups and the highly-reactive
intermediate phase is anhydrous. However, there are several scenarios that might explain such

observed behavior.

The progressive decomposition of silanol groups were not observed [353]. A possible
explanation might be that either such groups are not present upon carbonation of the activated
materials or the low abundance of such groups, together with a prolonged dehydration behavior,

might be obscured by the He-flow during TPD measurements.
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Fig. 6.13. TPD-CO2-H20 analysis of the activated materials (AS610, AS650 and AS710) and their
respective reaction products. Dehydration and decarbonation temperature ranges of reference Dyp (dypingite),
Nsq (nesquehonite), Hmg (hydromagnesite), Mag (magnesite) and AS (activated lizardite) are shown with
double ended arrows [203,395-400,453]. Figure from Rausis et al., 2020 [385].

6.2.3.1. COa2: H.0 ratio of the carbonate products
The CO,:H0 ratio was estimated by calculating the areas of the deconvoluted peaks associated
with the dehydration and decarbonation of carbonate phases formed upon reaction, respectively.
Peak deconvolution of the decarbonation and dehydration of this phases was carried out taking into
account the reference decomposition behavior of magnesite [203,453] and hydrated Mg-bearing
carbonates [395-400]. Fig. 6.14 shows the calculated CO,:H-0 ratio of the carbonate products.

The hydration of the carbonate products obtained from reaction of AS710 at 120°C fits well with
stoichiometric hydromagnesite. The reaction products from AS610 and AS650 treatments at 2 and
4h are less hydrated than hydromagnesite, in agreement with the presence of both hydromagnesite

and anhydrous magnesite.

The reaction products obtained from carbonation at 90°C have higher amount of water than

stoichiometric dypingite. However, dypingite-like phases have a variable amount of water molecules
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per unit [55,180,183,185]. Treatments performed at 50°C yielded to the formation of hydrated
carbonates with a chemical composition similar to stoichiometric nesquehonite during 30min to 1h.
Over longer reaction times (2 and 4h), they lose molecular water, resulting in a carbonate product
that is more hydrated than nesquehonite and less hydrated than dypingite, in agreement with the

presence of dypingite-like phases, as observed with XRD, Raman and SEM.
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Fig. 6.14. CO2:H20 wt%. ratio of carbonate phases formed upon reaction of AS610, AS650 and AS710.
Hmg, Dyp and Nsq refers to the CO2:H20 composition of stoichiometric hydromagnesite, dypingite and
nesquehonite, respectively. Error bars estimate the average between three analogous experiments. Figure

from Rausis et al., 2020 [385].

6.2.4. CO; sequestration and carbonation yield

The CO; wt% sequestered in the reaction products and the estimated Mg wt% fixed by
carbonates, estimated by calculating the Mg composition of formed carbonates based on the H,O
and CO; contents from Fig. 6.14 (Fig. 6.15). XRF analysis of starting serpentinite exhibit a MgO
content of 37wt%., which corresponds to 24,8, 24,9 and 25 Mg wt% for AS610, AS650, AS710,
taking into account the increase of oxide composition due to respective partial dehydration of

lizardite, which was measured via TPD analysis (Fig. 6.6d).

Reaction products from 120°C experiments are observed to store more CO; than those obtained
from 50 and 90°C for all activated materials. The maximum CO, wt% was obtained from the

carbonation of AS610 at 120°C during 4h.
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Fig. 6.15. (a) Grams of CO2 sequestered per 100 grams of sample, as estimated from TPD analysis. (b)
Amount of Mg fixed by carbonate minerals after carbonation of AS610, AS650 and AS710. Error bars take into
account the phase variability and the calculated data from three analogous experiments. Figure from Rausis et
al., 2020 [385].

Activation of serpentine minerals induces the formation of highly reactive intermediate phases,
particularly the amorphous Mg-rich phases (see section 6.2.1 and 6.2.2) [49,287]. The crystallization
of ordered and les-reactive forsterite and enstatite occurs upon gradual increase of activation
temperature from 610°C to 1100°C. Their formation follows a topotactic, where the rate transition
rates decreases with increasing degree of disorder [287]. The undesired nucleation of such phases
from intermediate Mg-rich phases significantly decreases the reactivity of such material, particularly
the nucleation of enstatite [287]. In this study, a progressive formation of forsterite was observed
with increasing activation temperature (Fig. 6.6). This might indicate that the lower carbonate
content observed upon carbonation of the activated material at higher temperature (AS710)
compared to activated material at lower temperature (AS610) is associated with a gradual nucleation
of the intermediate amorphous phases to forsterite. This strongly suggest that there is an optimal

combined activation temperature and duration where a complete transformation of lizardite occurs
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without the recrystallization of such intermediate phases to forsterite and enstatite, in agreement
with previous studies [49,286,287].

The particle size changes upon activation should also be considered, as they play an important
role on the carbonation enhancement [145]. In this study, the grain sizes of the different activated
materials were found to be very similar (Fig. 6.6). However, higher temperature activated materials
(AS710) have slightly bigger grain sizes than those obtained at lower activation temperatures
(AS610; Fig. 6.6e). This could contribute to slight decrease on carbonate formation rate for AS650
and AS710 relative to AS650, as less surface area is able to react with CO,and H,0.

Carbonation of AS610 yielded to higher Mg wt% stored by carbonates (accounting to~23.3%)
than AS650 and AS710. Carbonate formation reached a steady state after 2h, and therefore, very
similar Mg wt% are stored upon 2 and 4 hours of reaction. This low attained Mg wt% strongly
suggest that the carbonation reaction have been passivated during the studied timeframe. The
concomitant formation of carbonates and silica upon carbonation of intermediate amorphous Mg-
rich silicate phases might have played an important role on the passivation of such reaction, as
previous studies have suggested [449,450]. Moreover, the presence of magnetite and hematite might
also contribute to the passivation of the carbonation reaction, since some studies have suggested that
a Fe-rich passivating layer can be formed from the oxidation mechanisms of iron oxides during both
activation and carbonation [44,454]. The formation of such passivating layer can be easily avoided
by removal of the magnetic fraction by gravimetric separation once the material is grinded [44].

Moreover, relatively pure and profitable magnetite can be obtained from such processes [44,168].

Another factor that might contribute to the low obtained Mg wt% is the formation of forsterite,
since the nucleation of this mineral fixes a significant amount of Mg and the concomitant partial loss
of the amorphous nature from activated materials. This is in agreement with the lower Mg fraction
observed for the higher temperature activated materials (AS710) since they have a significantly
higher forsterite yield, compared to materials activated at lower temperature (AS650). Moreover,
the slightly bigger grain size for AS710 compared to AS650 and AS610 might also be partially

responsible for this behavior.

Moreover, the coexistence of distinct intermediate and amorphous Mg-rich silicate phases with
different reactivity might also play a role on the carbonation passivation, since poorly-reactive
amorphous phases could have remained partially or fully unaltered upon carbonation, fixing a
significant amount of Mg within their disordered structure. Moreover, the formation of a passivating
Si/Fe-rich layer and carbonates on the surface of forsterite and poorly-reactive amorphous Mg-rich

silicate phases could slow or inhibit their reaction with CO, and HO.

Undesired reactions, as described in Benhelal et al, 2019 [353], could also play an important role

on the passivation of the carbonation reaction. The partial recrystallization of serpentine minerals
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upon carbonation not only partially disactivates the highly-reactive materials but also fixes a fraction
of Mg. Moreover, a recent study observed that Si-rich phases (such as PMSP) could also retain a
fraction of Mg, reducing the available Mg that could be used to form carbonates [353]. The
recrystallization of lizardite was not observed in this study. However, the possible formation of Si-
rich phases, as observed with FTIR (Fig. 6.10), could have retained a fraction of Mg, reducing the
carbonation yield.

Several studies have reported a limited carbonation yield ¢ 40%) upon direct carbonation of
activated serpentine [196,353,455]. Generally, lower carbonation yields are observed for activated
antigorite than lizardite, mainly due to the undesired recrystallization of antigorite upon carbonation
[353]. The main discussed factors that passivates the direct carbonation of activated serpentine are:
(i) the undesired reactions [353], (ii) unreacted intermediate amorphous Mg-rich phase (this study),
(iii) the presence of poorly reactive Qs dehydroxylate Il [196] (iv) nucleation of forsterite and
enstatite [287] and (v) the formation of Si/Fe-rich passivating layers [44,449,450,454]. On basis on
this observations, activation processes can be further optimized in order to (i) obtained a complete
or almost complete transformation of lizardite as well as a complete transformation of Qs
dehydroxylate Il to amorphous intermediate Mg-rich silicate phases, (ii) increase the proportion of
highly-reactive intermediate amorphous phase relative to the poorly reactive amorphous phase and
(iii) avoid the nucleation of forsterite and enstatite. Moreover, a combined carbonation and activation
processes should be focused on minimizing the passivation effect due to undesired reactions and the

formation of passivating layers (if possible).

6.2.5. Magnesite formation

The yield of magnesite and hydromagnesite formation (expressed as the Mg wt% stored in such
minerals) was possible to estimate due to the decarbonation of such phases occurs at slightly
different temperature ranges observed with TPD and by comparison of Raman, XRD and SEM
results. Fig. 6.16 shows the respective Mg wt% fixed within magnesite and hydromagnesite

structures upon carbonation of the activated materials at 120°C from 30 min to 4h.

Hydromagnesite formation reached a steady state after 1h of reaction for the lower temperature
activated materials (AS610, AS650) and after 2h for AS710. Moreover, the total Mg wt% stored
within hydromagnesite structure once it has reached the steady state was observed to be very similar
for all activated materials accounting to 15%. Such fraction is lower the total obtained after 4h of
reaction, which might suggest that the reaction environment is saturated with respect to
hydromagnesite, inhibiting further formation of this latter mineral. An analogous behavior can also

be observed from 120°C treatments performed in Farhang et al., 2017 [196].
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Fig. 6.16. Mg wt% of fixed by hydromagnesite and magnesite upon carbonation of AS610, AS650 and
AS710 at 120°C, from 30 minutes to 4 hours. (Mg total) Mg wt% that has been stored by both (Hmg)

hydromagnesite and (Mag) magnesite. Figure from Rausis et al., 2020 [385].
The formation of magnesite was identified after 1h for the AS610 and AS650 materials and it
was observed once hydromagnesite formation reached a steady state, which might suggest that
magnesite formation is accelerated in a reaction environment saturated with respect to
hydromagnesite. Moreover, magnesite content was observed to be lower for the higher temperature
activated materials (AS610 > AS650 > AS710). This is in agreement with the slower formation rate
of hydromagnesite on AS650 and AS710 compared to AS610, taking longer reaction times to reach
the hydromagnesite steady state, thus, delaying the formation of magnesite.

Several studies have observed that the formation of magnesite at moderately low temperatures
(<250°C) often undergoes the transformation of hydrated carbonates (i.e.: hydromagnesite), since
the direct formation of magnesite is inhibited by the kinetically preferred formation of hydrated
species, mainly due to the high hydration nature of Mg?* [179,193,413]. However direct formation
of magnesite (without a hydrated precursor) can also be formed at low temperature, however it is
often related to occur over extended times (often involving geological timescales) [194,195]. It

remains unclear whether magnesite formation observed in this study underwent a hydrous precursor

or if was directly form from activated serpentine.
Magnesite formation often requires elevated temperature and pressures (100°C, ~100 bar) as
well as extended reaction times [178,179,197,200]. Such rapid magnesite formation at this
temperature and pressures is often comparable with other studies carried at significantly higher
pressures (150 bar). Experiments carried under similar conditions (120°C, 10 bar) of those reported
in this study (120°C, 6 bar) reported that the transition between hydromagnesite to magnesite
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occurred over several days [201]. Our results strongly suggest that magnesite formation is greatly
accelerated, as evidence by its appearance at 1h of reaction at 120°C and 6 bar during steam-mediated
carbonation reactions (see also section 2.1.1). This accelerated formation of magnesite might be

associated with occur in a reaction environment saturated with respect to hydromagnesite.

6.3. Conclusions

The results from this work provides new insights on the intermediate Mg-rich silicates phases
that formed upon activation and the role they individually play during carbonation reactions.
Moreover, it also provides new information about the formation of Mg-carbonate phases and their
evolution as the reaction proceeds. It was observed that temperature is the dominating factor that
controls the hydration level of the formed carbonate species. Treatments performed at 120°C yielded
to the formation of hydromagnesite and magnesite. The accelerated formation of magnesite,
particularly for AS610 materials, is observed to occur only after hydromagnesite formation reached
a steady state, suggesting that magnesite formation can be accelerated in a reaction environment
saturated with respect to hydromagnesite. Reaction carried at 90°C, exhibit a rapid formation of a
nesquehonite-like phase that it transforms in less than 30min to dypingite-like phases and possible
and hydrous AMC. On the other hand, nesquehonite remained untransformed from carbonation
treatments performed at 50°C during 2h for AS650 and AS710 and 4h for AS610. The formation
and evolution of distinct carbonate phases under analogous experimental conditions between the
different activated materials suggest that the reacting material play a key role not only on the
formation of carbonate phases but also on the evolution of such phases. This might be partially
attributed to the different relative proportion of intermediate Mg-rich phases from different activated
materials. Two distinct intermediate and possible amorphous Mg-rich silicate phases were identified
upon activation. The phase associated with the 888.1 and 626.3 + 3.5 cm™* FTIR and Raman peak,
respectively, was found to be highly reactive upon carbonation. However, the phase associated with
673 = 1.1 and 1019 + 8.5 cm™® FTIR and Raman peak, respectively, remained unreacted upon

carbonation.

