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Abstract

The increasingCO, concentrations inthe atmosphere are attributed to the rising
consumption of fossil fels for energy generationMineral carbonation technologies
methods are needed to prevent the global warming beRGwaRthe end of this century
proposed in the Paris summiD15. Carbonatesmineralization of peridotites and
serpentines can be enhanced in order to develop a significant metsafétystorage
CO.. These minerals have been proved to have higher affinity towards sinking,of CO
The goal of this thesis is the feasibility study of the carbonagaction in typical
mantel peridotites and serpentines. Spea@fipermental conditions were definety
reproducing the ondabat gave the greater GQptake with lower energy required cost,
published at Kelemen and Matter, 2008ie samples whergrounded to powder and
exposed to @as solid interaction at 185°C ahdar of CQ pressureplus atmospheric
pressurefor 2 hours.Under these conditions,lahe samples had an increasethie
carbonates proportion and it was clearly determimgdisingthe following methods:
powder XRD, FTIR transmission and acid triggeredcdeonation.FTIR results
revealed clearly the changes caused by the carbonation reagitorg the most
accurate carbonation formation respon$ee latter also revealedualitatively the
increase of magnesite proportiam all the samples The acid triggered experiment
results revealed that the @Optake by mineral carbonation reached a maximatae

of 4%. Neverthelessany of the methods could give a quantitative {geecarbonation
rate. The peridotites samples in all methoslsow a clear carbonation trendhe
comparison between thperidotites samples composition and the carbonation rate
estimatedevealedtheinverse relation of Mg# and Ca# towards QMtake. Athigher
Mg# greater thearbonation rate. ThBunite sample (L71) cabonated the mostut of

the peridotites samplesgyhich is the sample that has the highest Mg# and the lower
Ca#. XRD results reveal thatllathe peridotites samples had calcium carbonate
formation. Serpentines showed complex results that can be attributed to their mineral
and compositional complexity.



Resumen

El incremento de la concentracion de £ la atméfera es atribuido al elevado
consumo de combustibles fosiles para la generacion de energia. Las tecnologias de
carbonatacion mineral sarecesarias para prevenir gelecalentamiento globaupere

los 2°C para el final de este siglaropuesto en el Parummit2015. La carbonatacién

de peridotitas y serpentinas puede ser acelerada a tal punto de ser considerado como un
significante métdo para captura€O,. Se ha probado que estas rocas tienen una alta
afinacién en almacenar seguramente ep &Dobjetivo de esta tesina es el estudio de
viabilidad de la reaccion de carbonatacion en peridotitas y serpentinas. Las condiciones
de este estudio fueron definidas segun los resultados que dieron la mayor captura de
CO, con el menor coste energético segun eldistde Kelemen and Matter, 2008as
muestras fueron molidag expuestas a una interaaaide gas y sio a 185°C y una
presion de 1 bar de GOmés la presion atmosférica por dos horas. Bajo estas
condiciones, todas las muestras presentaron un aumelat@mporciénde carbonatos

y fue claramente determinado utilizando los siguientes métdaifisiccion de polvo
cristalino XRD, FTIR de transmision y @arbonatacion poécido. Los resultados de

FTIR revelaronclaramente los cambiosausads por la reaccion de carbonatacion,
dandola respuestanasprecisa en cuanto a formacion de carbondistos resultados
también revelaron de formzualitativael incremento de proporcién de magnesita en
todas las muestras.os resultados de emarbonatacid por acido revelaron que el
méaximo de captura de G@btenido en todas las muestras es del 4%. Sin embargo,
ninguno de los métodos pudo dar una cuantitativa tasa de carbonata&$démuestras

de peridotitas en todos los métodos mostraron una clara teiadds carbonatacion. La
comparacion entre la composiniy la tasade carbonataén para las muestras de
peridotitas revela la inversa relacion del Mg# y Ca# en la captura gdeAC@andes
valores de Mg# mejor su tasa de carbonatacion. La muestranita WT-1) presenta

la mayor tasa de carbonatacion entre las muestras de pasdt#cual es la muestra

gue tiene el mayor Mg# y el menor Ca#. Los resultados de XRD revelaron que todas las
muestras de peridotitas han formado carbonato de calcio.eljpsninas mostraron
resultados complejos los cuales pueden ser atribuidos a su complejidad mineral y
composicional.
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1. State of the art

1.1. Evidence of Climate Change

TheIntergovernmental Panel on Climate Chafi§&C) has clearly shown the relation between
global warming and the recent anthropogesrgissions of gredmusesgases (GHG}o the
atmosphere, reaching the highest concentrations ever recorded in the. Aik®rimpact of
human beings islear ancevident, he global warming i¥Jnequivocal the atmosphere and the
ocean havevarmed;the amounts of snow and ice have diminished, and see level has risen
(IPCC, 2013.

