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ABSTRACT

Magnesium Hydroxide Sorbents for Combined Carbax[de
Capture and Storage in Energy Conversion Systems

Kyle J. Fricker

Ever increasing anthropogenic emissions of greesdgas carbon dioxide (Gare
considered as the main driving force behind clinthi@nge on Earth. The environmental
impacts of greenhouse gases will be further infexsias the world’s population
continues grow while the developing world is modlsed concurrently. Three solutions
exist, and each must be pursued in parallel, @@issions can be reduced by improving
the energy efficiency across all sectors, hasteftiegtransition to carbon-free energy
sources like solar and wind power, and developiadphan capture and storage (CCS)
technologies. Despite the incentives surroundinbarafree energy, it will take decades
until significant market penetration is achieved. the meantime, while carboneous
fossilized energy sources continue to dominateetiergy blend and worldwide energy
demand is continuously increasing, CCS can offemanediate solution to fight climate
change. Furthermore, CCS has the potential tolglmr even reduce the atmospheric

CO, concentration.

Several high temperature @@apture technologies are under development. Cla¢mic
looping of calcium (Ca) sorbents is predicted tovie zero emission energy from coal.
Ca-based sorbents must be recycled given the hatata of most Ca in the Earth’s crust
as calcium carbonate. Looping raises concerns dabeutiltimate fate of the separated
CO, as well as the degradation of the sorbent matetildlike their Ca-based

counterparts, Mg-bearing sorbents, derived froncagg minerals and industrial wastes,



can act as combined carbon capture and storageanrediarious energy conversion
systems. By combining CQCrapture and storage, energy intensive sorbenneeggon
and uncertainties associated with geological se¢rptem of CQ can be avoided. The
magnesium carbonate formed during the carbon nlinati@n process is recognized as
the most safe and permanent method to store amipeoc CQ. Locked within the
mineral carbonate crystal structure, £&xrhieves its lowest energy state. Despite the
benefits of Mg carbon mineralization, the reacti@xperience limitations in terms of
kinetics and overall conversion, depending on #ection system, and the mechanisms

are not well understood, especially at high temipeeaand pressure conditions.

Mg(OH), carbonation in the slurry phase occurs spontamgarsl recent results
show improved gas-solid carbonation with comparatéerials in the presence of®
vapor. The pathways of & enhanced Mg(OH)carbonation were investigated at
elevated temperatures and £@essures (up to 400 °C and 15 atm) in the presehc
steam. For a given reaction temperature, carbamatenversion showed dramatic
increase with increasing.B loading. The results suggest that a hydratedremvient
facilitates the formation of intermediate hydratedhgnesium carbonate species. The
hydrated carbonates form relatively quickly and tansform into anhydrous carbonates
while subjected to greater,@ loading, higher temperature, and/or longer reactime.
Still, carbonation of Mg(OH)in a gas-solid system has largely demonstratedeltm

reaction kinetics and overall conversion.

The limitations observed in the gas-solid carbamateaction and the enhanced effect
of steam motivated a series of studies aroundyshinase Mg(OH) carbonation. The

literature lacked an investigation of Mg(QH$jurry carbonation at elevated temperature,



thus this study examined carbonation at moderaimpeeature and COpressure (up to
200 °C and 15 atm). Various metastable hydrated nesagm carbonates (e.g.
MgCOQOs;-3H,O and Mg(COzs)4(OH),-4H,0), with differing amounts of hydroxide and
structural HO incorporated within the carbonate crystal, temébtm quickly and persist
for long periods of time in agueous systems, cocagilig the reaction engineering. The
reaction conditions responsible for hydrated anbydrous carbonate product phases
were evaluated and carbonate formation kinetice werestigated. Reaction temperature
was found to be the dominant parameter driving forenation of specific carbonate
phases, though solution additives also showed paldor bypassing the temperature

effect.

Magnesite (anhydrous magnesium carbonate, MyQ@Othe most desirable phase
within the magnesium carbonate family for carbooraje for a number of reasons,
including its magnesium efficiency, omission of diddal crystal waters and
thermodynamic stability. For large-scale carbomatio be a viable industrial process,
magnesite precipitation, which is known to havevglonucleation and growth rates than
its metastable competitors, must be made to oauidly and reliably. Furthermore, the
reaction conditions required for the formation atle magnesium carbonate phases have
not been well understood with conflicting literagutata. In this study, the effects of both
magnesite and inert (4D3) seed particles on the precipitation of magnestanbonates
from a Mg(OH}) slurry were explored. It was interesting that Mg&®eding was shown
to accelerate anhydrous magnesite growth at termyresa(80-150 °C), where it would
normally not form in short time scale. Since theafic surface areas of MgGGnd

Al,O3 seeding particles were similar, this phenomenos e to the difference in the



surface chemistry of two seeding particles. By miog a template with similar
chemistry for the growth of magnesite, the preaipin of anhydrous magnesite was

demonstrated.