Results from this work can provide important insights on optimization of the combined thermal
activation processes and carbonation treatments of lizardite, including: (i) a complete (or almost
complete) transformation of lizardite to intermediate phases as well as the transition between Q3
Dehydroxylate 11 to amorphous intermediate phases, without the nucleation of such phases to
crystalline forsterite and enstatite, (ii) the increase of the relative proportion of highly-reactive
intermediate and possible amorphous Mg-rich silicate phase relative to the poorly reactive
amorphous phase, (iii) avoiding (if possible) undesired reactions, such as re-serpentinization and

(iv) reduce the formation of Si/Fe-rich passivating layers.
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Carbonation of AS610 yielded to higher carbonate contents compared to the higher temperature
activated materials (AS650 and AS710). The maximum CO. wt%. by formation of carbonates was
attained at 120°C and 4h using AS610, accounting to 9,3 CO, wt%, which corresponds to 23.3% of
the total available Mg wt% (based on the CO2:H.O composition of the combined carbonate
products). These results are comparable to those reported for higher pressure treatments (120°C,
140bar), suggesting that elevated pressures are not strictly required for carbonation of activated
lizardite. The lower AS650 and AS710 carbonation yield is mainly attributed to the respective
nucleation of forsterite upon activation.
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7.
Carbonation of brucite-bearing serpentinized
dunite as an alternative route to the

carbonation of activated serpentine

7.1. Introduction

Mineral carbonation studies at low temperature and pressure conditions are mainly focused on
understanding naturally-occurring processes [194,195,456,457]. Nonetheless, research interest in
increasing due to the possible application of such processes for CCUS purposes [56,57,270]. An
example is the study of passive mineralization in ultramafic mine tailings under atmospheric
pressure and temperature conditions [176,376,458]. Carbonation of mine tailing is favored over their
natural analogous due to their increased surface area. It has been reported that such processes are
able to sequester significant amounts of atmospheric CO;, through the formation of highly-hydrated
hydro-carbonates such as nesquehonite, dypingite and a possible hydrous AMC [371,376,457]. The
total sequestered CO; if carbonation is accelerated relative to weathering rates throughout the tailing
bulk it could significantly exceed the CO emissions of in-situ mining operations [371]. It has been
observed that if enriched CO, gases (gases with a CO- partial pressure above atmospheric) are
supplied into the tailings, a significant carbonation acceleration is observed due to the enhance
mineral dissolution [459,460].

Brucite is a common but minor alteration product of ultramafic rocks. Different studies have
reported the presence of this mineral in chrysotile and nickel tailings as well as in chromite ore
processing residue with a total content ranging between 1 to 15wt% [456,461]. The carbonation of
brucite offers a significant CO, sequestration potential. Several studies have concluded that the
presence of brucite in mine tailings plays a key role on both accelerated and natural carbonation of

such materials [371,457,458]. The estimated chrysotile tailing mining residues is approximately 2Gt
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in Québec, Canada alone. It has been observed that in such tailings, natural brucite occurrences
accounts to 1.8wt%. [456]. If this brucite content is scaled to all the chrysotile tailings in Quebec,
the estimated CO. sequestration capacity of brucite alone is estimated to be approximately 27Mt of
CO,. Carbonation of the total brucite produced annually would significantly offset the CO.
emissions from mining operations by 22-57% [371]. Mount Keith Nickel Mine (MKM) produces
11 Mt of nickel mine tailing (NiMT) yr! with contains about 0.11-0.28 Mt of brucite, which is
mainly responsible to the sequestered 0.6 kt CO, yr? [371]. It has been suggested that accelerated
carbonation processes could significantly increase the carbonation potential of such tailings
[371].Tailings produced at Dumont Nickel deposit in Québec contains elevated brucite contents
ranging from 10-15wt% [456]. The successful carbonation of this mineral within this tailing with
significantly exceed the estimated CO, sequestration capacity of MKM tailings. The carbonation of
natural occurrences of brucite, despite its relatively low abundance, could provide significant sink

for anthropogenic CO, emissions [371].

The proposed carbonation reaction between NiMT from Dumont Ni-deposit is shown in Fig. 7.1
[175]. The measured initial pH of the analyzed NiMT was of 9.5. However, upon the introduction
of CO,, a significant pH drop was observed, which lead to the leaching of Mg?* (Fig. 7.1a). The
interface between the brucitic regions (taking into account the outer OH layer of serpentine minerals,
often referred as “brucite” hydroxyls [101]) has a pH gradient from alkaline (due to the elevated
presence of dissolved Mg?" near the brucitic regions) to acidic (CO: dissolved in water). The
nucleation of carbonates was observed to occur within this pH swing interface (Fig. 7.1b). Formed
flaky and poorly crystalline porous carbonates were observed to form aggregates, which is
characteristic of dypingite-like phases (see Figs. 4.3, 5.20). Such carbonate agglomerates evolve to
form more organized and less porous nesquehonite, which was discussed to limit the diffusion
between CO; to brucite grain, inhibiting further carbonation (Fig. 7.1c). Moreover, it was also found
that dissolution of serpentine minerals thought brucitic regions also contributed to the carbonation
reaction, since it was observed the formation of a Si-rich phase upon carbonation (3wt%.) [175].

However, the main responsible for the carbonation reaction is undoubtedly brucite.

The presence of brucite also play an important role on the natural weathering of (ultra)mafic
rocks [368]. Such mineral, despite being a common product of the first stages of serpentinization of
oceanic and ophiolitic serpentines is only found as a minor phase in such geological settings
[163,462,463]. This is mainly associated with a variety of factors, including: (i) increase of silica
activity during serpentinization which promotes brucite dissolution by the alteration fluid; (ii)
brucite stability is greatly reduced during hydrothermal serpentinization at high temperatures; (iii)
the solubility of brucite by low temperature meteoric fluids and seawater, which yields to the

formation of hydrous Mg-carbonates [368].
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Fig. 7.1. Schematic of NiMT carbonation processes. (A) Metal and hydroxyl groups are being leached out
of brucitic regions due the acidity caused by the dissolution of CO2 in water. (B) Mg-bicarbonates aggregated
in form of flaky dypingite crystals and highly porous hydrous Mg-carbonate structures near the high pH brucite
surfaces. (C) evolution of Mg-carbonate phases forming nesquehonite prismatic crystals. Figure from Zarandi
etal., 2016 [175].

On-going natural carbonation at the Montecastelli ophiolites (in Italy) have proven to provide
important insights on the role of brucite upon natural carbonation. It has been observed that brucite-
rich serpentinized bodies have underwent and are continuously carbonating [368], yielding the
formation of naturally-occurring hydrous carbonate outcrops in selective areas [464]. On the other

hand, brucite-free serpentinized harzburgites remained seemingly unreacted [368].
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Fig. 7.2. Schematic of the sequence of water-rock interaction at the Montecastelli ophiolites, leading to the
dissolution of serpentinized dunites and harzburgites as well as naturally-occurring brucite and precipitation of
carbonates (Hmg: hydromagnesite) and LDHs, which is mainly controlled by the Fe-content of dissolving
brucite. Figure from Boschi et al., 2017 [368].



166

Chapter 7: Carbonation of brucite-bearing serpentinized dunite

Montecastelli meteoric waters are slightly acidic. On the other hand, a variety of spring water
have a pH from 7.5-8.5, due to their Mg?* concentration, which is mainly attributed to the dissolution
of residual primary silicate relicts (olivine ad pyroxene). The most abundant carbonic species at this
pH is HCOs". It was suggested that slightly alkaline spring waters induced serpentine dissolution,
increasing further the pH, where COs? species are dominant, leading to the precipitation of
carbonates (Fig. 7.2). It was observed that the presence of Fe-rich brucite phases (containing up to
20 Fe mol.%) significantly reduced the carbonation yield due to the formation of layered double
hydroxides (LDHSs), such as pyroaurite (MgsFez**(COs)(OH)1s-4(H20). Such minerals fix significant
amounts of Mg?* relative to carbonate ions (Mg/C: 6), significantly higher than hydromagnesite
(Mg/C: 1.25) and magnesite (Mg/C: 1). Therefore, LDHs have significantly lower CO; storage

capacity than Mg-carbonates.

Brucite content on such ophiolites was estimated to be in the range of 10-20wt%, which is
consistent with the global estimates for other serpentinized dunites [465,466]. Such elevated
contents might provide a possible source of highly reactive brucite for MC purposes. However, Fe-
rich brucite phases are commonly found in ophiolitic settings. Therefore, LHDs formation should
be avoided, which can be accomplished by accelerating the formation of hydrous Mg-carbonate
phases [368].

Due to this high carbonation potential of brucite-rich serpentinized dunites, an experimental
study on the accelerated carbonation of such materials via steam-mediated direct carbonation was
carried in order to assess their reactivity and concomitant CO, storage capacity at moderately-low
pressures and temperatures (50-185°C, 10 bar). This could provide insight on the utilization of such

materials for mitigating climate change and carbonate synthesis.

7.2. Results and discussion

7.2.1. Role of temperature

Distinct Mg-carbonates phases were formed upon carbonation, where its formation was mainly
controlled by reaction temperature. Raman and XRD results of the solid products of reactions at 50-
185°C, 10 bar during 4h are shown in Fig. 7.3. Upon carbonation at 50°C, the appearance of three
distinct peaks are observed within the region of the visym of the carbonate ion (COs*; visymcar)
[380,381] at 1091.16, 1099.34, 1020.01 cm™* (Figs. 7.4a, 3.6). However, XRD analysis (Fig. 3.5b)
shows only the presence of nesquehonite, as evidence by its characteristic X-ray diffraction pattern
[193,376]. The presence of this phase is consistent the emergence of its characteristic Raman peak
observed at 1099.34 cm™ Raman peak (Fig. 7.3a, 7.4) [182,380,382]. Analogous comparison
between FWHM and peak position of visymcar Raman peaks and the two more intense XRD features

of each carbonate phase is shown in Fig. 7.5. Despite nesquehonite x-ray diffraction pattern is
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consistent with the reference mineral, its characteristic Raman peak has a very similar position but
is broader than the reference data of this mineral. This might be attributed to morphological variation
among nesquehonite crystals (see section 6.2.2). Calculated data for the broad visymcar band observed
at 1020.01 cm* fits well with reference dypingite, but their respective x-ray scatter was not observed.
This might be explained by both the low abundance of this mineral and its highly to semi-ordered
structural nature. The level of disorder of such phases influences significantly the intensity and

broadness of both Raman and XRD characteristic peaks [55]. Calculated data for the Raman band
at 1091.16 cm™ have similar position to magnesite, however the concomitant and characteristic
magnesite Raman peak at 328.3 + 0.1 cm™ is not observed, as well as their XRD features, strongly
suggesting that the phase responsible for the 1091.16 cm™ is distinct to magnesite. Moreover, such
phase resembles features that might be attributed to the presence of an hydrous AMC (see Chapter
5) [55].
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Fig. 7.3. (a) Raman and (b) XRD analysis of the solid product of reactions carried at temperature from 50-
185°C during 4h. F, L, B, M, H, D and N shows the XRD peaks associated with forsterite, lizardite, brucite,

magnesite, hydromagnesite, dypingite and nesquehonite, respectively.

Reaction products obtained at 90°C shows the presence of a dypingite-like phase, as evidenced
by its characteristic XRD features, which is associated with the emergence of the 1117.41 ¢cm™
visymcar Raman peak. Moreover, an additional visymcar Raman peak at 1092.1 cm™ is also observed.
Calculated FWHM vs peak position data suggest that this phase might be a hydrous AMC (see
chapter 5). It should be also noted the associated Raman peak to dypingite-like phases is approaching
is slightly shifter and has a lower FWHM than such observed from treatments performed at 50°C,
suggesting that the dypingite-like observed at 90°C has a more ordered structure that at 50°C [55].
This behavior (dypingite-like phases becomes more structurally ordered upon increasing reaction

temperature) is particularly evident at 120°C, where the level of order is more akin to



168

Chapter 7: Carbonation of brucite-bearing serpentinized dunite

hydromagnesite rather than a dypingite-like phases (Figs. 7.3, 7.5). It is known that the level of
disorder in hydrous carbonate mineral is mainly controlled by its water content [55,404]. It is likely
that the transition between highly disordered dypingite-like phases to hydromagnesite is mainly
controlled by cell-shrinkage due to partial dehydration [55]. The slow kinetic of such processes is

mainly attributed to the high susceptibly of Mg?* to H,O [413].
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Fig. 7.4. Raman analysis within the visymcar region of the reaction products obtained at 50°C, showing the

presence of at least three different peak that might be associated with different carbonate phases.
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were calculated from Lafuente, et al., 2015 [85].
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Treatments performed at 145 and 165°C yielded to the formation of magnesite as evidenced by
its characteristic XRD features as well as the emergences of both 322.3 + 1.3 and 1093.4 + 0.2 cm*
Raman peaks (Figs. 7.3, 7.5) [203,382]. At 185°C, hydromagnesite is once again observed as well
as a significant decrease on the magnesite yield. The reduced magnesite yield at 185°C was also
observed in section 4.2.1. This behavior might be attributed to the chemical potential that drives
diminishes as the temperature approaches the equilibrium boundaries between reacting phases
[48,145] (see also section 4.2.4).

In section 6.2.5. it was observed that in a reacting environment saturated with respect to
hydromagnesite, the nucleation of magnesite is significantly accelerated [385]. This might explain
insights on the appearance of hydromagnesite at 185°C, as well as the reduced magnesite yield at
this temperature when compared to 145 and 165°C experiments. Hydromagnesite formation occurs
slower at 185 than at 165°C. This increases the required time for hydromagnesite formation to reach
a steady state, thus, possibly delaying the formation of magnesite. However, it remains unclear if
magnesite formation underwent a precursor hydrated carbonate, such as hydromagnesite
[179,193,196] or if it formed directly upon carbonation of the starting material [194,195].

The inexistence of brucite in 50-165°C experiments suggest that a complete (or almost complete)
carbonation of this mineral. At 185°C, residual brucite is identified, which is likely to be attributed
to the slower reaction rates at this reaction temperature. No changes were observed for lizardite and
forsterite upon reaction, as evidenced by the seemingly unchanged FTIR absorption features due to
the vibrations of Si-O-Si, characteristic of this latter minerals (Fig. 7.6) [356,467].
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Fig. 7.7. XRD results of the solid products of reactions carried at 50°C during 4h in the presence and
absence of steam. F, L, B and N shows the XRD peaks associated with forsterite, lizardite, brucite and

nesquehonite, respectively.