The concentration of GHG haimcreased since the piedustrial era, being the motor of the
society as we know our days. i$has led to a GH@oncentration increase on the atmosphere

to that correspondent to 800,000 years &gimce 1750 to 2011otal cumulativeCarbon

Dioxide (CQ) emitted to the atmosphere were 2040 £+ 310 GigatonegK@t)1.), about 40%

of this gases remained in the atmosphere that corresponds to 880 + 35 Gt; the other 60% was
removed from the atmosphere and mainly captured in Oceans (around 30% of the jotal CO
accumulative emitted, causing the ocean acidificaiipdecreasinghe PH of the oceain 0.1),

plants and soilsThe emis®ns are in continuous growth, about 50% of the total accumulative
CO, emitted since 1750 until 2011 have occurred in the last 4&{eCC, 2014.

There is evidence in theontinuesincreasing global warming in the last three decades
successively at the Earth’s Surface, making it, the warmest three sucdessides on the last
1400 yeargFig. 1). Ocean warming accumulates the 90% of the energy storethe climates
systems over the period 1971 until 2010, and just 1% is stored in the atmq#pB8€re2014.

Despite thelarge amount of climate change mitigation policies around the worldC@e
emissiorrateis increasingaster from 1970 until 201Q especially in the last 10 years. The

78% of these emissions proceed from fossil fuel combustion and industrial provessdse

period 1970 until 2010. The population is in continuous growth, and also the demand of energy
required, those are the most important dgwarthe increase of CQOemissionsAs IPCCfifth
Assessment Report express:id extremely likely that mer than the half of the observed
increase in global average surface temperature from 1951 to 2010 was caused by anthropogenic
increase in GHG concentrations and other anthropogenic forcing togé&6€r, 2013) (Fig. 1

c, d)

The analysis of the total Radiative Forcing (RF) is a very precise method that analyses the effect

of the anthropogenic effects and its dire¢atien with the global warmingrheir units aravatts

per square meter WHm and measure the change of energy
calculated at the tropopause. A positive RF indicates possible surface warming and negative RF
indicates possible surface cooling. The totahespogenic RF measured from 1750 until 2011

is 2.29 W nif’ and emissions of CQalone contributes with an RF of 1.82, making it the most
important gas of the GHG that drives the global warmikg.(2). Controlling the C®

emissions andealing with CQaccumulatednr the atmosphere is one of the main objectives to

mitigate effects of the global warmingMany technologies such as Conservation and Energy

13



(@) Globally averaged combined land and ocean surface temperature anomaly
0.

T T T T T T T T T T T T T T T T T

0.2F 1

ok i

—~ =02} .
< o4} -
—-0.6f 8
-0.8f 8

L L Il L 1 L L L

Year

Globally averaged sea level change
71—

I L 1 1

1900 1950

1900 1950

Year

(9 Globally averaged greenhouse gas concentrations
01—

360

330
320
310
300
290
280
270

340

CO, (ppm)

320f

M oy
= B
. 3 T
H4 (ppb)

N,0 (ppb)

> o
'“’";: ”‘:’.,‘
&;-a-"*

3001

@
280 S sVl &,
1850

1900 1950

Year

Global anthropogenic CO, emissions
Quantitative information of CH, and N,0 emission time series from 1850 to 1970 is limited

35f W Fossil fuels, cement and flaring .
1" Forestry and other land use

Cumulative CO,
emissions

(d)

2000

1500

1000+

(GtCO,/yr)
S
(GtC0,)

T 5001

1750 1750
1970 2011

Year

Fig. 1. Relation between the increasing temperature and the sea level rising since 1850 until 2010 as a result of the
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|l and and oceanés surface temperature relative to t
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Efficiency, Renewable Energy (RE), Nuclear Energy, Coal and Gas Substitutidagrah
Capture and Storage (CCS)have to develop in order toeet the increasing demand of energy
that our growing populatiorequires oudaysand to mitigate their emissions of GHénd to
meet the projected demand of energy and growing populatioshort to long term andheir
projected emissions of GHEPCC, 2013.

Ernitied Resulting atmaspherk Radiative forcing by emissions and drivers Level.of
compound drivers confidence
[ | ) [
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© . | |
o | |
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Fig. 2. RF estimated over the period from 1750 until 2011, adding the uncertainties in whiskers shape. Volcanic
forcing is not included as its episodic nature makes is difficult to compare to other forcing mechanisms. The
confidence level means are shown as: VHery High Hi High, M i Medium,L 7 Low, VL i Very L Notice the
increasing RF on the last three decades, which is much higher than the one presented from 1950R€Q980

2013.

The total RF natural generated, related to the changes in solaancadis @5 W ni?,
comparing it with the total RF anthropogenic, is almost unapprecigige?}.
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1.2. CCSand its importanceto mitigate the CO, emissions.