After the in depth study of Mg(Okl)carbonation in both gas-solid and slurry
arrangements, its integration with an energy cosigar process, the water gas shift
reaction (WGSR), was explored to increase the muidity of carboneous energy
sources. Due to the limitations witnessed in the-gaid carbonation system, this study
investigated the integration of slurry phase Mg(@Earbonation with the WGSR at
temperatures up to 215 °C with a 0.5 wt% platinumatumina catalyst. The removal of
CO, by the carbonation reaction enhanced hydrogend y&l the WGSR as the
equilibrium of the gas phase reaction was shiftedatds products. Unexpectedly, a side
reaction was exposed, which converted CO to aquéoumsate ion and limited the
overall production of hydrogen. The formate carsglin solution or decompose to yield
hydrogen depending on the solution conditions. Bhisly also tested industrial catalysts

and proposed various practical reactor arrangenfentse integrated system.

Overall, this study explored the fundamental chémigelating to carbonate phase
formation mechanisms and kinetics during the casbon reaction of Mg(OH) in
various reactor systems. Mg(OHgarbonation is under continued development as a
combined CQ capture and storage technology. The integraticdh@tarbonation system
with an energy conversion process motivated thedtigation at elevated temperature
and CQ pressure conditions. Ultimately, the carbonatesxction was integrated with the

WGSR to capture and store the produced @Owell as enhance the production ef H
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1. Introduction

Population growth stands among the largest enviesnah challenges facing the
World today. Said best by Albert Einstein: “Theekt phase of technical-scientific
progress, with its fantastic increases in popugtitas created a situation fraught with
problems of hitherto unknown dimensions.” Beingténthe Earth can only support as
many humans as its resources will allow. The deetoworld (Europe, North America,
Australia/New Zealand, and Japan) population igegted to level off over the next
century; however, less developed regions (AfriceiaAexcluding Japan), Latin America,
the Caribbean, Melanesia, Micronesia and Polynes@)expected to continue their rise
(Figure 1.1). By 2060, the United Nations predetld population to surpass 10 billion
people, with nearly all of the growth from 2020 dvel/ond occurring in the developing
world (UN, 2012). While these regions grow in padidn, they will certainly undergo
technological development and experience vast deggran life quality; however, as
Einstein pointed out, these changes will undoulgtegult in challenges requiring truly

innovative engineered solutions.

Both population growth and life quality improvemengiquire energy. Energy has
become a basic human need, along with food, watek shelter. The evidence surrounds
us; energy is needed across all sectors and aea@thents of the value chain. A closer
look into agriculture infrastructure reveals outentwined relationship with energy.
Energy is found in the machines for working thedlaand the production of those
machines, development and production of fertilizensl pesticides, mechanization in
processing the crop, transportation of productsmtarket, cooking and use of said

products, and transportation of the waste. Thelpna$ surrounding the usage of energy



lie in the depletion of non-renewable resources thiedpotential environmental impacts

related to the use of various energy sources.

The International Energy Agency’s biennial repdprid Energy Outlookprovides
historical energy data and produces projectionedas their assessment of current and
future energy policies (IEA, 2013). Projectionslutz announced and planned policy
changes that may not be in effect in 2013 but ape&ed to come to fruition. From
Figure 1.2(a) it is observed that the majority loé world’s installed energy capacity is
composed on non-renewable coal, gas, oil, and audeergy sources. This trend is
forecasted to continue, though by 2035 renewabéeggnsources including hydropower,
wind, and others like solar will grow in their respive market share. Despite the
increased presence of renewable sources, non-refeaergy sources will continue to
dominate the energy mix, even used at a larger ttea today, simply due to the

increased demand expected as a result of populatiotife quality increases.

If similar data is separated by the countries lew€ldevelopment, significant
differences appear. Figure 1.2(b) shows the quanfitelectricity generated from each
energy source for Organisation for Economic Co-ap@n and Development (OECD)
member states and non-OECD countries. It is appdheh energy policies in OECD
countries are promoting the development of renesvabkrgy sources and natural gas, a
cleaner burning fossil fuel than coal. Electriagrived from coal decreases over the next
21 years while nuclear is maintained. In the OE@Dntries energy demand is relatively
stable. Conversely, energy demand in non-OECD cisnis growing along with quality
of life. Aside from oil, electricity generation igrowing with respect to each energy

source, including coal.



When environmental impacts of energy sources amsidered, the real costs
associated with the use of non-renewable fossilagttocarbon fuels, like coal, oil, and
gas, can be assessed. Fossilized hydrocarbon arelscoal in particular, release €0
when they are burned to produce energy along whibst of other harmful compounds
and residues. Generally, consensus exists in tiemtdic community about the link
between the emissions of g@nd other greenhouse gases and anthropogenictelima
change (IPCC, 2013). The increases in atmosphéicaBncentration are visualized in
Figure 1.3(a). In the 50 years from 1960 to 2010, &vels increased over 20%. Since
CO; is soluble in water, the increased levels of,@Othe atmosphere result in increased
concentrations of C£and higher acidity in seawater, which threatenameaecosystems
(Figure 1.3(b)). The quintessential indicator aimelte change is that of global mean
surface temperature increases. Figure 1.3(c) emthe temperature anomaly data as a
function of cumulative anthropogenic @@missions. It should be noted that small
average temperature increases of only a few de@relsfus can have dramatic impact on
the Earth’s natural systems. The latest report fittv Intergovernmental Panel on
Climate Change (IPCC) basically concluded that ghaDQ has already been emitted to
cause irreversible harm, unless the atmospherig I€@Is could actually be reduced

(IPCC, 2013).