Fig. 7.8. SEM images of the solid products obtained at (a) 50, (b) 90, (c) 120, (d) 145, (e) 165 and (f)
185°C during 4h and 10bar. N, D, H and M stands for nesquehonite, dypingite, hydromagnesite and magnesite,

respectively.
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Additionally, carbonation was also performed in the absence of steam (Fig. 7.7). XRD results
shows negligible (if any) carbonation of brucite from the starting material. However, with the
addition of water vapor, brucite carbonation is almost of fully complete. These results show the
critical role of steam in the enhancement of the rate of the carbonation reaction.

The presence of nesquehonite in the 50°C experiments is also evidence by the appearance of
prismatic crystals (Fig. 7.8a) [178,376], characteristic of this mineral. Moreover, flaky crystals
organized in rosette-like structures are also observed, often associated with the presence of
dypingite-like phases (Fig. 7.8a, b) [55,179]. Significantly bigger flaky crystals (also arranged in
rosette-like structures) are observed at 90°C (Fig. 7.8c). At 120°C, thicker plates are formed
compared to the flaky crystals formed at 50 and 90°C (>1 um; Fig. 7.8d) [171,194]. At 145°C, only
rhombohedral magnesite crystals were observed ¢ 1um; Fig. 7.8e) [387]. At 185°C, coexisting
hydromagnesite plates and rhombohedral magnesite are observed (Fig. 7.8f).

It should be noted that the LDH minerals were not formed upon carbonation. This might indicate
either treated brucite had a low Fe content or formation of hydrated carbonated was kinetically
preferred over LDH. This provides important insights in the utilization of such materials for mineral

carbonation, since naturally-occurring brucite in ophiolites are commonly rich in Fe.

7.2.2. Role of reaction time

Experiments carried at 165 and 185°C were carried out during 2 to 60h in order to provide more
insights in the formation and evolution of magnesite. Raman and XRD results are shown in Fig. 7.9.
Results from reactions carried at 165°C during 2h yielded to the formation of hydromagnesite and
magnesite. At this reaction time, brucite is no longer identified. At longer reaction times (>4h)
hydromagnesite is no longer observed and magnesite is the only identified carbonate phase,

indicating that hydromagnesite was precursor of magnesite.

Treatments performed at 185°C also yielded to the formation of hydromagnesite follow by its
transformation to magnesite, but over extended reaction times when compared to 165°C treatments.
A complete transformation of hydromagnesite to magnesite is only observed at 60h. It should be
also noted that brucite remained partially unreacted even upon 60h of reaction. This is attributed to
the slower reaction kinetics at this temperature when compared to 165°C treatments, as discussed in

section 7.2.1.

Comparison between FWHM and peak position of visymcar Raman and the two more intense XRD
peaks of the carbonate products shows that the calculated data fits well with hydromagnesite and
magnesite (Fig. 7.10). The transition between those phases seemingly underwent without

intermediate precursor.
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The slow transition of hydromagnesite to magnesite at 185°C was monitored with SEM (Fig.
7.11). Hydromagnesite plates ¢ 10 pm) are observed at 2h (Fig. 7.11a). At 4h, on a large
hydromagnesite plate ¢ 10 um) was observed etch pits and overgrowths of rhombohedral nano-
magnesite (< 1 pm; Fig. 7.11b). Such behavior is very similar to such observed during the
transformation of nesquehonite to dypingite-like phases (see section 5.2.1.1). Such reaction
mechanisms are strongly related to dissolution-recrystallization self-assembly growth mechanism
[65,179,432]. The overgrowth of magnesite might act as nucleation points. At 8h, a smaller
hydromagnesite plate ~+3 pum) is surrounded by magnesite with different crystal sizes (> 2 um; Fig.
7.11c). A complete transformation of hydromagnesite to magnesite (> 2 um) is observed at 60h (Fig.
7.11d). Magnesite crystals at 60h are significantly bigger than those observed at lower reaction
times, suggesting a nucleation (4h) and growth mechanism (8-60h). This is consistent with previous

studies regarding the formation of magnesite, reported to be nucleation-limited and the abundance

of this mineral sis mainly increased by crystal growth (see section 2.1.1) [194,197,198].

Fig. 7.11. SEM images of the solid products obtained from 185°C treatments at (a) 2, (b) 4, (c) 8 and (d)

60h. Hmg and Mag stands for hydromagnesite and magnesite, respectively.

The formation of hydromagnesite and its transformation to magnesite is observed to occur in
less than 4h for both 165 and 145°C at 10 bar. Such (at least) two-step reaction is observed to occur
significantly faster that such reported for under low pressure and temperature conditions (<10 bar,
<180°C). In a recent study it was observed that magnesite formation is significantly accelerated in a

reaction environment saturated with respect to hydromagnesite (see section 6.2.5) [385]. This
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strongly suggest that the formation of magnesite can be further optimized to achieve reasonable
conversion rates at moderately low pressure and temperature conditions. Nevertheless, the
dissolution of Mg-rich silicates under such conditions remains kinetically challenging.

7.2.3. TPD analysis

TPD analysis was performed to assess the carbonation yield obtained upon carbonation (Fig.
7.12). The differentiation of overlapping brucite dehydration with the decarbonation of hydrated
carbonates was carried taking into account the observed phases based on XRD, Raman and SEM.
At 50-90°C, overlapping dehydration between nesquehonite [396], dypingite [398-400] and possible
AMC [55,425] were observed to occur from rT to 340°C. Decarbonation of such phases occurred
between 340 — 550°C.
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and (c) 185°C from 2-60h. Bru, AMC, Dyp, Hmg, Mag and Liz represent the reference decomposition behavior

of brucite, hydrous AMC, dypingite, hydromagnesite, magnesite and lizardite, respectively.
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Characteristic decomposition of hydromagnesite, and hydrous AMC were observed during TPD
analysis of the reaction products obtained at 120°C. Characteristic decomposition of magnesite [196]
is observed from treatments performed at 145 and 165°C. Coexisting hydromagnesite and magnesite
were observed from treatments performed at 185°C, as well as residual brucite.

The transition between hydromagnesite to magnesite at 165 and 185°C is also observed in TPD
analysis (Fig. 7.12b, d). At 165°C, partial carbonation of brucite to hydromagnesite as well a partial
transition from hydromagnesite to magnesite is observed (Fig. 7.12b). Reaction carried at 4 hour or
longer yielded to a complete carbonation of brucite to magnesite via hydromagnesite intermediate.
Such transition is also observed from treatments performed at 185°C over extended reaction times,

in agreement with discussion in section 7.2.1 and 7.2.2.
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Fig. 7.13. TPD analysis of the reaction products obtained at 50-185°C, during 4h, after subtracting the TPD
acquired data of the starting materials. Bru, AMC, Dyp, Hmg, Mag and Liz represent the reference
decomposition behavior of brucite, hydrous AMC, dypingite, hydromagnesite, magnesite and lizardite,

respectively.

Changes on the dehydration behavior of lizardite was also observed upon steam-mediated
carbonation. Fig. 7.13 shows TPD data of the reaction products after subtraction of TPD analysis of
the starting material from reaction from 50-185°C, during 4h. Overlapped decomposition behaviors
between hydrated carbonates with brucite makes difficult the mass balance within the temperature
range characteristic of the dehydration of brucite (275°C — 420°C) [204,264]. However, the
dehydration of lizardite does not overlapped with any decomposition pattern of Mg-bearing

carbonates. Therefore, lizardite is either dehydrating or reacting upon carbonation.
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Similar behavior is also observed over extended reaction times (2 to 60h) at 165 and 185°C (Fig.
7.14). Lizardite mass balance is negative upon reaction, particularly evidence by the 598°C
decomposition peak (associated with lizardite inner OH [287,445]), whereas the 644°C peak
(associated with the outer OH) is seemingly increasing as the reaction proceeds. This behavior might
indicate that lizardite inner OH are migrating to the outer brucite-like layer, generating more brucitic

regions, which might have higher reactivity (see Fig. 7.1) [175].
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Fig. 7.14. TPD analysis of the reaction products obtained at (a) 165°C and (b) 185°C during 2 to 60h, after
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magnesite to hydromagnesite ratio, hydromagnesite, dypingite and nesquehonite, respectively. Error bars

estimate the average between three analogous experiments.
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Dehydration (rT-340°C) and decarbonation (350-550°C) of hydrous Mg-carbonate phases were
easily differentiated. When brucite was identified, the associated H,O released upon dehydration is

excluded, since overlaps with the decarbonation of hydrous Mg-carbonates, following the procedure
from section 4.2.4.

CO2:H20 wt%. of the reaction performed at 50, 90 and 120°C have similar hydration level to
stoichiometric nesquehonite, dypingite and hydromagnesite, respectively (Fig. 7.15). Treatments
performed at 145°C yielded to the formation of anhydrous Mg-carbonate. 165°C, a rapid dehydration

as the reaction proceed is observed. Such behavior is also observed at 185°C, over extended reaction
times.

7.2.4. Carbonation efficiency

Estimated gCO, sequestered per 100g of sample (estimated with TPD data, Fig. 7.12) from
treatments performed at 50-185°C during 4h is shown in Figure 7.16. Carbonate contents were
calculated considering the CO2:H.O composition of the reaction products (Fig.7.15). Treatments
performed at 50-165°C yielded to reaction products with similar carbonate contents. However,
different CO, sequestration capacities were observed, particularly for 145 and 165°C treatments,
where only magnesite (which is the Mg-carbonate with the highest CO; storage capacity) was
observed. A maximum of 9.8 CO,wt%. was successfully sequestered after carbonation at 145°C.
Treatments performed at 185°C yielded lower carbonation efficiencies (gCO; sequestered per 100g
of sample) than those obtained at lower temperatures (50-185°C), mainly attributed to the slower
reaction rates at this temperature.
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Fig. 7.16. (a) CO2 wt%. and (b) estimated carbonate content of reaction products obtained at 50-185°C for
4h. HMC: Hydrated Mg-Carbonates, Mag: magnesite, B-M: estimated CO2 wt%. if all brucite has carbonated to

magnesite. Error bars takes into account the phase variability and the calculated data from three analogous
experiments.
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XRD and Raman results suggested that brucite is the main or only carbonate precursor.
Nevertheless, the carbonation efficiency from experiments carried at 120-165°C exceeds the
maximum estimated if all brucite is carbonated. It should also be noted that natural-occurring brucite
may have elevated Fe-content, which might lower their CO- sequestration capacity [368]. Moreover,
lizardite changes were also observed with TPD, indicating that either it underwent partially
dehydration or carbonation. Previous studies have suggested that forsterite is significantly more
reactive than lizardite [145,281]. Forsterite remained seemingly unreacted upon carbonation, as
observed with Raman and XRD analysis. However, it is plausible that it only underwent a very

limited carbonation, not detected by standard XRD and Raman measurements.

The Mg wt% that was fixed by carbonates was estimated on the basis of the Mg wt% from the
starting materials (Table 6.1), Mg content of 27.8wt%. The maximum Mg wt% extracted from the
starting material to form carbonates was obtained at 120°C, accounting to 21.4%, implying that a
large amount of Mg remained fixed within silicate structures (Fig. 7.17). Brucite accounts to 15%
of the total available Mg wt% (considering that it does not contain Fe). Therefore, it is estimated
that the maximum Mg extracted from silicates accounts to 6.4% (or slightly higher).
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Fig. 7.17. Mg wt% fixed by carbonates after treatments performed at (a) 50-185°C during 4h, (b, c) 165
and 185°C from 2 to 60h, respectively. Hydrated Mg-Carbonates, Mag: magnesite. Error bars were estimated

by the results of three analogous experiments and taking into account the different carbonate phases.

The starting material contains 9.4wt%. of brucite (see section 7.2.2). Such brucite content is
slightly lower that the estimated global estimates for brucite content in ophiolites (10-20wt%.)
[465,466]. Therefore, it should be considered that strategically sourcing serpentinized rocks with
higher brucite contents will potentially increase the carbonation potential of such materials even
under moderately low pressure and temperature conditions (up to-20 CO, wt%. and 40% Mg
fraction). Such carbonation potential is very similar to those reported for activated lizardite under
extreme carbonation conditions (150 bar, 150°C) [196,353,455], without the necessity of heat
activating and ultra-grinding pretreatment processes. Results from this work provides a potentially

more attractive alternative to the direct carbonation of heat activate serpentine minerals.
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O— WD, 153°C, 65 bar, P§ ;239 KW-hiton

—5— WD, 155°C, 130 bar, PS : B9 kW -h'ton

—7— WD, 180°C, 65 bar. similar PS, PEC: 89 kW-h/ton

CO, (Wi%.)

AS640, 185°C, 140 bar, similar PS, PEC: 409 kW -lton (Farhang, ctal., 2016)
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Fig. 7.18. Comparison of the carbonation efficiency obtained in this work and those reported in the literature
[196,281,455] and results from chapter 6. AS(T°C): activated serpentine at the specific temperature of
activation, WD: weathered dunites, similar PS: similar particle sizes to those observed in this study, PS<:
smaller (or greatly smaller, PS<<) particle sizes to those observed in this study. PEC: estimated pretreatment
energy consumption as estimated by Gerdemann et al, 2007 of each material.

Higher carbonation efficiencies were observed upon carbonation of brucite-rich serpentinized
dunite rather than for the reported using activated lizardite under very similar carbonation conditions
(Fig. 7.18). Therefore, not only activated lizardite requires high temperature pretreatments in order
to be reactive but less carbonation efficiencies are obtained when compared to brucite-rich
serpentinized dunite under moderately-low temperature and pressures (<10 bar, 150°C). At elevated
pressures (>130 bar) the carbonation of forsterite and activated lizardite is favored, partially
unlocking their carbonation potential [145,260,281]. Reducing the particle plays an important role
on the carbonation reaction enhancement [281,468], even more than high pressures and temperatures

conditions.