AWithout additional mitigation efforts beyond
warming by the end of the 2entury will lead to high to very high risk of severe, wiggead
and irreversible impacts globally (high confideDq@CC, 2013)

In a scenario with the efforts that are placed today to mitigate the emissions of GHG, the
increasing growth rate is exgted to keep growing, the projected increment of temperature at
the end of 2% century is expected to be on a range of 3.7 °C and 4.8 °C (without introducing
uncertainties). This is clear evidence that there is a global need to create pathways asd policie
that project a progressive mitigation of GHG emissions

For this reason, th#PCC fifth Assessment Repogroposedifferent scearios where GHG
emissions arestrictly controlledin order to generate a possible pathway to mitigate global
warming. The samarios that are most likely to maintain global warming below 2 °C are
characterized by 40 to 70% of GHG emissions reduction by 2050 compared to 2010, and
reaching a C@equwalert concentration in 21 of about 45Qpm, with relianceon Carbon
Dioxide Removal (CDR)or characterized by 25 to 55% of GHG emissions reduction by 2050
compared to 2010, and reaching a@Q@Quivalent concerdtion in 21® of about 500 ppm
concentration witha strong reliance on CDRPCC, 2013. These scenariowill require the
emissions of no more than 880 Gt of carbon, which is the global carbon budget, and 530 Gt of
them hasalready being consumed in 20QWillis et al,, 2014. But meeting it won't be easy,
given that we are currently on track for between 4 °C and 5 °Coflyrhope is to decisively

pick up the pacéVickibben, 2015).

This scenarios can onlye reached by increasinfprm the current 30% to more than 80% by
2050the use of lowcarbon electricity supplywvhich consist on REnuclearenergyand CCS
(including bioenergy with carbon dioxide capture and Storage (BECG#)fossil fuel power
generation without CCS is pbed out almost entirely by 210Many models cannot reach
450ppm CQ@-eq concentratio by 2100 in the absence of CQ®CC, 204). Many models
guarantee most likely that without CCS the global warming could not limit bellow 2°C over the
21% century réative to preindustrial levels, and its availability would reduce the adverse effect
of mitigation on the value of fossil fuel &ts (Medium confidence), without CCS the costs of
climate change mitigation would increase by 138 per @e@C, 2014.

CCS technology is proven and in use around the world. It has a key role to play in curbing CO2
emissions from fossil fuel based powggneration, which will experience camtied growth,
especially in AsigGlobal CCS institute, 20)5We are running out of time, and we need to
take action fast. As thenternationalEnergy Agency (IEA) affirm in the CCS Technology
Roadmap, 2013IEA, 2013), we need to support, encourage, prove and develop CCS
technologies in the next 7 ysathrough a 7 key action, in order to achieve the-tarbon
stabilization goals. Also affirms that CCS is the only lesgale project with the capacity to
reduce C® emissions from industrial sectorBailure to utilize CCS technology in industrial

! The IPCC expresses the degree of uncertainty as a qualitative level of confidenogetirdowto very
high) and, when possible, probabilistically with a quantified likelihood (frexoeptionally unlikelyto
virtually certain) (IPCC, 2013).
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applications poses a significant thr@Eat to
2013).

According to IEA modeling, the total cumulative emissions reductions by 205ehth&@CS
could deliver is 13% wikh is needed to achieve the 2°C scenario, generatinexpected
capacity of about 6,000 millictons ofCO, (MtCO,) per year by 205qIEA, 20153 (Fig. 3)

Technologies

i " Renewables 30%
50 —
o B CCS13%
0 )
~ ¥ Power generation efficiency
S 30 and fuel switching 1%
o
® End-use fuel switching 10%
20
® End-use fuel and electricity
10 efficiency 38%
0 Nuclear 8%
2012 2020 2030 2040 2050

Fig. 3. Expected Contributions of technologies and sectors to global cumulative CO2 reductions basdd BrAtbes
Modelling. CCS technologies is projected to safety captured a 13% oftéheemoission reduction by 2050EA,
2015).

To achievehe goal of limiting the global warming increasesitomore than 2°Gan enormous
deployment of lowcarbon technologies neededn all sectorsNowadays, therés 15 large
scales CCS project that are currently operating, with the capacity to capture 28 tmilBoof
CO, per yearn(lEA, 2013). But this is not enough, i necessary that ke 2040 the capacity
of the largescales CCS projects nexet increase up to 4,00B1tCO, per yearand by 2050
needs tancrease up to 6,00MtCO, per year(IEA, 20150. By 2020, a total amount of 30
largescale operatg CCSprojectsis expectedlEA, 2013) (Fig. 4).
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Coal power [l Bioenargy M Irn and steel B Cement Bl Gas power Il Chemicaks Il Gas processing Ml Refining [ Pulp and paper

Fig. 4. Goals for CCS in the power and industrial sectors in order to achie2e@escenario. Notice that the Goal 3
proposes an increase of the capacities of the CCS projects reaches a total of 8,000 MtCO2 per year. Over 70% of all
CCS projects take place in n@rganisation for Economic Coperation and Developent (OECD) countrie by
2050(IEA, 201d).
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This goals are only achievable if the price of Carbon Dioxide reductions would have to exceed
25-30 US$/tCQ, or an equivalent limit of COemissions would have to be mandated (IPCC,
2005).Current prices in the EU are too lowrtake CCS attractive to investdideslen, 2015).

This technology still needs to develop in order to make it happen, and many experimental
essays at pilot scales are needed to improve our knowledge and security in CCS.