Not one cure exists for the GQroblem; all solutions must be explored with tlestb
ones implemented. Pacala and Socolow dubbed thieusasolutions ‘stabilization
wedges,” noting that the carbon imbalance couldrdxersed using only technology
already developed (Pacala & Socolow, 2004). Wheweadlges are combined, emission

reductions are achievable and atmospherig @centration can stabilize. Using an all-



around approach means developing and implemenkaam crenewable energy solutions
as well as mitigating the effects of the inevitabdamtinued use of fossilized hydrocarbon
fuels. The carbon capture and storage (CCS) fislbaised to reduce greenhouse
emissions for the time it takes to transition toawable energy sources, which could take
centuries. Direct air capture of G@nd subsequent storage is the only solution wtach
actually reverse the trend and decrease the caatentof CQ in the atmosphere in the

long run (Lackner, 2009).

Numerous technologies exist for capturing and stpi€Q, each with their own
benefits and challenges. The technology disclogedimis an engineered ex-situ carbon
mineralization process. Carbon mineralization isa@ural phenomenon whereby €0
reacts with alkaline earth minerals to form cartiemainerals, like limestone. The natural
process occurs over geological timescales and tamamtain pace with the rate of
anthropogenic C®emission. This technology captures and storeg &0Da carbonate
mineral, which is highly stable and could be uéitizas a construction material or simply
stored safely for ages. The majority of this studyestigates the reaction between
magnesium hydroxide (Mg(Ok) and CQ in both gas-solid and gas-liquid-solid
arrangements to elucidate the reaction pathways ratevant chemical phenomena.
Subsequently, the carbon capture and storage prasestegrated with an energy
conversion reaction, the water gas shift reactionexplore the synergistic effect of
enhancing hydrogen production by separating cadioxide Combined carbon capture
and storage via Mg-bearing sorbents is a reseaieh @nder continued development

within the Park group and across the world. Ultiehathe fundamental understanding of



the chemistry can lead to development of an indgirocess or spinoff technology. The

organizational structure of this study is as fokow

Chapter 2 examines the background information rsecgsto make a case for the
following research. The relevant literature in tiedd of carbon dioxide capture and
storage is organized, with specific emphasis owlistuwhich utilized Mg(OH) as a
sorbent material. The chapter introduces the ndbantegrate the CCS technology with
an energy conversion system, and also details pleeif&c scientific questions and

objectives of the dissertation.

Chapter 3 brings perspective to the proposed cordbi@Q capture and storage
technology. One possible application involves theeadbonization of a process for
converting waste plastic to liquid fuel via a gasifion and Fischer-Tropsch reaction
system. A literature study on the key parameteits@ncing gasification of carboneous
materials is presented. Subsequently, a comparéferecycle analysis of the waste
conversion process with an alternative energy regovifrom waste technology,

incineration, shows the need for integrated, C&pture and storage with such operations.

Chapter 4 examines the gas-solid reaction betwé2na@d Mg(OH) to understand
the fundamental chemistry and limitations of thebsat material. Various pathways to
carbonate Mg(OH) are proposed and investigated systematically. €fect of
temperature, CQpressure, and the presence gDrbn gas-solid Mg(OH)carbonation is
noted, and a mechanism for carbonation in the poesef HO through a hydrated

magnesium carbonate intermediate follows.



Chapter 5 continues from the critical finding ofapker 4, that kD is a promoter of
carbonation, to investigate the carbonation of Mdj)an a highly hydrated system. The
slurry phase Mg(OH)investigation reveals the effect of temperaturecarbonation,
which is the key parameter in determining the nesgrm carbonate phase produced as
well as the formation kinetics of that phase. Ustherding the formation of metastable
hydrated magnesium carbonates is crucial sincanhgdrous carbonate is desirable in
terms of both permanence and efficiency. Generhlgher temperatures (above 100 °C,
depending on the Gpressure) favor formation of the more stable anhysl carbonate
phase. Solution additives show their potentiahtenfere with the metastable species and

promote anhydrous carbonate formation.

Chapter 6 provides a novel approach to avoiding ghaduction of metastable
hydrated carbonates in aqueous magnesium carbonaistems. First, a detailed
literature review reveals confusion within ther#ire caused by the kinetic inhibition in
forming anhydrous magnesium carbonate, which isntlest thermodynamically stable
carbonate at all temperature angbfconditions. Subsequently, the chapter investigates
the concept of seeding the mixture with anhydroarb@nate particles to produce the

desired phase at conditions where it is normallyfaxored.