Table 2.5. summarizes the estimated pretreatment energy requirements for grinding and heat
activation. Thermal activation of lizardite requires 293 kW-h t*. Grinding lizardite to grain sizes
below 45 pm was estimated to require 85 kW-h t1[145]. Further grain sizes reduction significantly
increases the energy requirements. The estimated pretreatment energy requirements for the materials
in this study and those reported in literature is shown in Fig. 7.18. Fig. 7.19 shows the carbonation
efficiencies from Fig. 7.18, normalized by the estimated pretreatment energy requirements.
Generally, weathered dunites were able to carbonate more efficiently (as defined by the CO, wt%.
per 100 kW-h/ton of energy consumed during pretreatment) than activated serpentines. The energy
penalty associated with decrease the particle size and heat activation reduces significantly the

obtained carbonation normalized by pretreatment energy requirements. Moreover, the actual energy
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requirements for heat activation will be higher than those represented on Fig. 7.18, since heat

treatments from those studies were usually carried at higher temperatures and for longer durations.

WD, 50°C, 10 bar, PS (=45 uym), PEC: 89 kW-hfton (This study)
—C— WD, 90°C, 10 bar. PS (=45 wum), PEC: 89 kW-h/ton
—/— WD, 120°C, 10 bar, PS (=45 pm), PEC: 8% kW hiton
—— WD, 145°C, 10 bar, PS (=45 um), PEC: 89 kKW -hiton
—(— WD, 165°C, 10 bar, PS (=45 pm), PLC: 89 kW hiton
—<}—WD, 185°C. 10 bar, PS (=45 pm), PEC: 89 kW-hilon

1 ASE10, 120°C, 6 bar, similar PS (mine2), PEC: 409 kW-hiton {Chapter 6)
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AS640, 120°C, 140 bar, similar PS, PEC: 409 kW -hiton
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Fig. 7.19. Carbonation efficiencies from this study and those reported in literature [196,281,455] and results
from chapter 6 normalized by pretreatment energy consumption (PEC), estimated by Gerdemann et al., 2007
[145]. AS(T°C): activated serpentine at the specific temperature of activation, WD: weathered dunites, PS:

particle size PS.

Our results suggest that the accelerated carbonation of weathered dunites is a promising
alternative to that of heat activated serpentine. Moreover, similar carbonation efficiencies were
obtained during moderately-low (this study) and high-pressure treatments [281] for weathered
dunites. However, the studied weathered dunites have a higher content of reactive brucite to those
reported by Rashid et al., 2019. In any case, our results indicate an alternative for mineral
carbonation at low pressure treatments of widely available weathered dunites, which has carbonation
efficiencies similar to those performed at much higher pressures (=65 bar). The moderately low
pressures and temperatures carbonation treatments contribute to overcome the carbonation

processing cost [44].

Treatments performed at 165°C never exceeded 10g of CO. sequestered per 100g of samples and
20% of carbonate content during 60 hours of reaction (Fig. 7.20a, b). Similar passivating behavior
was also observed from treatments performed at 185° (Fig. 7.20c, d). The maximum Mg fraction
stored in carbonates upon reaction was 20.7 and 9 % for 165 and 185°C treatments, respectively
(Fig. 7.17b, c). The carbonate content and the Mg fraction remained relatively unchanged from 4
hours of reaction (Fig. 7.17). The slow reaction kinetics and the uncomplete carbonation of brucite
from 185°C might explain the lower yield of carbonation. At 165°C, brucite quickly carbonated (<

2 hours), and possibly forsterite and/or lizardite were slowly carbonating as the reaction proceeded.
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The passivation of the reaction at 165°C is mainly attributed to the depletion of brucite. However,
the possible formation of a Si-rich layer upon liberation of Mg during the probable carbonation for
either lizardite and/or forsterite, together with the formation of carbonates might play an important
role on the passivation of such reaction, as previous studies have reported [449,450].

Magnetite and/or hematite (Fe**, Os) were not identified in the starting material. It is probable
that such minerals are present in the starting material but in such low abundance that they were not
identified with XRD. Their presence might also play a role during the passivation of the reaction, as
some studies have discussed that a passivation layer can be formed from the oxidation mechanisms

of this latter minerals upon carbonation [44,454].
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Fig. 7.20. (a, c) Grams of CO2 sequester per 100 grams of sample and the (b, d) estimated carbonate
content (wt%.) as estimated with TPD analysis from treatments at (a, b) 165°C and (c, d) 185°C from 2 to 60
hours. HMC: Hydrated Mg-Carbonates, Mag: magnesite, B-M: estimated CO2 wt%. if all brucite has carbonated
to magnesite. Error bars takes into account the phase variability and the calculated data from three analogous
experiments.

7.3. Conclusions

The carbonation potential under moderately low pressures (10bar) of brucite-bearing
serpentinized dunites was experimentally studied. The reactivity of the material was mainly
attributed to the presence of brucite. Lizardite and/or forsterite underwent partial carbonation as

evidenced by the exceeding brucite carbonation efficiencies. Moreover, mass balance on lizardite
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upon carbonation suggest that inner OH have been either lost or had migrated to lizardite outer OH
layer. Such process might create more brucitic regions that might increase lizardite reactivity. The
carbonation of such materials yielded to the selective formation of Mg-carbonate phases, as
controlled by the reaction temperature. Highly hydrated nesquehonite, dypingite and possibly and
amorphous Mg-carbonate were observed at 50°C. Upon increasing the temperature (145, 165°C)
anhydrous magnesite was observed. The formation of this latter mineral underwent a complete
transition of hydromagnesite in less than 4 hours. SEM analysis provided evidence of the
dissolution-reprecipitation mechanism occurring in the transition between hydromagnesite to
magnesite. After nucleation of nano-magnesite from dissolving hydromagnesite, the increase of

magnesite content as the reaction proceeded was observed to occur mainly by crystal growth.

The maximum carbonation efficiency was obtained at 145°C, accounting to <10 CO, wt%.
Reaction carried at 185°C suffered from slower kinetics, mainly attributed to the lower stability of
hydrated carbonates at high temperatures. A passivating effect was observed during 165 and 185°C
treatments, and it is mainly attributed to the depletion of brucite upon carbonation.

Our results suggest that the accelerated carbonation of weathered dunites is a promising
alternative to that of heat activated serpentine, as higher carbonation efficiencies per pretreatment
energy requirements were obtained. Moreover, it also highlights the importance on the carbonation
at moderately low pressures and temperatures, where similar carbonation efficiencies are observed
when compared to high pressure treatments. The lower cost associated with low pressure and

temperature treatments could contribute to overcome the carbonation processing cost.
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8.
Raman study of Mg-carbonate minerals:
Insights on reaction pathways during

accelerated carbonation reactions

8.1. Introduction

Defining unique Raman databases for the recognition of carbonates is increasingly important as
several studies have discussed the importance on the correct identification of such materials in order
to narrow down the possible reaction mechanisms occurring during transition of metastable phases
to ultimately desired magnesite [55,199,380]. This is particularly important for carbonate mineral
paragenesis, where often follows the Ostwald step rule [393], as extensively discussed in chapters
4-7. The correct differentiation of naturally-occurring Ca and Mg-carbonates could potentially
provide important insights on the formation environment and conditions at which they were formed
(see section 2.1) [179].

Moreover, several intermediate precursor, unnamed minerals and highly-disordered materials
may play a role on the evolution of metastable carbonate phases [55,179]. The identification of such
materials is challenging due to their metastable nature, often are highly-disordered with distinct
molecular water per units and are very similar to other known carbonate phases. Raman and FTIR
techniques are often very useful for characterizing semi -amorphous an amorphous materials
[443,444]. However, overlapping features among the different carbonate phases provides significant
challenges regarding the differentiation of carbonate phases (Table 8.1). It has been reported that an
unambiguously differentiation among specific carbonate phases is possible using Raman
spectroscopy, and has proven to be useful for geological characterization of Ca and Mg-carbonates
[380]. However, the differentiation of Mg and Ca-carbonate phases within each group remains

challenging and requires additional characterization [380]. This chapter aims to provide additional
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insights on the differentiation of Mg-carbonates, particularly referring to semi-amorphous and
amorphous Mg-carbonate phases as well as the reaction pathways in the context of accelerated

carbonation.

Recently, the Kinetics and reaction mechanisms of brucite carbonation to magnesite under
elevated CO, pressures and moderately temperatures (50 bar, 90°C) were assessed by means of in-

situ Raman monitoring [199].

Several Ca and Mg-carbonates provide suitable habitat for bacterial colonization. The ability to
identify such carbonate phases might provide important insights regarding the survival strategies of
extremophiles, since it has been reported that such organisms modified the host-geology, particularly
Ca and Mg-carbonates (by converting or destroying them) on Earth. Therefore, the correct
identification of these phases might provide important insights in the search for evidence of life in
the terrestrial geological records as well as for extraterrestrial planetary exploration [380], which

Raman spectroscopy have long sought to be considered for the search of life in Mars [469,470].

Table 8.1. Raman main bands for common Ca and Mg-minerals. Table adapted from Edwards et al., 2005
[380].

Phase Visymear (1200-1000 cm™)  1000-500 cm region Lattice region (500-100 cm™)
Calcite 1086 713 283 156
Aragonite 1086 704 208 154
Dolomite 1098 725 300 177
Huntite 1123 316 272 253
Magnesite 1094 704 330 213
Acrtinite 1094 704 472 173 147
Nesquehonite 1100 228 197 167
Hydromagnesite 1119 232 202 184

8.1.1. Spectroscopic theory

The Raman vibrational activity of an isolated CO3> ion with D3, symmetry (symmetry of a

tricapped trigonal prism) have the following expression (eq. 7.1):

[=A] +Aj +2F (7.1)
Where T is the vibrational activity, A} + A} + 2E’ represent the Raman-active visym (A% in Dan
symmetry), antisymmetric vs stretching and v (E’) bending modes. In carbonate materials the visym
is the strongest band (A’ in Dsn symmetry). Mg-carbonate have higher visym wavenumbers than their
Ca-carbonate analogues. This is attributed to a significantly higher polarizing power of Mg?* with

respect to Ca?*, which increases the covalent character of the metal-oxygen bonding.

Antisymmetric stretching vs bands of the carbonate ion are significantly less intense than visymear
an it is observed at higher wavenumber (~ 1400 cm™). Antisymmetric bending v4 band occurs near

700 cm. Vibrational activity within the lattice region (100-500 cm™) are associated with ionic
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translations and restricted rotations (librations), and it is generally strong in carbonate minerals
[380].

8.1.2. Structure of common Mg-carbonate phases

The unequivocal formation of hydrated Mg-carbonate phases upon accelerated carbonation of
Mg-silicates and oxides (see chapters 4-7) have justified the increase research interest on the
formation mechanisms, kinetics and thermodynamic stability of such phases. Currently, the structure
of nesquehonite, hydromagnesite and magnesite are well known (Fig.8.1) [471,472]. Accurate
prediction of the crystal structure of a hydrous AMC (Fig. 5.6) and dypingite have also been reported
[183,424]. This latter mineral is similar in composition to hydromagnesite, but it has a more

disordered structure and variable amount of waters of crystallization [180,183,185].
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Fig. 8.1. (a) Monoclinic-prismatic2/m unit cell of nesquehonite, (b) Monoclinic 2/m unit cell of
hydromagnesite and (c) Trigonal 32/m unit cell of magnesite. Colored objects represent oxygen (red), carbon
(grey), hydrogen (white) and magnesium (green) atoms. Figure adapted from Mckelvy et al., 2006b [471] and
Brick, 2011 [472].

Nesquehonite crystal structure is relatively simple when compared to hydromagnesite. COs*
ions are all aligned within nesquehonite structure. Those ions have alternating orientations,
following a sheet-like arrangement, within hydromagnesite structure. It has been also predicted that
bound water in hydromagnesite is structurally coffined by a chain-like hydrogen-bonded
arrangement along [010] plane. Therefore, dehydration of such mineral might be plane dependent.
Nesquehonite has a similar structure as magnesite and therefore, it has been predicted that such
mineral can be transformed to desired magnesite by orderly removal of water molecules. However
such transition only occurs at extreme carbonation conditions (150 bar, 100°C) [471]. This might be

attributed to the slow dehydration kinetics of Mg?*[413]. On the other hand, the transformation of



Chapter 8: Raman study of Mg-carbonate minerals

nesquehonite to dypingite-like phases rapidly occurs at temperatures >50°C and higher under
moderately low pressures (1-10bar; see chapter 5 and 6) [55,182]. Such transition requires a
significant rearrangement of the internal structure, which has been predicted to suffer from slow
Kinetics [471]. It is also plausible that the slow dehydration kinetics of Mg?* inhibits the direct
transformation of nesquehonite to magnesite due to the kinetically preferred reorganization to form
hydromagnesite via partial dehydration.

Water molecules are not distributed homogenously within AMC disordered structure, where
H,O-rich regions are interspersed with regions rich in Mg?* and COs* (Fig. 5.6, see section 5.1.1).
Moreover, the COs®> ions have alternating orientations, similarly to those observed for
hydromagnesite. It was suggested by the authors that water molecules from H,O-rich regions might
be relatively easy to remove from hydrous AMC. Such process was proposed to be a formation
mechanism of anhydrous AMC, which was expected to be direct precursor of magnesite,
analogously as observed for Ca-carbonates (see section 5.1.1) [424,473]. Analogous to the transition
of nesquehonite to magnesite or dypingite-like phases, the slow dehydration kinetics of Mg?* might
inhibit the formation of either anhydrous AMC or magnesite by the kinetically preferred crystal
rearrangement through the nucleation of dypingite-like phases upon partial dehydration. It is also
plausible that hydrous AMC will favor nesquehonite nucleation, without losing molecular water,
however a significant energy input is expected to start the spontaneous crystal rearrangement

(aligning CO3? ions and ordering water molecules).