A nearly two mile fracture has alrgabieen found close to the Sleipner carbon repository. But
the CQ there will have to be kept underground for many centuries and not just to prevent
climate changéNeslen, 2015)One way to keep the captured £@the ground is to change its

gas phase tsolid phase through mineral carbonation technology, which can reduce costs and
energy requirements due to g®duced heat reactigfiPCC, 2005).

1.3. Mineral Carbonation for CO; storage.

The alteration of tectonically exposed mantle pdiidds wellknown as sink for atmospheric
CO,. Weathering and subsequent precipitation of caleiamd magnesiumarbonates is the
main mechanism by which the @@vels of he atmosphere are controll¢8chuilling and
Krijgsman, 2008 The natural rate of theeactiomm between peridotite and GQmineral
carbonatiopis very slow and is usually drive by low temperatures and weathering conditions.
This natural rate can be enhanced through increasing theckimétthe carboation reaction
becominga significant sink ofCGO.. In order to increase the kinetios carbonation reactioan
initial heating step in the hosting bukkrequired, thiggenerates exothermic reactions that heat
the CQ incoming. Temperatures necessary for rapid reaction can be sustainerlotieernic
carbonation, instead of an external heat sourbe.kinetics is enhandeand thecost of energy

is relatively lowdue to the energy cost rely in just an initial heating.sBypthis methodt is
expected that in situ carbonation of peridotite coulasome >1 billion tons of C{per year in
Oman alonéKelemen and Matter, 2008

In order to optimize the storage capacityistneeded to find the rock type and mineral
compositionthat has the largest GGtorage capacityOlivine, which is the Dunite main
component, is the mineral that has the most affitatyardsmineral carbonization of CQand

its sinking minerals aremainly magnesite and sideritBuring the hydratiorand carbonation
reactions, lie silicatebulk getsFe-rich (Streit et al., 2019, but this rock is niostable in crustal
conditions(Xu et al., 2004 reacting with HO and CQ present in in crustal conditions to form
serpentine and daonates and F@xides.

The main reactions that show the £&orage poteidl are formulated as follow&lein and
Garrido, 2011Gerdemanret al., 2003

¢- G3/E - C3E w ¢- G3E / ( (1)
-C /1 EOEICAOUOI o A§ A( UAOAOASGBquAl OET A
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Equations (1), (2)3) and (4)are exothermicbecause SerpentimadMagnesite are at a lower
thermodynamic state than olivii€lein and Garrido, 2011 Forthis reason, over geologic time
olivine reacs with very low kinetics, and isventually converted intserpentine and magnesite.
As a consequencserpentineand magnete aremore abundanthan Olivinenear Earth Surface

(Gerdemanret al., 2003

Evidence of natural hydration and banation at lowtemperatures can be found in springs and
associated travertines. The Samail Ophiolite is a good example of it, which is an uplifted slice
of the oceanic crugiKelemen and Matter, 2008The ultramafic rocks at Atlin represents a
tectonicaly emplaced upper mantle section of oceanic lithosphere composed of hazburgite and
dunite, that is mostly converted into serpentine and listwéiddaesen et al., 2005

Another natural evidence can be found in the transform fault in the Atlantic oceanic ridge

|l ocated at l atitude 15 Ua&naljzéd The w2v4AcDhill showsanbeen dr
almost fully serpentinized peridotitdfom 60 to 100% The serpentinization of Olivine

generates a mesh texture, starting from the edges of tHeliphee mineral to the center (full
serpentinization)tlis very common to find Olivinén the core of the mineral thas being

serpentinzed and serpentine (Lizarditednforming the mestexture. Later, theolivine core has

beingreplaced by a secondmgration serpentine and brucftgearrido et al., 2006

There is a large amount of G@at has to be captured and storamifinitely, because a small
re-release of CQwill quickly equal the release from burning fossil fu¢erdemanret al.,
2003. This storage request can baccomplished when carbonate (magnesite and siderite
mainly) is formed out of the carbonation reaction of peridotites.

The affinity that olivine, pyroxenewolframite, serpentine and others have with G&@n be
explained by the fluids related to them at low pematures (alkaline, @ach and Mgrich). In
the piocess of serpentinizatianbreakdown from their silicate medentoccurs increasing the
Cd* and Md" concentration in the fluid. The loss of Cand Md" is reflected by the Ca and
Mg depletion observed in many serpentinized peridofitesst and Beard, 2097
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At low CO, concentrationsthe hydration reaction generatesrpentine and liberates Rig
which forms brucite

# A (5)

¢- G3E C3E / ( c/ (6)
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When Olivine is completely converted, the hydratiorsefpentingo brucite and silica starts
(Frost and Beard, 2097
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At low temperatures modest concentrations of, @@uld be sufficient to dissolve brucite in
favor of carbonatéKlein and Garrido, 2011

o - @~(~ ) o - (;IA# ) (8)
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The equation 5 shows thahen the silica activity decreases, caused by the falling temperatures,
the C&" activity increases more than threelersof magnitudeand pH will rise(Fig. 5) (Frost
and Beard, 2007 The serpentiized reaction stars when tloav silica activity compromisethe
stability of components imlivine, such as the ferrous irpmhich goes to the formation of
magnetite.Serpentine is more silica rich than olivine, so withan external input of silicik
must coexist with gess silicarich Mg phasesuch as magnesite, dolomite or bruciAe higher
CO, partial pressur¢he rate of carbonate precipitatioicrease which raises the silica activity
of the fluid (Streit et al., 201R The instability of pyroxenand olivine at low silica activity
results in its incongruent dissolution, producing the-riCla fluids associated with
serpentinizatiorfFrost and Beard, 20Q.7The carbonate is believed to precipitate wherriCla
and high pH serpentinization fluids mix with bicarboraté seawatei(Klein and Garrido,
2011).