Chapter 7 returns to the application the Mg(®@Hdrbent system to an energy
conversion process. The water gas shift reactio®PR) is integrated with the slurry
carbonation system to explore the synergies, Qfake by the sorbent should shift the
equilibrium of the gas phase WGSR. The chapterudes an investigation of the

complexities of the system, including the elusigenfation of formate ions which limit



the conversion of carbon monoxide to hydrogen. Rearrangements and methods to

bypass the issue of formate buildup within the agsghase are proposed.

Lastly, in Chapter 8, the conclusions of the studse summarized with

recommendations for future work to expand on cotscdpveloped in this dissertation.
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2. Background
2.1.Conventional Methods of Carbon Capture and Storag¢CCS)

Largely, the CCS field has split its efforts insearch on COseparation and GO
storage. Once separated—or captured—the highly @@estream is pressurized and
transported to a storage site. The state of atuoapechnology is a temperature swing
utilizing an aqueous amine solvent, specificallytof30 wt% monoethanolamine (MEA)
in water, which reversibly binds GOConventional practices aim to pair MEA scrubbing
of CO, with geological storage by injection into an urgteund reservoir. Though the
capture technology is demonstrated on large s¢®eshelle, 2009), amine-based £0
scrubbing still faces challenges, namely the eneeqalty associated with looping large
water quantities since the corrosive MEA must lesent in a dilute aqueous solution as
well as its own thermal degradation over time. kemnore, this technique separates,CO
at low temperature (below 100 °C) and would notpsupthe integration of COwithin a

high temperature energy conversion system.

Many other technologies are under development,dikeanced membranes, zeolites,
and chemical looping schemes, and some are capélleerating at high temperature.
For example, the Zero Emission Coal Alliance (ZEQ#bcess and some chemical
looping technologies capture @Oy reaction with a metal oxide (Feegal, 2007). The
metal is typically calcium (Ca), usually in the forof calcium hydroxide (Ca(OHR)) or
calcium oxide (CaO). Ca-based sorbents have denatedtmuch success as carbon
capture media, providing significant carbonatiomacteon kinetics as well as overall

conversion (Fengt al, 2007). Beyond their optimal reaction charactmsstCa-based
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sorbents are attractive as they are derived froexpensive materials like limestone.

These resources are all carbonate minerals (fasaf@@nation kinetics led to the natural

widespread existence of calcium carbonates), amcfitre the production of the sorbent
requires the release of a mole of {Gr each mole of sorbent manufactured, at least. T
justify their use in a CCS scenario, the sorbentsstnbe regenerated and looped,
requiring significant energy and cost especiallyewltonsidering sorbent degradation
(Dasgupteet al, 2008; Senthoorselvaat al, 2009). The enormous energy penalty lies in
the stability of the carbonate species, requiremmperatures over 800 °C to liberate the

CO..

As mentioned, conventional CCS is dependent on teng geological storage (see
overview in Figure 2.1). Independent of capturentetogy, CQ is compressed and
transported to suitable reservoirs including degledil and gas fields, on and offshore
subsurface saline formations. The £5an also provide added benefit in the cases of
enhanced oil recovery, where €@ injected into poorly producing oil wells to reme
the fluid viscosity while maintaining the pressumehe reservoir, and enhanced coal bed
methane recovery operations. These beneficial sosndo not present a long term
solution to the ever increasing amounts of,Gftering the atmosphere. Ultimately,
geological storage is far from being accepted &sobproof CQ storage solution. The
hurdles involve societal issues of public perceptimot wanting the CO pumped
beneath your home, city, etc.) and continued séieninquiries into the fate of
geologically stored C@as well as methods for accounting for stored.di2pending on

the mineral formation at the injection site, chemhiceactions between the mineral
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components and GQan result in trapping mechanisms where the S@nmobilized in

a safe and permanent solid mineral carbonate.

2.2.Carbon Mineralization as a Carbon Capture and Storage Process

Most magnesium within the Earth’s crust is contdine minerals other than
carbonates. Thus, the conversion of Mg-bearing rale¢o carbonates represents a CCS
scenario capable of combining €@apture with storage (IPCC, 2005). The process by
which minerals form carbonates is called carbon emalization or weathering, and
generally it occurs on geological timescales. Aggalized representation of a process for
CO, capture and storage by mineralization is depioteéigure 2.2. Industrial wastes or
mined sorbent materials containing metal oxide/byidie compounds react with
concentrated C&xo form highly stable carbonate minerals, e.g.dfigm 2.1 or Equation
2.2 (Q is a divalent metal like Mg or Ca). The proed solids can be returned to the

mine, re-used as a construction aggregate materiagfely disposed of in a landfill.

Equation 2.1: Q0O + COyqy QCOs)+ heat
Equation 2.2:Q(OHp)+ COyq  QCOs)+ HO) + heat

Suitable Mg-bearing minerals (e.g. olivine and satmes) are in abundance around
the world, with a capacity that far exceeds thalt@O, which could be liberated by
burning through our fossilize carbon fuel reserflexckneret al, 1995). Storage of CO
in the mineral carbonate matrix is advantageous fpermanence and safety standpoints.
Carbonation reduces the thermodynamic free energaron significantly, see Figure

2.3. Furthermore, the carbonation reaction is exuotiic, releasing just over 100 kJ per
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mole in the reaction of MgO with GGo form MgCQ. The stability of mineralized
carbon enables the opportunity to dismiss long-teromitoring of the C@as will likely

be needed in mass adoption of geological storage.