The results presented in this chapter are a compilation of all Raman and XRD results as well as
the composition (estimated with TGA and TPD) of the obtained carbonate products in chapters 4-7.
Such results provide new insights on the evolution of carbonate phases and their reaction
mechanisms under moderately low-pressure conditions (<10bar). These results might shed light into
the preferential nucleation pathways of metastable carbonates from hydrous AMC to ultimately

magnesite.

8.2. Compilation of Raman, XRD, TPD/TGA results.

Comparison of the FWHM and peak position of all the visymcar Raman peaks and the two more
intense X-ray scattering of carbonate products obtained in chapters 4-7 is shown in Figs. 8.2, 8.3.
Five regions withing the visymcar are easily distinguished. Representative Raman and XRD analysis
of each of the observed phases are shown in Figs. 8.4, 8.5. Four of the observed Raman regions are
in agreement with the calculated data of reference magnesite, nesquehonite, hydromagnesite and
dypingite [361]. The last region has been associated with a hydrous AMC with similar composition
and thermal dehydration behavior as nesquehonite (see chapter 5) [55]. Peaks located in this region

have the same position as magnesite, however, their associated peaks are significantly broader (Figs.
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8.2, 8.4). Moreover, the concomitant magnesite characteristic peaks in the lattice region (Table 8.1)

is not observed for AMC associated peaks, strongly suggesting that these two phases are distinct

(Fig. 8.4). Analogously, nesquehonite and magnesite can be also easily differentiated.
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Fig. 8.2. Density map showing the compilation of Raman results obtained in chapters 4-7. Dense regions

show coinciding Raman results. Each point represents the average of 40 individual measurements of a specific

analyzed sample A: hydrous AMC; M: magnesite; D: dypingite; H: hydromagnesite. The FWHM and peak

position of reference minerals were calculated from Lafuente, et al., 2015 [361].

Hydrous AMC have a broad polarizing power, where COs?* ions are distorted differently

depending on their location in the carbonate matrix. However, their overall COs% ion distortion is

similar to that of magnesite. This is in agreement with the disordered structure of a hydrous AMC,

where H,O-rich regions are interspersed with regions rich in Mg and COs> (see section 8.1.2)

[424]. These latter regions are expected to have similar CO3> ions distortion as magnesite, however,

COs? ions distortion in the former regions vary depending on the vicinity of CO3? ions with respect
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to the “small pores”, responsible for the peak broadness. This observation is also consistent with

nesquehonite structure (Fig. 8.1).

Calculated data for hydromagnesite and magnesite exhibit a very restricted peak position and
FWHM. Hydrous AMC and dypingite-like phases have significantly more variability in both
FWHM and peak position. Nesquehonite has peaks with similar position, but it has a significant
FHWM variability. This latter has been observed to depend on crystal morphology. Massive rod
nesquehonite crystals have very similar viymear peak position and FWHM than reference
nesquehonite. However, acicular aggregates with morphologies that resembles nesquehonite has
scientifically broader Raman features (see section 6.2.2). Both acicular aggregates and massive rods

are structurally well-ordered as evidence by its well-defined x-ray scattering (Fig. 8.3).
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Fig. 8.3 Density map showing the compilation of XRD results obtained in chapters 4-7. Dense regions
show coinciding XRD results. M: magnesite; D: dypingite; H: hydromagnesite. The FWHM and peak position of

reference minerals were calculated from Lafuente, et al., 2015 [361].

On the other hand, the variability of dypingite-like phases has been attributed to depend on
structural order, which depends on its hydration level. Both higher FHWM and peak positions are

associated with highly-disordered and hydrated dypingite-like phases, as evidenced by the
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significantly broad XRD features (Fig. 8.3; see chapter 6). Dypingite may undergo partial
dehydration over extended reaction times as well as increasing temperature (50-90°C) (see chapter
5and 6). This induces cell shrinkage, which is the main responsible for the structural ordering. Upon
partial dehydration, dypingite calculated Raman and XRD data approaches significantly the
estimated data for hydromagnesite, as well as it becomes very similar in composition [55], as
evidenced by overlapping Raman and XRD area between hydromagnesite and dypingite in Raman
and XRD data (Figs. 8.2, 8.3). Such similarities make difficult the differentiation between semi-
ordered dypingite-like phases and hydromagnesite with Raman with the sole observation of Raman
spectroscopy. However, the differentiation of highly-disordered dypingite-like phases with
hydromagnesite is significantly easier when compared to semi-ordered dypingite. It also indicates
that the transition of dypingite-like phases to hydromagnesite follows a progressive partial
dehydration process which also defines the structural order of the carbonate phases. Such process
includes the transition from highly-disordered to semi-ordered dypingite-like phases, followed by
its transition to hydromagnesite (Fig. 8.6). The kinetics of such process is controlled mainly by slow
dehydration processes nature of Mg?* [413]. Serval discrepancies are reported in literature among
the characterization of dypingite-like phases, particularly regarding its solubility [177] and its
dehydration behavior [110-112]. This is likely attributed to the existence of highly-disordered to
semi-ordered dypingite-like phases and their similarities with hydromagnesite [179].
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Fig. 8.4. Representative Raman analysis of different carbonate phase as well as a visual representation of

the respective visymecar FWHM Raman peaks. A: hydrous AMC; M: magnesite; D: dypingite; H: hydromagnesite.
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The CO3? ion distortion for hydromagnesite and dypingite-like phases is significantly higher
than those observed for magnesite, nesquehonite and a hydrous AMC, particularly higher for highly-
disordered dypingite-like phases (Fig. 8.2, 8.6). Upon partial dehydration from highly-disordered
dypingite-like phases to hydromagnesite, the polarizing power is reduced as well as it becomes
narrower (Fig. 8.6). This might indicate that the carbonate structure becomes homogeneous

(crystalline).

Several studies have reported that metastable nesquehonite rapidly transforms to dypingite-like
phases at >50°C [55,179-181]. However, the factors that determine such transition are still
challenging, particularly regarding the possible presence of amorphous or highly-disordered
intermediate precursors [55,179]. The difficulties associated with the characterization of coexisting
amorphous with semi-ordered material with very similar composition have limited the
characterization of possible intermediate phases occurring during nesquehonite to hydromagnesite
transition [55]. Understanding such processes will prove invaluable for understanding the
crystallization behavior of hydrous Mg-carbonates [179]. Our results provide important new insights
in the differentiation of dypingite-like phases and their progressive transition from highly-hydrated
and disordered dypingite-like phases to ordered and less hydrated hydromagnesite.

1.2

D/H pHl IM B
B lM
1.0 -

().S_MU\J N M, H, B

Normalized counts (a.u.)

0.0 , : ,

20°

Fig. 8.5. Representative XRD analysis of different carbonate phase. The position of the two more intense
XRD features (shown in Fig.8.3) for each carbonate phases is indicated with arrows. The identified phases for
each analysis are also shown. A: amorphous component; M: magnesite; D: dypingite; H: hydromagnesite;

brucite
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Fig. 8.6. visymcar Raman analysis of reaction products obtained upon brucite carbonation at 10 bar, 50-
120°C during 7min to 120h as well as a visual representation of the respective visymcar FWHM Raman peaks.
(a, b, ¢c) SEM imaging of the respective reaction products as specified in Raman spectra. hd-D: highly-
disordered dypingite; so-D: semi-ordered dypingite; H: hydromagnesite. Vertical doted lines shows peak

position of each peak.

Unfortunately, the decomposition behavior of several hydrous Mg-carbonates have overlapping
features, making difficult the quantification of their unique composition (see section 4.2.4)
[55,396,398-400,425]. However, CO, and H,O wt% of the obtained mixture of hydrous Mg-
carbonates can be obtained as they dehydration and decarbonation of such phases occurs at different
temperature ranges (see section 5.2.1.1). MgO wt% was estimated by a linear relation between the
different identified carbonate phases (Fig. 8.7, Table 8.2). Fig. 8.8. shows the compilation of the
carbonate phases composition obtained in chapters 4-7. A continuous and progressive dehydration
of carbonates is observed, following two major trends: (i) progressive dehydration from
nesquehonite and/or hydrous AMC and (ii) partial to complete transition of hydromagnesite to

magnesite. Phases of relevance to this compilation can be assigned to Mgs(CO3)4-(OH)2-XH20 and
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MgCOs:nH;O group minerals (11<X<4, n>0; Fig. 2.3). The progressive dehydration is mainly or
only controlled by the Mgs(COs)s-(OH)2-XHO group. Once the hydration level of hydromagnesite
is reached, an abrupt dehydration occurs during dissolution-reprecipitation of hydromagnesite to
magnesite (see chapter 7). The abrupt dehydration is evidenced by the sudden changes of COz? ion
distortion and their X-ray scattering features upon hydromagnesite to magnesite transition. This
process is significantly different from the progressive dehydration of carbonate phases within the
Mgs(COs)4-(OH)2-XH20 group, where a progressive Raman shift and FWHM is observed (Fig. 8.2,
8.6) as well as progressive reduction of FWHM of XRD features (Fig. 8.3) as partial dehydration
occurs (Fig. 8.8).
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Fig. 8.7. Estimated MgO wt%. based on the H2O/CO: from the obtained carbonate phases following a
linear relation between the different identified carbonate phases. N/A: nesquehonite / hydrous AMC; D:

dypingite; H: hydromagnesite; M: magnesite. The linear equation for a, b and ¢ is shown in Table 8.2.

Table 8.2. Linear equation (y=mx+b) parameters of lines a, b and ¢ from Fig. 8.7. N/A: nesquehonite /

hydrous AMC; D: dypingite; H: hydromagnesite; M: magnesite.

Linear equations m b Range (H20/CO)
a(N/A-D) -13.3321 49.68683 1.340886 - 0.614069
b (D-H) -15.6523 51.11162 0.614069 - 0.512487
c(H-M) -9.19048 47.8 0.512487 - 0

The evolution of hydrous Mg-carbonate phases is critically controlled by the slow dehydration
kinetics of Mg?*, which is known to inhibit the formation of less or anhydrous carbonate phases by
the preferential formation of metastable highly-hydrated or less-hydrated phases, respectively
[55,413,423]. It is observed that dehydration of hydrous AMC and nesquehonite occurs by the
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nucleation and/or transformation of MgCO3-nH>O to Mgs(CO3)s-(OH),-XH,O carbonate phase
groups. One possible explanation is that carbonate phases of the Mgs(COz3)s-(OH)2-XH>O group
allows a progressive dehydration without a significant re-arrangement of the internal structure,
becoming more ordered as cell-shrinkage occurs due to partial dehydration. It is likely that
dehydration dypingite-like phases may occur by removal of structurally confined hydrogen bonded
water along the [010] plane (sheet-like arrangement), as such dehydration mechanisms was predicted
for hydromagnesite [471]. This is consistent with the morphology of such phases, where highly-
hydrated dypingite-like phases exhibit flaky crystals (more structurally confined water molecules;
Fig. 8.6a), whereas hydromagnesite is characterized to form platy crystals (less structurally confined

water molecules; Fig. 8.6¢).

MgO
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Fig. 8.8. Triangular plot of compositional characteristics of obtained carbonate products in chapter 4-7, as
well as reference minerals. L: landsfordite; N/A: nesquehonite / hydrous AMC; Ba: barringtonite; P:
protohydromagnesite; D: dypingite; H: hydromagnesite; M: magnesite; B: brucite. Dash lines represent obtained

composition of combined carbonate mixtures.

On the other hand, the dehydration from nesquehonite to magnesite via MgCQOs;-nH,O phase
group, despite having similar structure, is only observed at elevated CO, partial pressures and
temperatures (150 bar, 100°C) [471]. However, nesquehonite rapidly transforms to dypingite-like
phases at temperatures > 50°C under moderately low pressures (1-10bar) [55,182], despite requiring

a significant crystal re-arrangement. Such process is known to occur via dissolution-reprecipitation
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[55,179,432]. This strongly indicate that the slow dehydration kinetics of Mg?* is the dominant factor
in the evolution of carbonate phases, as the Mgs(COs)s-(OH)2-XH20 group allows a progressive
partial dehydration. Once the hydration level of hydromagnesite is reached, no significant further
dehydration is allowed within the Mgs(COs)4:(OH)2-XH20 group, therefore, a significant energy
input is required to completely dehydrate Mg?* in order to form magnesite via dissolution-
reprecipitation mechanism. Such limiting factor is similar to such observed for the transition of

nesquehonite to magnesite via MgCOs-nH,0 phase group.

Such behavior might also explain the evolution of hydrous AMC. Partial dehydration is likely
to occur from the “small pores” regions of hydrous AMC, since water molecules in this Mg and
COs? -deficient regions are less tightly bound to the carbonate matrix [424], where the majority of
the water molecules are bound only via hydrogen-bonding interactions [474]. Goodwin et al., 2010
[474] reported that the disordered structure of an hydrous ACC consists of regions rich in Ca?" and
COsZinterspersed by water-rich channels. Ca?* and COs? rich regions. These latter regions resemble
features, with similar Ca-packing density, to those observed for crystalline anhydrous calcium
carbonates, analogous to hydrous AMC. It has been predicted that the removal of such H,O-rich
channels within hydrous AMC leads to an straightforward nucleation of anhydrous ACC that
eventually transforms to crystalline calcium carbonate [473]. White et al., 2010 [424] predicted a
similar straightforward dehydration behavior for hydrous AMC to anhydrous AMC and ultimately
magnesite. It should be noted that the presence of Mg?* plays a key role on the formation kinetics of
ACC and its enigmatic transition to crystalline phases by inhibiting the formation of anhydrous
calcite and vaterite crystallization [414-416] (see section 5.1.1). This behavior is more likely
attributed to the slow dehydration kinetics of Mg?* [413]. As observed for the direct transformation
of nesquehonite to magnesite (which require extreme pressure conditions and elevated
temperatures), the direct dehydration of hydrous AMC to form either anhydrous ACC or magnesite
is also predicted to require a significant energy input. However, at moderate pressures and
temperatures, the dehydration from “small pores” regions of hydrous AMC are expected to occur
gradually, thus, avoiding elevated energy requirements. Upon such partial dehydration, a semi-
crystal arrangement is expected, since the stability of amorphous materials is known to depend on
size and water content [404]. It should be noted that the carbonate ions within hydrous AMC have
alternating orientations, similarly to hydromagnesite and, thereof, dypingite-like-phases [471].
Therefore, we propose that such partial dehydration induces the nucleation of highly-disordered
semi-crystalline dypingite-like phases, since such transition might not require a significant re-
arrangement of the internal structure and such phases (Mgs(CQOz)s-(OH)2-XH20) allows a

progressive dehydration without requiring extreme pressure and temperature conditions.