When silica activity levels are high in presence of serpentine, this reacts ttafo(quation
9) (Frost and Beard, 2007%ull carbonation of serpentine or olivine is achieved when all the
talc has reacted to form magnesitelquartz (0) (Klein and Garrido, 2001

-G3E /( G¢3IE -C38 /( / 9
3AODAT OEDAOOU 441 A

- C3E / ( o-Q# T3E (10)
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At low temperatures, chemical potential gradients of silica angactvities between the fluid

of serpentinédrucite reactions and the fluid of G@ch, talc-SiO,-magnesite are increased, but
mineral carbonation is limite(Klein and Garrido, 2011 In increased temperaturbgher CO,
activity is needed for carbonation of serpent{iéein and Garrido, 2001 The temperature of
mineral carbonations of greatimportance as reaction rates are sluggish at very low and high
temperature¢Klein and Garrido, 2011 Optimal temperature for mineral carbonation of heat
treated serpentine with GQaturated aqueous fluid is 155 {Gerdemanret al., 2003Klein

and Garrido, 2011

10 A

6

0 50 100 150 200 250 300
T°C

Fig. 5. Stability of Digpside in serpentine. pH vs Temperature diagram showing how the solution of Diopside of the
sergertine-brucite buffer produces progressively more alkali fluids with decreasing temperature. The reaction (31) is
referred in this work as equati¢b) (Frost and Beard2007.

Notice that the reactions shown inuagjon (1), (2), (4), (5), (7) and (10) contributes to an
increasing of silica activity, which can be precipitated as amorphous purels#idag to the
presence of unreacted olivine at the core. Whiea carbonation reactiomccurs,the aqueous
olivine carbonations process involves magnesium dissolutions and silica precipitatiprb)
(Chizmeshya et al., 20B7generatingSilica-rich reaction layers and surface regions missing
glasslike layer fragmentseferred as passivating layefBéarat et al., 2006 This silica is
mainly generatedybthe reaction of olivine alteration to serpentine and/or magn@gdae and
Garrido, 201}, as the result of incongruent carbonation of silicates and can also be gengrated b
talc (Streit et al., 201R This layer is highly stressed due to the large molar volume difference
between Si@and olivine, this produciactures and exfoliations.

Silicarich passivating layer act as a barrier covering the olivine mineral, and inhibit the
interaction between olime and the rich fluids and gasesy Biis reason, it substantially inhibit
mineral carbonation reactivity (Béarat et al., 2006). Sonication has being applied to the samples
that has a passivating layer formed in order to remove it, but none of the mieluibdave a
significant carbonation improvement in removing the silica content (Chizmeshya et al., 2007).

These processes occurs natural at very low reaction kinetics. In order to be able the generate a
technology that can storage safety large amount of iE@Qery short time it is needed to
accelerate the kinetics of this reactions, which has a direct implication on their costs.
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Fig. 6. FESEM images of olivine carbonation reaction products. Two types of particles are observed, crystals and
irregularly shaped particles. The products are most often observed as separate particles and crystals, but are also
observed to have aggregated intesters during the mineral carbonation process. (a, b) magnesite crystals (M) and
irregularly shaed silicarich particles (S)Magnesite crystals with eroded edges and corners are often observed,
suggesting substantial particle abrasion occurs duringeation. (d) A close up of an intergrowth silica/magnesite
composite particle. Selective abrasion of the outer perimeter of the softer magnesite crystals, as observed for the two
crystals in the upper left corner, indicates intergrowth particles from glwanbonation and not as the result of
precipitation(Chizmeshya et al., 2007

The reaction rate can be accelerdbgdraisirg the temperature and pressure of the peridotite,
injecting CQ rich fluids which changes the solution chemis{ielemen and Matter, 2008;
Gerdemanret al., 2003; Klein and Garrido, 201 Hecreasing particles size and using a catalyst
(Kelemen and Matter, 200&erdemanret al., 2003; Klein and Garrido, 2011; Rigopoulos et
al., 201%, Rigopoulos et al., 201). Heding and raising the partial pressure of £€n
increase the carbonate rate by a facfor10® (Fig. 7), with apotentialincreaseup to 16 by
continuousinducedfracturingon the buk during the procesé&elemen and Matter, 2008All

of these approachesnprove reaction kinetics, increasirggeatly its rate, making possible
accelerating the formation of carbonate to conversions of over 80% in less than an hour, but this
improvementcarry energy and economic co¢Gerdemanret al., 2003 As a consequence
understanding the hydration apdrbonation reactions of peridotite can constrain the optimal
conditions and limitations of C{3equestration.