Carbon mineralization does have its share of drakdbaMost notably, weathering
processes occur on geological timescales. Mucheofdchnological development in this
field focuses on improving the carbonation ratege®@ gas-solid carbonation of the
minerals is not feasible. Research has focused queaus processes involving the
enhancement of silicate mineral dissolution (Eaqmati2.3), CQ dissolution and
hydration (Equation 2.4 and Equation 2.5), and @aation reactions (Equation 2.6) in

standalone modes as well as integrated (Park & ).
Equation 2.3: MgsSibOs(OH)s(s) + 6H = 3M¢f* + 2Si(OH), + H,O
Equation 2.4: CO,(g) = CQ(aq)
Equation 2.5: COx(aq) + HO = H,COs(aq) = HCQ + H'=CO* + H'
Equation 2.6: Mg®" + CO* = MgCOs(s)

The pH swing from low pH (dissolution) to high plda¢bonation) results in the
conversion of silicate mineral to precipitated megjom carbonate (PMC). Depending
on the reaction conditions, the PMC may come in dhlydrous form presented in
Equation 2.6 or may come in a hydrated form (texglored more fully in a subsequent
chapter). CCS via aqueous carbonation of silicateerals has been investigated in our
research group and elsewhere (O'Coretal, 2004; IPCC, 2005; Gadikot al, 2014).

Because the mineralization reactions have beerompeed in aqueous phase, their
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application has generally been limited to relagvelw reaction temperatures. Thus, the
following study focused on the carbonation of ac#pemagnesium species, magnesium
hydroxide (Mg(OH)), to explore the carbonation at higher temperatgansistent with

various energy conversion processes.

2.3.Mg(OH), as Carbon Capture and Storage Sorbent Material
As given in Figure 2.4, an adaptation of a pH swprgcess for carbonating
magnesium silicate minerals outlined in the presgisaction, Mg(OH)can be produced
instead of MgC@by raising the pH without introducing G@Park, 2005). The solid
Mg(OH), sorbent material can capture £@a the following gas-solid reactions, which
can occur at high temperatures (as long as thegedosv the decomposition temperature
of MgCG).
Equation 2.7: Mg(OH),(s) = MgO(s) + HO(g) H° = 81.2 kJ/mol
Equation 2.8: MgO(s) + CQ(g)= MgCQOs(s) H° =-100.9 kJ/mol
The overall gas-solid reaction becomes:
Equation 2.9: Mg(OH),(s) + CQ(g)= MgCGs(s) + HO(g)
H° =-19.7 kd/mol
Mg-based sorbents derived from silicate minerals fms-solid carbonation
applications have seen less research interestlieancalcium counterparts. The reaction
kinetics are slower, though reactivity can be invgb through optimization of the
sorbent characteristics and reaction conditiongt(Bual, 1996; Goff & Lackner, 1998;
Béaratet al, 2002; Linet al, 2008; Zevenhovert al, 2008; Fagerlunatt al, 2010;
Fagerlund & Zevenhoven, 2011). Comparatively, Mg@bonation occurs at a much

slower rate than Mg(OH)carbonation. The kinetics are such that MgO ieactive at
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low CQO; partial pressure (Béarat al, 2002; Zevenhoveamt al, 2008; Fricker & Park,
2013). Because of this discrepancy, and the fattibth dehydroxylation (Equation 2.7)
and carbonation (Equation 2.8) reactions occuth@ same temperature range, control
over dehydroxylation can be crucial. Another cowggion with Mg(OH) carbonation,
and similar gas-solid reactions, is the formatibm diffusion resistant passivation layer
as carbonation proceeds. The formation of the patssn layer limits overall conversion
by effectively reducing the quantity of reactivelsent material (Butet al, 1996).

Pressurization can increase reaction kinetics aedati conversion due to the higher
carbonation rates. Increasingd? allows the increasing the reaction temperatureabse
at larger Rop, the MgCQ is stable to higher temperature (Figure 2.5). &mmple,
conversions as high as 60% were reported at2€ssures in the range of 40-45 bar at a
critical reaction temperature just below the stgbdf MgCOs; (Zevenhoveret al, 2008).
When Ro2was increased much further, at the same criticaptzature, suppressive
effect was observed (Béamttal, 2002). Control over reaction conditions can yiigh
conversions. Moreover, reaction engineering canresse kinetics and yeild. A
pressurized fluidized bed showed enhanced reactits) attributed mainly due to the
attrition of sorbent particles resuloting in thesdoand entrainment of the carbonated
particle portions (Fagerlunet al, 2010). As of now, fundamental mechanistic analgs$i
the reaction system under continued development.