Ordering of hydrous AMC structure could result in a straightforward formation of nesquehonite,

however it does not losses any molecular water in the process. It should be considered that molecular
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water might be easily removed from hydrous AMC as predicted by White et al., 2010 [424] when
compared to nesquehonite, since it the later phase water is homogeneously distributed within an
organized structure, whereas water is heterogeneously distributed with region rich in water

molecules (bonded via hydrogen-bonding interactions) in the former phase.

Significant increase of COs> ion distortion is observed during the transition between hydrous
AMC to dypingite. This is more likely attributed to the re-arrangement of crystal structure, since,
during the nucleation or dissolution-reprecipitation of dypingite-like phases from hydrous AMC, the
Mg/C ratio is increased from 1 (hydrous AMC and nesquehonite) to 5/4 (dypingite-like phases,
Mgs(CO3)4-(OH)2-XH,0). Thus, carbonate ions are being pulled strongly to Mg cations. It is
plausible that such re-arrangement occurs via charge balance after removal of molecular waters, due
to the slow dehydration kinetics of Mg?*. Such may also provide insights on the irreversible nature
of nesquehonite to dypingite-like phases transition, as previously reported [179]. It is also observed
that further dehydration after carbonate phase group transition (from MgCO3z-nH;O to
Mgs(COs)4-(OH)2-XH,0) progressively reduces the COs% ion distortion, until the less hydrated
known form of Mg-carbonate phases are observed (hydromagnesite). Upon the transition of
hydromagnesite to magnesite (see section 7.2.2) via dissolution-reprecipitation, the COs% ion
distortion is greatly reduced accounting to very similar distortion as observed during the initial state
prior dehydration of AMC and/or nesquehonite.

8.2.1. Role of temperature

Figs. 8.9, 8.10 and 8.11 shows the compilation of Raman and XRD results as well as the
estimated composition of carbonate products obtained in chapter 4-7, organized by reaction
temperature. A summary of the dehydration-driven reaction pathways from hydrous AMC to
magnesite under moderately pressures (1-10bar) and temperatures from 50 to 185°C is shown in Fig.
8.9.

Generally, less hydrated to anhydrous crystalline carbonate products are observed at higher
temperatures (>120°C). At lower temperatures (<90°C) crystalline, semi-crystalline and highly
hydrated carbonate phases with a variable amount of molecular water per unit cell are observed (Fig.
8.9-8.11). Such observation is consistent with the slow dehydration kinetics of Mg?*, where higher
temperature are required to obtain less hydrated or anhydrous Mg-carbonate phases, as has been
extensively predicted for dolomite and magnesite, commonly referred as “magnesite and dolomite

problem” [408,475].
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Fig. 8.9. Density map showing the compilation of Raman results obtained in chapters 4-7 organized by
reaction temperature (50-185°C). Dense regions show coinciding Raman results. Each point represents the
average of 40 individual measurements of a specific analyzed sample. Arrows indicate the possible
dehydration/driven reaction pathways of Mg/carbonate phases. A: hydrous AMC; M: magnesite; D: dypingite;
H: hydromagnesite; D-R: dissolution-reprecipitation; CS-PD: cell shrinkage due to partial dehydration. The
FWHM and peak position of reference minerals were calculated from Lafuente, et al., 2015 [361]. (a, b) etch
pits and overgrowth of flaky dypingite crystals and rhombohedral magnesite on dissolving nesquehonite rod

and hydromagnesite plate, respectively.
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The reaction pathways from hydrous AMC to ultimately magnesite are described as following
(Fig. 8.9): (1) Nucleation or dissolution-reprecipitation of hydrous AMC to highly-disordered
dypingite-like phases as well as to nesquehonite (50-90°C); (2) nesquehonite transition to dypingite-
like phases (via dissolution-reprecipitation as evidenced by the “house of cards” texture; Fig. 8.9a
[55,179,432]) and possibly to hydrous AMC [55] (50-90°C); (2°) direct transition from nesquehonite
to magnesite at extreme carbonation conditions (150 bar, 100°C) [471]; (3) possible transition from
hydrous AMC (formed from dissolution of nesquehonite [55]; 50-90°C); (4) progressive dehydration
and cell shrinkage of highly-disordered dypingite-like phases to hydromagnesite (50-120°C): (5)
hydromagnesite transformation to magnesite via dissolution-reprecipitation, as evidenced by etch
pits and overgrowths of rhombohedral nano-magnesite on a large dissolving hydromagnesite crystal
¢10 um; Fig. 8.9b; 120-185°C).
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Fig. 8.10. Density map showing the compilation of XRD results obtained in chapters 4-7, organized by
reaction temperature (50-185°C). Dense regions show coinciding XRD results. M: magnesite; D: dypingite; H:
hydromagnesite. The FWHM and peak position of reference minerals were calculated from Lafuente, et al.,
2015 [361].
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Fig. 8.11. Triangular plot of compositional characteristics of obtained carbonate products in chapter 4-7
(organized by reaction temperatures from 50 to 185°C, as well as reference minerals. L: landsfordite; N/A:
nesquehonite / hydrous AMC; Ba: barringtonite; P: protohydromagnesite; D: dypingite; H: hydromagnesite; M:

magnesite; B: brucite. Dash lines represent obtained composition of combined carbonate mixtures.
The dehydration of the carbonated products obtained at 50 and 90°C occurs gradually following
the composition trend of Mgs(CO3)s-(OH)2-XH.O carbonate phase group (Fig. 8.11). A direct

correlation is observed as progressive Raman shift and FWHM (Fig. 8.9) as well as a reduction of
FWHM of the XRD features (Fig. 8.10) as dehydration occurs (Fig. 8.11). At >120°C, despite a
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progressive dehydration is observed from hydromagnesite to magnesite an abrupt change in the
respective Raman and XRD features is observed, strongly suggesting that the transition of such
phases requires a sudden and complete dehydration. This provides insights into the slow reaction
kinetics of such transition (see section 2.1.1), since it has to suddenly remove all the strongly-bonded

water molecules within hydromagnesite structure.

It is plausible that the transition of hydromagnesite to magnesite will require less energy input
than the direct transition of nesquehonite and/or hydrous AMC to magnesite, as the former transition
requires removal of significantly less molecular water per unit cell than the latter transition, taking
into account that the slow dehydration of Mg?* is the main factor that controls the Mg-carbonate
paragenesis. This is consistent with the energy required for hydromagnesite to magnesite transition,
since it has been extensively reported that such transition can occur under moderately low pressures
(<10 bar, < 145°C) (see chapters 4-7), whereas direct transition of nesquehonite to magnesite
requires extreme carbonation conditions (150 bar, 100°C). It can be also expected that the transition
of hydrous AMC to magnesite will also require significant energy input in order to remove its
molecular waters. However, the heterogeneous disordered arrangement of hydrous AMC might
provide easier and faster dehydration routes than nesquehonite, although it is expected to remain
kinetically restricted by the hydration nature of Mg?*.

The reaction kinetics and mechanisms of Mg-carbonates are mainly controlled by the slow
dehydration nature of Mg?*. This factor is also responsible for the differences between Ca and Mg
carbonates, where Ca-carbonates are able to form anhydrous carbonates significantly faster than Mg-
carbonates. Therefore, the transition of hydrous carbonate phases to magnesite could be accelerated
if some Mg cations are replaced with Ca. This will lower the high hydration nature of Mg-carbonates
which might unlock the desired formation of magnesite under temperature and pressure conditions
near to those of flue gas emissions [56,204]. Very similar process has been extensively studied with
the opposite purpose, where Ca cations are replaced with Mg cations within ACC-Mg carbonate
matrix in order to prevent the rapid dehydration of Ca-carbonates [401,405,407,423].

The progressive dehydration from hydromagnesite to magnesite observed in Fig. 8.11 is due to
coexisting hydromagnesite and magnesite as the estimation of carbonate composition was carried

out including all coexisting carbonate phases in the analyzed samples.
8.3. Conclusions
A compilation of all the Raman, XRD and TPD/TGA data from chapters 4-7 was carried in order

to provide new insights on Mg-carbonate phases paragenesis, where the transition of such phases is

mainly controlled by the slow dehydration kinetics of Mg?* rather than evolving to a
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thermodynamically more stable or structurally similar phase. This compilation allowed a detailed
description of reaction mechanisms in the context of engineered carbonation and might provide new

insights into the differentiation of Mg-carbonate phases using Raman spectroscopy

Hydrous AMC was consistently observed to have a visymear Similar to magnesite but
unequivocally broader, which is consistent with the estimated disordered structure proposed by
White et al., 2010 [424]. This might provide invaluable for the characterization of hydrous AMC. A
progressive transition from highly disordered dypingite-like phases to hydromagnesite is observed,
indicating that such transition occurs only by partial dehydration and cell shrinkage. This progressive
transition might allow a correct characterization of Mgs(CO3)4-(OH)2-XH,0 phases (11<X<4) via
Raman spectroscopy.

The evolution of AMC as it undergoes partial dehydration (from H,O-rich regions) is likely to
occur by progressive structural re-arrangement where Mg/C ratio of the unit cell is increased from
1 (hydrous AMC) to 5/4 (dypingite-like phases). Such re-arrangement significantly increases the
vigmear COs% ion distortion as well as allows a progressive partial dehydration from
Mgs(CO3)4-(OH)2-11H,0 to Mgs(COs3)s-(OH),2-4H,0. As dehydration proceeds through removal of
structurally confined water molecules along the [010] plane, cell shrinkage occurs reducing the gap
between dypingite-like sheets which allows the formation of thicker plates as it dehydrates (from
highly-disordered dypingite-like phases to hydromagnesite). Such progressive dehydration makes
possible the dehydration-driven evolution of hydrous AMC and nesquehonite without significant
energy inputs. Once the hydration level of hydromagnesite is reached, a sudden dehydration occurs
forming magnesite. However, this latter transition requires significant energy inputs due to the
sudden H,0 removal, taking into account the slow dehydration kinetics of Mg?*. Nevertheless, such
transition requires significantly less energy inputs than the required for direct transition from
nesquehonite to magnesite, despite both phases having similar internal structures, as this latter
transition requires a sudden removal of larger amounts of water molecules when compared to
hydromagnesite to magnesite transition. Analogously, it is also predicted that the direct
transformation of hydrous AMC to anhydrous AMC or magnesite will also require significant energy
inputs. However, those are expected to be lower than for the direct transition from nesquehonite to
magnesite, since water molecules from “small pores” in hydrous AMC might be easily removed than

structurally-ordered water molecules in nesquehonite.

In order to unlock the kinetically limited transition of hydrated Mg-carbonate phases to
magnesite due to the slow dehydration of Mg?*, some Mg cations can be substituted with Ca, thus
reducing the strength of hydrogen-bonded water with the carbonate matrix, allowing a faster
dehydration of carbonate phases, which might unlock the desired direct transition of nesquehonite

or hydrous AMC to magnesite or accelerate hydromagnesite to magnesite transition.
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9.
Direct-carbonation of enstatite and forsterite

single crystals

9.1. Introduction

Carbonation reactions are characterized by diffusion mechanisms, where an exchange of metal
cations with carbonate ions allows the formation of carbonates. Such mechanisms occurred at the
minerals surface. Therefore, understating the carbonation mechanisms that occurs on the surface of
such materials might prove invaluable for the understanding on such mechanisms [449]. Moreover,
it has been extensively reported that the carbonation of Mg-rich silicates occurs via solvent-mediated
reactions, where a CO.-rich fluid is responsible for the diffusive-mediated carbonation. Pokrovsky
and Schott, 2000 [476] reported that the dissolution of forsterite in acidic or alkaline conditions is
controlled occurs via proton exchange reactions including: (i) stoichiometric dissolution of forsterite
releasing Mg and Si to the solution, (ii) exchange of 2H* for one Mg?* ion and (iii) absorption of
hydroxide and protons into forsterite surface, resulting in a surface precursor complex which

increases the molar volume of the crystalline constituents (Fig. 9.1a).

Intergrowth of magnesite and a silica-rich material are often observed from high-pressure (135
bar) aqueous carbonation of olivine (Fig. 9.1b, ). This might indicate that magnesite can nucleate
(followed by crystal growth) in association with silica formation or they could be directly forming
by dissolution-precipitation mechanisms. However such intergrowth formation mechanisms is often
associated with nucleation and growth processes [101], such as: (i) solid state reactions between the
COs-rich fluids and dissolving olivine and (ii) nucleation an growth mechanisms including the
preferential diffusion of dissolved aqueous CO; [101]. Surface nucleation of carbonated can be
initiated by a surface defect by the precipitation of carbonate grain on dissolving silicate surface.

Dissolution-reprecipitation of Mg ions may not be required for magnesite growth if sufficiently high
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CO2aq) concentration in the reacting fluid with sufficient diffusivity to transport Mg ions from
dissolving olivine to expanding reacting zone (stem from the surface protonation of olivine, dark
gray area in Fig. 9.1b).
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Fig. 9.1. Schematic of (a) surface structure upon dissolution in acidic and alkaline conditions and (b) a
diffusion-mediated growth mode including the expanding reaction zone (gray zone). (c) SEM image of
intergrowth rhombohedral magnesite with the olivine matrix (showed with yellow arrows). Figure adapted from
Pokrovsky and Schott., 2000 [459] and Chizmeshya et al., 2006 [101].