Hydration and carbonations reactions genevatame changes due to consumption of,G®
form solid MagnesiteCarbonationof Olivine result in44% increasen the solid volume, this
lead to enormous pressure increases and fracture may be anti¢ibeliehen and Matter,
2008.

Increasing the temperature and partial pressure accelerates the kinetics of the hydration and
carbonation reaction untémperature approaches the equilibrium phase boundary for carbonate
and serpentine mineral stabilityOver a range of temperatures the reaction rate of
serpentinization haa maximum level at 260 °C, and carbonation is optimized at 185 °C and
150 bar CQ@ pressurgFig. 7) (Kelemen and Matter, 20080verpassing the optimized reaction

rates by increasing temperature mainly produce a decrease,idig€30lution and the reaction
becomes thermodynamically sfavorable(Gerdemanret al., 2003.
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Fig. 7. Rate of olivine carbonation (lines and symbols) and serpentinization (black line, no symbols) as a function of
temperature and pressure, compared with the rates at 25°C for surface water equilibrated with the atmosphere at 1
bar. A range of curves are shio for carbonation, with a single curve for serpentinization of olivine saturated in
aqueous fluid at 300 bagkelemen and Matter, 2008

Reaction ratés clearly higher for carbonation than serpentinizatkeig.(7). This is because the

enthalpy change is 3 times larger for carbonatfon example, at 1 bar and 25 °C, the heat
produced due to ser pe nndifonc¢akonatian canreachg@H qadd i s 250Kk
kJ/kg, and sepentinization is slower than carbonation in the range of optimized conditions

shown orFig. 7.

There are significant pblems with the carbonation of serpentine related to the costs. Serpentine
is unreactive without a heat treatment. Olivine requires no heat treatment but is less common
thanserpentineAfter heat treatment, serpentine reacts quickly, but the maxinamvecsion is

lower than Oliving(Gerdemanret al., 2003 Wollastonita is another mineral that hatagge
capacity to uptake CQOand safety storage it. Much work is still need to understand these
reactions and increase their carbonation rate, which ssneally the same as Olivine
(Gerdemanret al., 2003

Olivine and Wdlastonite exhibit the begbtentialfor capture and storage GO'he Mgsilicate

olivine provided the basis for a process feasibility study, which determined a carbonation cost of

$69 rer ton of CO2sequesterefO6 Connor g. tHowaver, Serpehtth® dvailability

makes it the most interesting €6ink, buti t 6s being unsuccessful at a
without a previous heat treatme(@® 6 Connor )t al ., 2004

According to this, the resources and availability of the mineral capable of acting as an
atmospheric CO2 sink is one of the main factors, so it is the energy costs that may make CCS
impractical and the necessity of accelerating the kinetitsthe carbonation reaction
(Rigopoulos et al., 20E5Rigopoulos et al., 201).
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Fig. 8. Quantity of adsorbed CQumol g*) versus ball milling time (h) for the starting material and representative
nanomaterials produced after the addition of 10 andt%®ethanol(Rigopoulos et al., 2015b).

The kinetics of the reaction can also be accelerated by decreasing the particle size. The long
milling process improves the capacity of the minerals that has affinity jddXafetystorage it
(Rigopoulos et al.2015, Rigopoulos et al., 201hbrhis is due tdhe increasef the specific

surface area and pore volume is increase aftamitieg processThe pore volume is probably

the most important parameter for the £Sforage in the milling processéRigopoulos et al.,

201%5). In Olivine samples that has beerlmailled for 4 hours, and saturated with 50% ethanol

has reached an increase of 295% in the total<t@age capacitgompared to the reference-un

milled sample(Rigopoulos et al.,, 20E. The latter isdue to the increase of the adsorption
generated by the increase of pore volume and the use of ethanol instead of water in the wet ball
milling process, which leads to the formation of smaller, rounded and uniform particles
increasing their spdit surface area.

It resultsin possibility to estimatingn initial positive trend between ball milling time and £O
uptake with a maximum carbonation rate at 4h of ball milling. Longer ball milling times tends
to reduce the carbonation rate (Fig. 8) (Rigopoulos et al., 20A%eY. only four hours the
maximum an importantincrease of C@Quptake was observed. This method dmtome a
promising preparation technique for development of piroxenitic nanomaterials for the safe ex
situ mineral carbonation (Rigopoulos et al., 2018b3hould be pointed out thtte addition of
50wt% ethanol results in a greater mineral carbonatmmpared to the addition of 10wt%
ethanol (Fig. 8) (Rigopoulos et al., 2015b).