Another technique to enhance carbonation ratescangiersion involves 0. An
enhanced effect of water on carbonation was exddhiinder wide ranging experimental
conditions by numerous comparable materials, sscM@ and Ca oxides, hydroxides,

and raw minerals (Shiat al, 1999; Beruto & Botter, 2000; Kwadt al, 2010; Kwaket
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al.,, 2011; Schaeét al, 2011; Torres-Rodriguez & Pfeiffer, 2011; Laraehial, 2012;
Loring et al, 2012). The presence ob® may inhibit dehydroxylation, thus preventing
the formation of unreactive MgO (Fagerlued al, 2011). Bearing in mind the fast
carbonation of Mg(OH)in the slurry phase (Botha & Strydom, 2001; Patlal, 2003;
Zhaoet al, 2010; Hovelmanmet al, 2012; Harrisoret al, 2013), the involvement of @

could facilitate an entirely different reaction rhaaism.

The enhanced effect of,@ and unavoidable limitations observed during ths-g
solid carbonation of Mg(OH)Fricker & Park, 2013), guided the return to an eapus
system, albeit at higher temperatures than prelyatadied in the literature (30 < T <
200 °C). Instead of producing dry Mg(OHh the schematic of Figure 2.4, a slurry could
be recovered and used directly depending on thkcapipn. Mechanistically, in heavily
hydrated systems (slurry phase carbonation), thbooation reaction was found to
proceed via a homogeneous precipitation reactidwesn dissolved Mg and CQ*
(Zhaoet al, 2010). In addition to Equation 2.6, which produe@hydrous MgCgXalso
known as magnesite), other carbonation reactioms azxur, especially in hydrated
systems. Various metastable phases are known g fdrwhich the most prevalent are
nesquehonite (MgC£B8H,O) and hydromagnesite (M&Os3)4(OH),-4H,O) pruced

according to Equation 2.10 and Equation 2.11 resdy.
Equation 2.10:Mg?* + CO;* + 3H,0 = MgCQ-3H,O(S)
Equation 2.11:5Mg** + 4CQ% + 20H + 4H,0 = Mgs(CO3)4(OH)- 4H,0O(S)

Despite magnesite being the most stable carbortatdl aemperatures and GO

pressures (Kittrick & Peryea, 1986), the metastalyldrated carbonates form and persist
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for long times under a wide range of conditions.?Mg highly hydrated in solution, and
therefore HO tends to be incorporated into the carbonate médayles & Fyfe, 1973).
Temperature’s influence on the formation of metalstanagnesium carbonates has been
evaluated, and distinct phase boundaries were etbvaecordingly (Fricker & Park,
2014). Factors like aging time (metastability israately is governed by kinetics) and the
presence of other species in solution can affect#nbonate phase producedifehenet

al., 2008). Generally, higher carbonation temperattaesr magnesite formation, though
CO, solubility and relatedly Mg(OH)dissolution are favored at lower temperatures
(Park et al, 2003). Other ways to stimulate magnesite forrmaa lesser conditions
involve various solution additives such as saltsterfere with the Mg-water attraction

(Sayles & Fyfe, 1973) or polymers to reduce watdivay (Sandengeet al, 2008).

Ultimately the metastable carbonates complicateskiney phase Mg(OH)system by
reducing (1) carbonate stability and (2) procedgiehcy. The higher solubility of
hydrated carbonates means that less carbonatetised per input material and that the
produced carbonates are more susceptible to dissollecomposition after CCS.
Hydrated carbonates include crystallized watertaydtoxide in some cases, which result
in the inefficient utilization of Mg to store GO Beyond process implications,
metastability within the aqueous Mg carbonationdfibas led to confusion in the
literature surrounding the interpretation of expwmtal results and conclusions
(Swansonet al, 2014). Seeding has been proposed to remedy thastalility issue,
getting around slow nucleation and crystal grovates of magnesite as compared with
the hydrated carbonates. Magnesite nucleation Bas bbserved to be temperamental,

requiring a specific set of experimental conditi@msl supersaturation (Giammeir al,
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2005). Seeds have provided faster nucleation eatdsshorter induction times in similar
systems (Sheila & Khangaonkar, 1989; Giametaal, 2005), and in some case, precise

morphological control was achieved through theafsseeds (Donnedt al, 2005).

In all, the Mg(OH) carbonation system is unexpectedly complex. I lgats-solid
and slurry phase carbonation arrangements, valimitations exist, each with their own
engineered solutions. A fundamental understandfnipen carbonation mechanisms and
phenomena is crucial to the development of this @€8nology and possible integration

of said technology with an energy conversion system

2.4.Potential for Integration of CCS with Energy Conversion Processes

A critical aspect of any CCS technology is in itgegration with C@ production
Whereas many of the conventional £€apture technologies focus on £&eparation
from flue gas, carbon mineralization is suitabledoocess integration given the potential
temperature ranges where the sorbents are stabléact, carbonation reactions are
generally more favorable at higher temperaturese @otential arrangement could
combine the water gas shift reaction (WGSR) (Equma®.12) with carbon mineralization

to capture CQright where it is formed.