Quantitative nanoscale observations indicate that Si-rich layer contains magnesite nanocrystals.
Such observation indicates that CO, was able to diffused through the Si-rich layer (Fig. 9.2). During
aqueous DC of olivine at elevate pressures (135 bar) a Si-rich layer containing 13 vol% of magnesite
nanocrystals has been observed. However, theoretical calculations estimated that magnesite
nanocrystals should occupy 67vol% of the Si-rich layer if no ions are diffused into the solution
[101,449]. Moreover, it has been postulated that diffusion of Mg is greater than those for silicon
upon Mg-rich silicate dissolution, implying an incongruent dissolution [477]. Therefore, a
mechanism that is consistent with such observations includes the proton exchange with surface Mg
ion. Absorbed protons are bonded to oxygen site forming silanol groups (Si-OH), which generates
a glassy-product that is significantly less dense that networked silica glass [449].

Mg,SiO, "Si0," layer

Fig. 9.2. Schematic of the Si-rich layer formed upon olivine dissolution. Solid dark gray: olivine; solid light
gray: Si-rich layer; textured gray grains: carbonate nanocrystals; light blue: solution. Figure from Chizmeshya
et al., 2006 [101].
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Si-rich layer formation is likely associated with occur upon incongruent dissolution of silicates
and silica deposition on the reaction surfaces [449,478]. This layer is highly stressed due to the
significant molar volume difference between such layer and olivine, which might facilitate facture

and exfoliation of such layers.

0 Mg — Exposed Area

Passivating Layer

Intensity

Fe

0 1.0 20 3.0 4.0 5.0
Energy (keV)

Fig. 9.3. (a, b, c, d) SEM images of reaction surfaces formed upon olivine carbonation. (a) Si-rich
passivating layer with regions that have experienced fracture and exfoliation. (b) Re-growth of Si-rich layer in
exfoliated regions. (c) occasional silica deposition in regions near etch pits. (d) regions were the Si-rich layer
have experienced fracture, exfoliation and re-growth. White arrows indicate remnants of Si-rich that have not
experienced fracture, exfoliation and regrowth. (e) EDS analysis of exposed unreacted olivine grain and Si-rich

passivating layer. Figure from Béarat et al., 2006 [449)].

Upon olivine carbonation at elevated pressures (135 bar) The formation of such passivating
layers is found to cover significantly the surface of olivine (Fig.9.3a, Fig. 9.3e). It has been
extensively reported that the formation of such layers play an important role on the inhibition of
Ca/Mg-rich carbonation [57,353,449,479]. Fig. 9.3b shows an area that has experienced a glass-like
fracture and exfoliation, allowing the depositions of new passivating layers on exposed forsterite.
Olivine regions showing etch pits are generally free of Si-rich passivating layers, were only
occasional and irregular silica deposition are observed (Fig. 9.3c). Fig. 9.3d shows Si-rich
passivating layers that experienced fracture, exfoliation and growth. Residual uncovered Olivine
surface appeared partially broken away from the surface.
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9.2. Results and discussion

9.2.1. Forsterite single crystal

Fig. 9.4. SEM images of (a) untreated forsterite single crystal, (b) complex structure formed upon
carbonation, (c) close up image (red square in (b)) showing prismatic-like crystals associated with lizardite; (d)
surface roughness developed upon surface serpentinization of forsterite.

Fig. 9.4 shows SEM images of untreated and 1-week carbonated forsterite samples. Upon
carbonation reactions, complexed prismatic-like structures are developed (Fig. 9.4b), composed of
rod micro-crystals, characteristic of lizardite [480] (Fig. 9.4c). Treated-forsterite exhibits a rough
surface (different from the crystal plane of untreated forsterite, Fig. 9.4a, d). Such surface roughness
is observed to be caused by the nucleation of lizardite-prismatic crystals (Fig. 9.4d inset).

XPS analysis shows negligible C1s chemical changes on forsterite surface, indicating that is
more likely that carbonates are absent of the surface of forsterite, since the distinctive binding
energies of COs% ion are not observed (289.3 + 0.6 eV; Fig. 9.5)[266,481]. Quantification of the
surface Mg and Si atomic concentration of untreated and carbonated forsterite shows that Mg/Si
ratio is greatly decreased upon carbonation (Table 9.1). This is consistent with forsterite

serpentinization.
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Fig. 9.5. High-resolution XPS analysis of C1S core level spectra of unreacted and carbonated forsterite
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from 8h to 1-week. The position of adventitious C is shown as reference.

Table 9.1. Surface Mg and Si atomic concentrations of untreated and carbonated forsterite single crystal,

estimated based acquired XPS spectra of Mg2p and Si2p core levels.

305

Atomic concentration on forsterite surface

Core level Clean 8h 1 week
Mg2p 63.6 49.8 50.8
Si2p 36.3 50.1 49.1
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Fig. 9.6. Micro-Raman point analysis of carbonated forsterite during 1 week in different representative

areas.
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Raman analysis confirmed the presence of lizardite upon carbonation (Fig. 9.6). Two additional
and not related Raman features were observed at 1079 and 3637 cm™*. The former peak might be
associated with a CO32 complex carbonate species [199]. However, such species were not observed
during XPS analysis. The latter peak has a lower position than the OH stretching mode of
nesquehonite, hydromagnesite, antigorite, lizardite, talc (MgsSisO10(OH)2) and brucite. Therefore, it
remains unknown which is the phase responsible for such peak.

9.2.2. Enstatite single crystal

206

Fig. 9.7. SEM images of (a) untreated enstatite single crystal; Si-rich passivating layer formed on enstatite
surface upon (b) 8h and (c, d) 2-weeks carbonation; (d) close-up from image (c), showing the broad dislocation
and enstatite fragments that appeared partially broken away.

SEM analysis of untreated and carbonated (8h and 2 weeks) enstatite single crystal is shown in
Fig. 9.7. Untreated enstatite exhibits a flat and clean surface, showing regular and equally-oriented
(following an exfoliation plane) dislocations (Fig. 9.7a). Upon 8h carbonation, an irregular glassy-
like layer is observed, partially covering enstatite surface (Fig. 9.7b). Such layer is very similar to a
Si-rich layer formed upon olivine carbonation at extreme pressures (135 bar, see section 9.1)
observed by Béarat et al., 2006 [449]. Such layer was observed to passivate the carbonation reaction
as it limited the diffusion-mediated carbonation. The irregular morphology of this layer resembles
feature of individual silica particles as well as hydrothermally deposited silica [478]. EDS analysis
confirmed that the observed layer is Si-rich (Fig. 9.8). It should be noted that the Si-distribution
across this passivating layer is heterogeneous. After 2 weeks of reaction, the Si-rich layer is almost
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covering enstatite surface (Fig. 9.7¢). Note that the enstatite dislocations are significantly broader
than those observed in untreated enstatite (Fig. 9.8c, d). This strongly suggest that enstatite
dissolution occurred, which is responsible for Si-rich layer formation. Some enstatite sections
appeared partially broken away from the surface- This might indicate that, upon carbonation, some

enstatite fragments are breaking away [449].

Fig. 9.8. SEM image of 2-weeks carbonated enstatite and elemental EDS analysis. Note that Si-distribution
is heterogeneous across the Si-rich layer.

Cross-section SEM images of such Si-rich passivating layer as the carbonation reaction
proceeded from 8h to 2 weeks is shown in Fig. 9.9. At 8h of reactions, a thin Si-rich layer is formed
(187 nm; Fig. 9.9b). Generally, the Si-rich layer is observed to be massive, despite its glassy-like
appearance. Moreover, morphological differences are clearly observed within the same Si-rich layer
(i, ii). Such different morphologies might be associated with the intergrowth formation of Mg-
carbonates with Si-rich layers, as previous studies have observed the formation of magnesite within
a Si-rich layer upon olivine carbonation under extreme conditions (see section 9.1) [101,449]. This
indicates that CO, was able to diffused through the Si-rich layer. After 1 week of reaction, this Si-
rich layer was observed to be thicker than at 8h (Fig. 9.9c). After 2 weeks of reaction, the Si-rich
layer has significantly increased its thickness (from~235nm to~ 330nm; Fig. 9.9d). Moreover,
morphological differences are clearly observed within this Si-rich layer (i, ii), similar to those
observed during 8h of reaction (Fig. 9.9b). A depression of the passivating layer is consistent with
the presence of phase ii, whereas a semi-spherical shapes surface contour is observed for phase i.
This is consistent with the observation of semi-spheres and “holes” across the formed passivating
layer (Fig. 9.7, 9.8). EDS analysis clearly shows that such “holes” are rich in Mg and poor in Si (Fig.
9.8). Moreover, phase ii was observed to penetrate within the enstatite crystal, whereas phase i

appears to be deposited on enstatite surface. Such observations fit very well with the carbonation
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scenario proposed by Chizmeshya et al., 2006 [101] (Figs. 9.1b, 9.10), where the nucleation of
magnesite is observed upon olivine dissolution via surface protonation, producing an expanding
reaction zone. Silica is driven out from the expanding reaction zone, depositing into enstatite surface
[101,476]. Therefore, it is likely that phase i and ii corresponds to deposited silica and nucleated
Mg-carbonates upon enstatite carbonation.

Si-rich layer
Enstatite

Si-rich layer
Enstatite

Fig. 9.9. Cross-section FIB imaging of (a) untreated and carbonated enstatite during (b) 8h, (c) 1-week
and (d) 2-weeks. Note that there are morphological differences within the Si-rich layer, which are shown as
phase i and ii, respectively.

XPS analysis shows chemical changes on the C1s core level upon carbonation (Fig. 9.11). After
8h of reaction, XPS C1s spectra is similar to such observed for untreated enstatite, however, a peak
with position at 289.6 eV is observed, Such peak might be associated with the presence of carbonate
ions (289.3 = 0.6 eV) in treated enstatite surface [266,481]. The appearance of such carbonate
associated peak is particularly evident for 1-week treatments. XPS analysis from 3-days and 2-weeks
treatments also exhibit the presence of carbonate ions, however they also exhibit the presence of
diverse complex carbon-species, particularly for C-OH and C-O-C species. This might be attributed
to the oxidation of adventitious carbon species under carbonation conditions. Comparison with
SEM-FIB observations strongly suggest that Mg-carbonates are formed upon dissolving enstatite
during carbonation reactions. Such carbonates species might be associated with the presence of
phase ii observed with SEM-FIB (Fig. 9.9b, d, Fig. 9.10).
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Fig. 9.10. Proposed reaction mechanisms where the nucleation of carbonates occurred upon dissolving

enstatite via surface protonation, resulting in an expanding reaction zone.
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Fig. 9.11. High-resolution XPS analysis of C1S core level spectra of unreacted and carbonated enstatite
from 8h to 2-weeks. The position of adventitious C is shown as reference (dashed line).

Quantification of the surface Mg and Si atomic concentration of untreated and carbonated
enstatite shows that Mg/Si ratio is increasing as the reaction proceeds from 8h to 3-days (Table 9.2).
This might indicate that Mg is being liberated from enstatite matrix upon carbonation, most probably
through the nucleation of Mg-carbonate species (Fig. 9.10). At longer reaction times (from 1 to 2
weeks), the Mg/Si ratio decreases, probably indicating that the observed Si-rich layer is partially
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covering Mg-carbonate phases. Such observation is similar to that reported in Chizmeshya et al.,
2006 [101].
Table 9.2. Surface Mg and Si atomic concentrations of untreated and carbonate enstatite single crystal,

estimated based acquired XPS spectra of Mg2p and Si2p core levels.
Atomic concentration on enstatite surface

Core level Clean 8h 3 days 1 week 2 weeks
Mg2p 39.5 39.2 53..1 47.4 42.4
Si2p 60.4 60.7 46.8 52,5 575
Mg2p/ Si2p 0.6 0.6 1.1 0.9 0.7

b 1078em’ | 5
‘\
J\ll Vi
-~ e Rl O i
= )F~"fé,,v‘\-»-n\,;l.,A.y-”\‘il'\-"'n,,zf'”w\‘:.m,mﬂlmqrd'l*"‘“""‘.‘r\'vw\p\'\nﬂg.\,l‘r'\-r l.«*'\'I'W,:MWq\[/ML“h}”l"‘/‘*"’!,ﬂ“h]'.'\y«'\”r i "“.','w‘*"uf L
<
= ‘
g < SR
E i
& A ."V"ﬁ'.
I ! \
L "-._2 A, S LW SRS . SERSRNSONSE .
. J 1086 cm™
\ 1 J'K { \k \ 9
T e i e o e
. . [ . . . . . . . . T "
200 400 600 800 1000 1200 3400 3600 3800

Raman shift (cm ™)

Fig. 9.12. (a) Optical microscope image of carbonated enstatite, showing the position of the Raman

analysis shown in (b). (b) Micro-Raman point analysis of carbonated enstatite during 2-weeks.

Individual micro-Ramana analysis of the Si-rich layer and in “hole”-like regions (associated with
phase ii) of 2-weeks carbonated enstatite shows the presence of two distinct Raman peaks (1078 and
1086 cm™; Fig. 9.12). The first peak is similar to such observed in carbonated olivine (Fig. 9.6),
which might indicate that these phases might be related. The phase responsible for such peaks
remains unknown since Mg-carbonate peaks are observed at higher wavenumbers [380]. However,
itis plausible that complex carbonate species are responsible for such peaks, since such peak position
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are characteristic of the strong visymecar band of several carbonate phases [199,380,382]. Moreover,
the reaction products show the absence of OH stretching modes were observed, possibly indicating
that they are anhydrous.

The unequivocal enstatite dissolution might be caused by direct interaction of CO,and H,O gas
molecules, as such reactions are thermodynamically favored [156]. However, several studies have
observed that direct-carbonation mechanisms of Mg-rich silicates is limited to very slow kinetics, if
occurring at all (see section 2.3.1.1) [259-261]. However, the presence of water vapor plays a crucial
role on accelerating the carbonation reaction [265,266]. Therefore, the presence of water vapor
molecules in this study is foreseen to unlock the carbonation of enstatite. However, the dissolution
mechanisms remained relatively unconstrained. One possible scenario includes the formation of a
liquid water surface film that mediated the dissolution of enstatite, followed by the intergrowth of
Mg-carbonates (via precipitation) and silica. Another possibility is that the dissolution of enstatite
is driven by gas-solid reactions based on thermodynamic expectations.