In order to storage indefinitely and safety the ,G@mosphericit is needed to increase the
kinetics ofthe carbonation reaction gfre-heated serpentinduch work is still needed to
enhance the CQuptake in the mineral carbonation technology referred to the serpentine, and
understand its reaction in order to reduce their costs.
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2. Objectives

Global warming is increasing each year due toathiropogenic GHG emissions, especially of
CO,. Without additional efforts of those in place today the temperature at the end of this century
will raise on a range of 3,7 °C to 4,8°C.the Paris summit 201& global goal to limit global
warming bellow 2€ relative to prendustrial globalhas been proposed@his goal caronly be
achieved with CDR technologies that are able to store safety and permanently, thavit@

no riskof re-release on the atmosphefdat is where mineratarbonation storageechnology

CCS takes place, being able to trap,@@o stable carbonates minerals. Bugre is still much

work neededn order to find a feasible way to make it happen

The aim of this thesis is the feasibility study of tterbonation reaction ofepidaites and
serpentines wittMg-rich compositionThese minerals have been proved to have higtiigity
towardssinking of CO,. The focus is omeproducing the experimentisat gave the higher rate
of carbonatiorwith the lower energy required cogiublished at Kelemen and Matter, 2008
with a variety of 6nonpretreatedsampés (peridotites and serpentindhe sampleswhere
grounded to powder and exposed to 185°C at 1 bar ofp@&3sure for 2 hours (Gaslid
interaction).

The rate of carbonation atlde kinetics of these reactions astimated by calculating the area
changes before and after carbonation of the main characteristic peaks oRéne Powder
Diffraction and FTIR Transmission resultant spectrums. Acid triggered¢admnation
experimentis used to estimate thmarbonation ratef the different sampleander this thesis
conditions.

The behavior of the different sampledl be analyzel in orderto studythe relation between

each sampledMg# and Ca# composition with the carbonation formmatibhe affinity of the
samples towards carbonation is defined as a feasible factor for carbonation forfrtatiehore

this thesis aims to analyze a feasible trend depending on the mineralogy and composition of
different samples towards carbonation forimmt
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3. Samples Characterization

3.1.  Samplesintroduction

The samples used on this study were taken from Hisponiola, which is located at the North Edge
of the Caribbean plate, where tBeetaceoussreater Antilles island arsystemand the Neath
AmericanPlate collide farchesi et al., 2016Escuder Viruete et al., 2010t constitutesa
NW-SW oriented belt of ultramafic rocksemostly composedf serpentinized hazburgiteith

minor Iherzolites,piroxenesand dunites l(ewis et al., 2006 Most of theseaultramafic rocks

were peridotites formed in the upper mantle which it basn upliffed and exposed to
weathering. herefore it partiallyiin some areas, fully serpentiized theperidotites and it
conforms the main serpentinelt the Loma Caribe peradite which is about -6km wide and
extends for 95kniFig. 9) (Marchesi et al., 2016; Lewis et al., 2006).
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Fig. 9. (a) Geological provinces of the Caribbean region with location of modern plate boundaries and major tectonic
elements. Modified fromDraper et al., (1994pbove an image from Google EartWWhite boxindicated the
geographic location of the Loma Qagi perdotite in Central Hispaniola. (b) Geological Sketch map of the Loma
Caribe peridotite with sample locations (red circlddarchesi et al., 2096

The kinetics of the carbonations reaction is related to the mineral compaosition anantytre
elements ofthe original peridotite In order to find a feasible way to reproduce arsiéx
carbonation reaction is important to understand its behavior in different minerals and
composition. For this study we selected 6 samples that represent the whole compbsitgon
Loma Caribe complex (Fi@ and10). The samples are already being characterized in Marchesi
et al., 2016, which were giving to us with the collaboration of the Universitat de Barcleona
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(UB). Theselected samplesre Dunite, Hazlirgita, Clinopyroxene Hazburgitd_herzolites and

Serpentines (a fully serpentinizgeridotite and an Antigorite). The Modal proportions and
whole rock major element composition is found in the table 1.

Fig. 10. Original samples. (A) LT1, Dunite; (B) LT3, Hazburgite; (C) L4, Clinopyroxene Hazburgite; (D) C629 Lherzolite;
(E) 14SG-7, Serpentine (Mostly Lizardite); (F) @9/ -11A, Serpentine (Mostly Antigorite)

The peridotites are partially serpentinized with minarbonates, and d¢finterpretation of their
wholerock composition redees an evaluation of the potaitinteraction between rock and
fluids atlow temperatureslt is easy to appreciate its similarity with ophiolitic peridotes but
with lower MgO/SiQ ratio (Fig. 11). This was ause by the dissolution of Bicite and
serpentine or the SiO2 enrichment by reaction with fluids containing aqueous silica during
serpentinization(Marchesi et al., 2016Comparingthe slope betweethe peridotite samples to

the abyssal peridite that is being taking as a reference ophiliolitic peridittes very similar,

which means that the ADs/SiO, remain constant during the alteration process.
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5% MgO loss
0.8 . . . ;
0.00 0.01 0.02 0.03 0.04 0.05
AL,O,/SIO,

Fig. 11 Al,0O4/SiO, vs MgO/SiQ in the Loma Caribe peridoteBerrestrial array frondagoutz et al. (197@nd
Abyssal peridotite fit fronMalvoisin (2015),(Marchesi et al., 2016).
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The Modal proportios are showrin the sble 1 (Marchesi et al., 2006 This was obtained as a
geochemical interpretation of the wholeck geochemistry that estimates the iced
mineralogy of the sample$herefore the altered samples will be charactenmeuhly by the Si
additionand Mg losses.