Equation 2.12:CO(g) + HO(g) = CQ(g) + Hx(g) H° =-41.1 kJ/mol

A number of energy conversion technologies, inelgdihe waste-to-fuel process
mentioned herein, utilize the WGSR to tailor thenggs composition for specific
applications. Despite its long industrial histattye WGSR is plagued by the competition

between thermodynamics and kinetics. To overcoraekihetic limitations of the low-
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temperature WGSR, large quantities of catalysteanployed in a two separate reactors,
the high temperature shift (HTS) and low tempemshift (LTS), in series with inter-bed
cooling (Lloydet al, 1989).

By capturing the C®in the WGSR, H production is enhanced via an equilibrium
shift while the overall energy conversion proceaa be more sustainable. Previously,
WGSR enhancement through carbon capture used atwasf materials including
calcium oxide, hydrotalcite, and mixed metal oxidearrison, 2008), but in each case
the sorbent acted only as a capture agent, meémengeparated GQvould still require
an energy intensive release and subsequent ste@ggon. Figure 2.6 contains the
results of a thermodynamic equilibrium model of slystem, demonstrating effect of €O
removal (by MgO carbonation) on the equilibrium centration of equimolar gaseous
reactants (B = Py20,i= 10 atm). Hydrogen production is sustained to Igeb00%
conversion until the decomposition temperature @d®; is reached. Note that the
decomposition temperature can be increased byasitrg the Bo, within the system.
More details about the calculation can be foundSection 7.2.1. The benefit could
extend as far as either eliminating the need ferainger and inherently more costly LTS
reactor or reducing/changing the catalyst requirdm&he energy conversion process
could further benefit from the presence of basibent materials as they would scrub for

other acidic gases besides £0

The enhanced WGSR system could complement a nuofbenergy conversion
systems which utilize synthesis gas (a mixture @ @nd H, also called syngas)
including advanced gasification power plants anocesses for synthesizing a range of

industrial chemicals and fuels. Generally, £® a byproduct of carboneous energy
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conversion, and processes that produce chemicdlfuats are notoriously large emitters
due to their intricate and energy intensive proogsstages. Wastes, which contain vast
embodied energy, are an especially appealing feekito such processes due to their
low cost and potential for mitigation of waste mgement related issues. An overview
schematic of a waste to chemical process can badfou Figure 2.7. Gasification can
convert waste to syngas and after various gas wpeand composition shifts, Fischer-
Tropsch synthesis (FTS) technology can producehsyictchemicals and liquid fuels that
are easily incorporated the current chemical ingumtd fuel supply. The process would
offset waste otherwise sent to be landfilled asl welreduce the amount of fossilized
petroleum mobilized. Of the waste that enters alflinapproximately 17.6% (28.9
million tons) is composed of plastics that wereduwed directly from petroleum. Only

around 30% of plastics are recovered and recy¢eA, 2012).

Liquid fuel, in particular, powers the transpomatiof the Earth’s people and goods.
Research in synthetic fuel production is currefalyused on the biochemical conversion
of biomass to ethanol and biodiesel. Such technyolcgnnot fulfill the large-scale
demands for liquid fuel since they must competenvaigriculture for necessary land.
Instead, the combined CCS scheme studied hereirs don integrate with the
thermochemical process by which certain municipalids wastes (MSW) can be
converted to synthetic fuel. Another ancillary bieénaf synthetic fuels is the reduction in
mobilization of fossilized carbon. Despite the @seassociated with the conversion of
waste into liquid fuels, processes that producésfirem coal, which is similar in carbon
and energy content to non-recyclable plastic waktsje nearly double the carbon

footprint as compared with traditional refining étroleum (Schrag, 2009). Because of
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the high footprint, and the fact that gasificatiand FTS are mature technologies, the
following dissertation focused on understandingftmelamentals of the CCS technology

and investigated its integration with the WGSR.

2.5.Research Objectives

2.5.1. Problem Statement

The ultimate objective of this research projecttas provide a comprehensive
scientific understanding of the fundamentals relate a combined COcapture and
storage technology utilizing Mg(Okpased sorbent materials. Its place within a broade
sustainable energy conversion system that couldeztbwastes to value-added chemicals
and fuels is considered. Gasification of solid cadous materials and FTS processes
have been studied extensively in the past and ravevik for their large carbon footprint;
therefore, the dissertation focuses on understgnttie combined carbon capture and
storage step where GQ@eacts with Mg(OH) in gas-solid or slurry phase carbonation
reactions. Carbon mineralization occurs naturalhgrogeological timescales. Even in
engineered scenarios, carbonation of magnesiundbsmbents experiences limitations
with respect to kinetics and overall conversion. rétwer, the mechanisms and

fundamental chemistry of the Mg carbonation reais not very well understood.

2.5.2. Scientific Questions

The key scientific and engineering questions tad#@ressed by this research are:

Is gas-solid carbonation of Mg(Ofeasible at low pressure?

22



Does the presence of steam influence or enhancgasesolid carbonation of

Mg(OH).?

Is it possible to synthesize anhydrous MgCquickly and under reasonable

conditions when carbonating Mg(OH the slurry phase?
What are the optimum conditions for the carbonatibilg(OH),?

How does the carbonation mechanism of Mg(©lhange under various

carbonation conditions?