9.3. Conclusions

An experimental study of the carbonation of forsterite and enstatite single crystals was carried
out under localized near-surface early-Mars conditions in order to provide more insight into the
nanoscale process dynamics during Mg-rich silicate carbonation as well as to the depletion of the
early CO,-rich Mars atmosphere. Our nano-scale measurements allowed a detailed description of
carbonation surface reactions of Mg-rich silicates, offering new possibilities to investigate mineral

carbonation processes.

Forsterite underwent partial serpentinization while no carbonation was observed. On the other
hand, the dissolution of enstatite under the presence of water vapor (<1% RH) unequivocally
occurred. It is likely that Mg-carbonate phases were formed upon dissolving enstatite. Within such
layer, morphological differences were observed, suggesting an intergrowth of carbonates and Si-rich
phases. The nucleation of carbonates might occur upon enstatite surface protonation, resulting in an
expanding reaction zone that allowed the diffusion of CO; species into the expanding reaction zone.
Si-rich layer was observed to grow (as evidenced by its increase thickness and covering of enstatite
crystal) as the reaction proceeded. Such layer might limit significantly the carbonation reaction, as
it covers reactive enstatite surface area. It has been also reported that enstatite dissolution does not

require the presence of liquid water. However, the dissolution-mechanisms are yet unknown.
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Concluding remarks

General conclusions

In this experimental work, the direct steam-mediated carbonation of Mg-rich oxides and silicates

under moderately low pressure and temperature conditions were studied in order to provide new

insights into the formation and evolution of hydrated Mg-carbonates phases as well to assess the

carbonation potential of Mg-rich silicates under such conditions. The highlights of this dissertation

are summarized in two main sections as:

Formation and evolution of Mg-carbonate phases:

4.

Several hydrated Mg-carbonates are formed upon carbonation of Mg-rich oxides and
silicates, each having a different amount of water per unit cell, and their formation is
selectively dependent of reaction temperature.

Observations suggest that an amorphous magnesium carbonate (AMC) coexists with
nesquehonite and/or dypingite-like phases at 50°C. On the other hand, less hydrated
dypingite-like phases were observed at 90°C, and at temperatures >120°C, only
hydromagnesite and/or magnesite appeared to be present.

The evolution of Mg-carbonate phases is mainly controlled by the slow dehydration
kinetics of Mg?* rather than evolving to a thermodynamically more stable or structurally
similar phase.

A hydrous AMC was observed to have similar decomposition temperatures and
chemical composition to nesquehonite.

Similar Raman vi symmetric stretching mode of the carbonate ion peak position were
observed for magnesite, nesquehonite and hydrous AMC. This is associated with their
similar internal structure. However, hydrous AMC have a significantly broader visymear,
attributed to its heterogeneous disordered structure.

Carbonate phases from the dypingite-like group (Mgs(COz3)s-(OH)2-XH20, 11<X<4)
allows a progressive dehydration as carbonation proceeds. The structurally disordered

nature of dypingite-like phases is caused by the excess of hydrogen-bonded structurally
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10.

11.

12.

13.

14.

15.

coffined molecular water along the [010] plane on such phases, forming flaky
microcrystals. Upon removal of molecular water, shrinkage of the sheet-like crystal
arrangement occurs, resulting into organized hydromagnesite plate crystals.

Results obtained from the progressive transition from highly-disordered dypingite-like
phases to hydromagnesite allowed the distinction of such phases, shedding light on the
enigmatic discrepancies in the solubility and thermal decomposition behavior data of
such phases reported in the literature.

Despite nesquehonite has a similar internal structure to magnesite, its spontaneous
transformation to this latter phase only occurs under extreme carbonation conditions,
since such transition requires a complete removal of molecular water. Instead, the
preferred reaction pathway includes the dissolution reprecipitation of nesquehonite to
form slightly less-hydrated and highly-disordered dypingite-like phases, which then
allows a further progressive dehydration.

Nesqguehonite transition to dypingite-like phases increases the Mg/C ratio of the unit cell
from 1 (former phase) to 5/4 (latter phase), evidenced by the increased CO3z> ion
distortion in the latter phase relative to the former.

Despite it has been predicted that hydrous AMC might be direct precursor to anhydrous
AMC or magnesite (analogous to the prediction of nesquehonite to magnesite), it is
strongly argued that such transition will require extreme carbonation conditions and
instead, it probably will prefer to evolve through a progressive dehydration via
dypingite-like phases.

The transition of hydrous AMC to dypingite-like phases remained enigmatic. However,
it is likely that upon partial dehydration of hydrous AMC, a partial nucleation of highly-
disordered dypingite-like phases occur. It is expected that no significant structural
rearrangements are required to obtained such partial transition, since the carbonate ions
within hydrous AMC have alternating orientations, similarly to dypingite-like-phases.
Straightforward transition of hydrous AMC to nesquehonite is expected to occur with
no significant kinetic barriers, since no dehydration occurs in such process.

The progressive dehydration of dypingite-like phases is hindered once hydromagnesite
hydration level is reached. Further dehydration requires a sudden release of all
remaining water molecules (limiting their reaction kinetics) in order to form magnesite.
The latter transition was observed to occur via dissolution-reprecipitation mechanism.
The transition of hydromagnesite to magnesite is expected to require significantly less
energy requirements than the transition of nesquehonite to magnesite, since the former
requires significantly less amounts of molecular waters removal than the latter.

Magnesite formation is accelerated in a hydromagnesite-saturated environment.
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16.

17.

A complete hydromagnesite transition to magnesite was observed at 145°C under
RH>90%, however under lower RH~48%, such transition was significantly limited.
Magnesite is the preferred Mg-carbonate for mineral carbonation processes, since it has
the highest CO, sequestration capacity, is the most stable, least soluble and lighter Mg
carbonate phase, leading to lower transportation and processing costs. At pressure and
temperature conditions near to those of flue gas emission, its formation is kinetically
inhibited by the formation of hydrated carbonates. This study shed light into the
accelerated formation of magnesite through the evolution of hydrated Mg-carbonate
precursors, as well as potential phase transition pathways, under direct moist
carbonation of Mg-silicates/oxides at moderately low temperature and pressure
conditions (<10 bar; <205°C).

Carbonation of Mg-rich oxides and silicates

18.

19.

20.

21.

22.

23.

Efficient carbonation of brucite was observed at 120°C and 7-10 bar, due to the high
hydromagnesite yield. At higher temperatures (145 and 165°C), the yield of brucite
carbonation is reduced, however, magnesite yield increases, resulting in higher amounts
of CO, wt% sequestered than those obtained at 120°C.

Brucite carbonation yield is significantly reduced at > 185°C due to the partial or almost
complete inhibition of hydromagnesite formation. This might be attributed to the
chemical potential is significantly reduced as the reacting phases approached the
equilibrium phase boundaries.

Successful carbonation of brucite was obtained when using Simulated Flue Gas (SFG)
conditions. However, the obtained results were lower than those obtained when using
Concentrated CO,. This could be attributed to the lower RH on SFG experiments
compared to CC. SFG experiments were carried out at lower temperatures and of regular
flue gas emissions. An increase of temperature and/or RH could potentially increase the
SFG carbonation potential, particularly for atmospheric pressure treatments, without
increase the cost associated with carbonation processes.

A maximum of 9.3 CO, wt%. was sequestered using activated lizardite at 610°C
(AS610) upon carbonation at 120°C, 6 bar during 4h.

Upon lizardite activation two distinct amorphous Mg-rich silicates were identified, each
having a significant different reactivity. This sheds light into the yet enigmatic low
carbonation efficiency during direct carbonation of heat activated serpentine materials.
Highly Reactive Amorphous Mg-rich Silicate phase (HRAS) nourished the growth of

carbonates. A complete carbonation of such phase does not require elevated temperature
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28.

29.
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33.

and pressure conditions. Moreover, it also yielded to the formation of Si-rich passivating
phases. Such phases might partially limit the carbonation potential of such materials.
Poorly Reactive Amorphous Mg-rich Silicate phase (PRAS) remained seemingly
unreacted upon carbonation, fixing a significant amount of unreacted Mg within its
disordered structure. The presence of this phase could potentially provide new insights
to the yet unanswered question regarding the limited direct carbonation of lizardite.
Forsterite nucleation upon activation of lizardite at 710°C (AS710) relative to AS610
reduced the carbonation yield only by up to 7%. Such carbonation limitation is not
significant when compared to such associated with the presence of HRAS.

The direct carbonation of activated serpentine is currently prohibited, mainly due to the
fate of Si upon activation and carbonation. If no significant optimization of such
processes is obtained, alternative indirect carbonation routes should be considered.
Brucite-bearing serpentinized dunites were found to have a promising carbonation
potential due to their generally high brucite contents.

A maximum of10 CO, wt% was successfully sequestered upon carbonation of
serpentinized dunite at 145°C and 10 bar during 4h (RH: 100%).

Changes on the dehydration behavior of un-activated lizardite were observed upon
carbonation, where inner OH are generally being removed as the amounts of outer
“brucitic” OH are increasing.

Forsterite and /or lizardite underwent partial carbonation as evidenced by the obtained
carbonation yield significantly exceeded the estimated if only brucite was reacting.
Comparison of the obtained carbonation yield normalized by the estimated pretreatment
energy requirements shows that brucite-bearing serpentinized dunites have higher
carbonation potential than activated serpentines.

Partial serpentinization of forsterite single crystal was observed upon carbonation at 5
bar, 185°C up to 1 week, while no carbonation was observed. Under analogous
conditions, dissolution of enstatite single crystal unequivocally occurred in the presence
of low humidity (<1%) as evidenced by the formation of a Si-rich passivating layer.
XPS analysis strongly suggest the presence of carbonate species on the surface of
enstatite upon carbonation. Such observation might indicate that direct gas-solid

carbonation of enstatite does not require the presence of liquid water.
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Future work

This extensive experimental work provided bleeding edge insights regarding the formation of Mg-
carbonates upon accelerated carbonation of Mg-silicates/oxides. There are several ways to possibly
extent the current understanding on such processes, particularly in view of the ever-increasing CO;
concentration in the atmosphere and its concomitant consequences. Ex-situ mineral carbonation
processes are foreseen to open the technological pathway for large-scale in-situ processes. Among
the different mineral carbonation approaches, the carbonation of alkaline industrial wastes for the
formation of highly stable, profitable and CO.-dense carbonate materials is currently the most
successful approach for such technologies. Such reactions should preferably occur via direct gas-
solid carbonation, in the presence of water vapor, under relatively low temperature and pressure
conditions using simulated flue gas streams instead of concentrated CO,, integrating both CO;
capture and utilization within a single process. Some specific guidelines to extent the work

performed in the thesis are:

1. Study the relation between Ca and Mg content of ACC-Mg during the formation
mechanisms of MHC. Upon the nucleation and crystal growth of this latter phase from the
former, only minor amounts of Mg are retained within MHC, resulting in the formation of a
hydrous AMC that covers and passivates MHC transition to anhydrous Ca-carbonate phases.
Under exceeding Mg contents within AMC-Mg, such passivation effect is expected.
However, at low Mg contents might results in the insufficient formation of a hydrated AMC,
which might only partially cover MHC, allowing the transition of this latter phase to
anhydrous Ca-carbonate phases. It should be considered to analyze the reaction products
with Transmission Electron Microscopy (TEM), since it might provide invaluable data
regarding the internal structure of such materials.

2. Assess the possibility of substituting some Mg cations for Ca within hydrous AMC in a
similar process as detailed in White et al., 2010 [424], in order to reduce the energy required
to remove molecular water from hydrated Mg-carbonates, possibly unlocking the direct and

desired direct transformation of hydrous AMC to anhydrous AMC and /or magnesite. It
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might also provide new insights into the acceleration of the direct transition of
hydromagnesite and/or nesquehonite to magnesite. Such process has been extensively
studied with the opposite purpose, where Mg cations substituted Ca in ACC-Mg in order to
prevent the dehydration of such materials. The author encourages to in-situ analyze such
reactions since the emerging intermediate phases might be easier to distinguish as well as
the different reaction mechanisms of such materials.

Perform an extensive experimental campaign in order to optimize heat activation conditions
(temperature and resilience time) on serpentine minerals for increasing the reactivity of such
materials. Such optimizations such include to find the “sweet spot” were HRAS/PRAS
content ratio is higher, as well as the different optimization parameters extensively discussed
in chapter 6 and by Du Breuil et al., 2019 [482].

Asses the carbonation of enstatite single crystal under lower temperatures (<185°C) over
extended reaction times (> 2weeks) by detailed surface characterization, including chemical
changes on the surface via XPS analysis and morphological changes with SEM-FIB
imaging. It is also proposed to perform in-situ XPS analysis with a clean enstatite surface
(free of adventitious carbon, via combustion at 500°C or Ar sputtering) in order to quantify
the extent of carbonation. The author suggests to analyze such reaction products with the
aid of TEM in order to provide more insights into the internal structure of such products.
Study the carbonation potential of Ca/Mg-bearing glass-silicate materials, as they have
higher reactivity than their respective crystalline counterparts [217]. An option to consider
is to study the carbonation potential of Ca-bearing cenospheres from high Ca- fly ashes
(HCFA). Prior studies have suggested that the carbonation of such materials is not only
limited to free-lime minerals [82,268]. Moreover Ca-carbonates were observed to form on
cenospheres. This might suggest that cenospheres play a key role during carbonation
reactions. However, such processes are very difficult to assess due to the several processes
that are occurring upon carbonation of all HCFA components. Individually analyzing the
carbonation of cenospheres after separation from other HCFA component will provide
invaluable new insights into the carbonation processes of HCFA and their valorization if the

construction industry.
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