As is it shown on the table 1, the Loss @mition (LOI) value are higher for the Dueit
samples, and its value decreases with the presence of pyroxenes. TheQbwalue is found
in the Iherzolite, which is more resistdatserpentinization.

The serpentine samples are the product of the peridotite alteration. Both of the samples are
patially carbonatedTherefore its LOI valuesareexpected to beery high In the samplel4-

SG7 the lizardite is the most abundant mineral and forms a mesh texture, which is common in
olivine serpentinization (ejGarrido et al., 2006 Cr-spinel is paitlly oxidized to Ferrian
chromite and Magnetite. Imé sample 02V -IIA the most abundant mineral is the antigorite,
forming an interpenetrating texture of Antigorite Blades

Table 1. Modal proportions an#Vhole-rock majorelement compositions of Loma Caribe peridotites and its exact
location Marchesi et al., 20)6and selected serpentingih their mineral associationith Mg # (Mg/(Mg+Fe))and
its equivalent in C#Cal/(Ca+Fe))(bdl = below detection level; ndl: not deéd location)

Lithology Dunite Harzburgite Cpx-harzburgite Lherzolite Serpentinite  Atg-serpentinite
Sample LT-1 LT-3 LT-4 C6299 14-SC-7 09-LV-IIA
Location Loma Taina Loma Taina Loma Taina Loma Caribe

Latitude (N) 18°55'8" 18°55'8" 18°55'8" 18°58'44" ndl ndl
Longitude (W) | 70°19'18" 70°19'18" 70°19'18" 70°23'58"
Olivine (78) Olivine (66) Lizardite Antigorite
Mineral Olivine (99) Olivine (76) Orthopyroxene (19) Orthopyroxene (24) Chrysolite Magnetite
association (%) spinel (1)  Orthopyroxene (24) Clinopyroxene (2) Clinopyroxene (8)  Cr-Spinel Dolomite
Spinel (1) Spinel (2) Magnetite Petlandite
SiO, (wt.%) 35.04 37.88 38.86 43.85 40.79 39.28
TiO, 0.02 0.05 0.02 0.06 0.01 0.04
Al,O3 0.03 0.24 0.64 1.95 0.59 1.76
Fe,0st 6.03 7.55 8.38 8.58 7.51 8.02
MnO 0.10 0.12 0.13 0.14 0.11 0.12
MgO 44.72 41.90 40.21 40.54 35.98 37.31
CaO 0.05 0.25 0.55 2.09 0.10 0.71
Na,O bdl bdl bdl bdl Bdl bdl
K,0 bdl bdl bdl bdl 0.01 bdl
P,Os 0.01 0.01 0.01 0.01 0.00 0.01
LOI 13.71 11.65 10.57 1.94 14.10 12.16
Total 99.70 99.65 99.37 99.15 99.20 99.41
Mg # 0.864 0.826 0.805 0.802 0.804 0.800
Ca# 0.008 0.033 0.063 0.199 0.013 0.083
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3.2.  Samples Distribution

The samples were powdered until the grain sizesu#able for doing thexperimentsand then
weighted as is it shown on table 2.

Table 2. Weight of the samples gramsthat were ground tpowder and separated them in different Eppendorf
sample holderwith their correspondent distinctive A,B and C

Sample LT-1 LT-3 LT-4 C6299 14SG7 09-LV-li
A(Q) 34 6.3 12.8 19.3 2.7 3.48
B (q) 2.5 7 45 228 2.9 2.7
C(g) 4 45 - 12.8 2.8 3.3

The samples are already being categorigsithg modal proportions and wholeck major
element composition, butniorder to understand the carbonation and hydration reaction of
peridotitesand serpentines it is important to have a high qualitative mineral analysis before the
experiment.The methodaused are XRD, acid triggered -darbonationand FTIR for every
sample
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4. Experiment Procedure

4.1. X-Ray Powder Diffraction (XRD)

The vast majority of the minerals can be described as crystalline. The regular distribution
between the spaces of the mineral components conforms a crystal network defined by the
periodically repetition of the unit cealh form of parallelepiped. kontahs all the information of

the mineral crystal structure.

The crystal network is defined by reticular planes equally spaced in different orientations,
represented by the Miller indices (h k I). The distance between each parallel hkl plane sequence
is expressed as @. This distance determines the position of the diffraction peaks using the
Bragg law which calculates the angle where constructive interfereneg/sXscattered by
parallel planes of atoms, as follows:

6‘:2dnk|5im ( 11)

Fig.12 Geometri cal i | | u @echaaskyj Voand za¥alij, Ph205Br aggs o6 | aw

Only a small fraction of crystals in the sample contributes to the measured diffraction peaks,
due to the different orientations of theystals that conforms the samples. Rotating the sample
during the Xray Diffraction increases the number of crystals that contribute to the measured
diffraction peaks.

Each mineral has been characterized by thevdlues, which are stored on diverseatbaises,
and by comparison of the measured diffraction peaks with the tabulated ursgaging of
each mineral is possible tdentify each mineral presentedthe sample.
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