Will a Mg(OH),-based sorbent enhance the WGSR by shifting itslilegum

while fixing gaseous C&into a thermodynamically stable solid?

What considerations are necessary for integrahegcombined CCS process and

an advanced energy conversion system?
What would be the net environmental benefit of gné¢ing in-situ CQ capture
and storage?

2.5.3. Research Goals

The goals of this research are outlined below:

Perspective within an Energy Conversion System:sfiien the placement of an
Mg(OH), carbonation process within an overall energy cosiga system.

Qualify the potential environmental impact.

Gas-solid Mg(OHy Carbonation Studies: Investigate reaction pathways

Mg(OH), carbonation at low and high pressure in gas-saiidngement. Study
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the influence of KO on carbonation pathways. Conduct systematic gwbduct
analyses. Create phase diagram for the MgO-BO, system.

Slurry Phase Mg(OH)Carbonation Studies: Probe the carbonation of MO
in a heavily hydrated environment. Determine th@anant parameter(s) which
determine the carbonate phase produced. Examingrtbiecs and mechanism of
producing various carbonate phases. Explore metfaxdgromoting anhydrous
carbonate formation at conditions where it is othge unfavorable.

Direct the Precipitation of Anhydrous Magnesium li¢arate: Test the hypothesis
that precipitation of a specific phase within therry carbonation system can be
accomplished with seeding. Evaluate the mechanismséeded carbonation.
Assess the potential to seed for anhydrous proalueti low temperatures.
Studies on the Integration of Carbonation with WGSRdies: Perform WGSR in
the headspace of the aqueous carbonation reactaludie the effect of both
catalyst and slurry on WGSR. Explore the phenontatarring in this complex,

multiphase reaction system.
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Overview of Geological Storage Options
1 Depleted oil and gas reservoirs

2 Use of CO, in enhanced oil and gas recovery

3 Deep saline formations — (a) offshore (b) onshore

4 Use of CO, in enhanced coal bed methane recovery

------------- Injected CO,
ESEENEN Stored CO,

@uxxxnm@

@
%

Figure 2.1: Overview of methods for the geological storage afbon dioxide within
subsurface reservoirs (IPCC, 2005).
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Figure 2.2: General schematic for capturing carbon dioxide frpont sources by a

mineral carbonation process (IPCC, 2005).
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Figure 2.3: Free energy of select carbon-containing compounds.
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Figure 2.4: Schematic of Mg(OH) sorbent production from Serpentine via a modified
pH swing process (Park, 2005).
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Figure 2.5: Equilibrium pressures (in atm) of dehydroxylatiomdacarbonation reactions
at different temperatures.
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3. Perspective: Waste-to-Energy with integrated CCS $&me

3.1.Introduction

The pursuit of sustainable energy solutions in advstill dominated by carboneous
energy sources led to the application of CCS torggneconversion systems. As
introduced in the previous Chapter, the goal offthlewing study aimed to develop an
understanding of the fundamentals of carbon dioxigieture by a Mg(OH)sorbent in
order to ultimately integrate the carbonation rigactwith a CQ source, the WGSR.
Increasing the scale beyond the CCS and WGSR atastyiprocess reveals a complex
overall system that (1) produces the WGSR react@&tdsand HO, from the gasification
of carboneous materials and generation of steam(2ndroduces a range of synthetic
fuels and chemicals from shifted, decarbonized agnwhich is generally a mixture of
H, and CO gas (depicted in Figure 2.7). The followiltgrature studies on the
gasification of waste, process integration, produdization, and life cycle comparison
with an alternative waste energy recovery methodirferation) provide perspective

around CCS'’s place within complex energy infragtrce

3.2.Gasification Literature Study

KJF and Mr. Nabil Ashraf Sisani collaborated on tfedlowing section. A version
was included in Mr. Sisani’s M.S. thesis.

Gasification is a thermochemical process that cdav@rboneous material to syngas
which can be subsequently used in power generatiachemical/liquid fuel synthesis.

During gasification numerous chemical phenomenaiioconcurrently. Partial oxidation
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iIs most dominant and is responsible for producihg syngas, yet pyrolysis and
hydrogenation are also occurring. The processery ¥exible in its feedstock—any
carbon containing material can be gasified inclgdiarge fractions of MSW. The
products can generally be classified as main prisdi@O, H, CO,, H,O, CH,, and other
hydrocarbons), residues (tar, char, and ash),ranthlesome emissions (HCI, NHsulfur
species). The products will vary greatly with faed&, and the syngas can be further
adjusted through manipulation of operating conddgi@and downstream gas treatment

(Higman & van der Burgt, 2008; Yureg al, 2009).

MSW as a feedstock for gasification presents atgypportunity to both reduce the
amount of waste currently landfilled while also s&ff energy otherwise derived from
nonrenewable sources. Of the 251 million tons oM&mericans generated in 2012, 87
million tons, or 35%, was recovered for recyclingocomposting (EPA, 2012). While
some materials do see a very high recycling rate [ead acid batteries at 96% recovery),
others are far lower. Plastics, which embody sigaift energy as they were synthesized
from petroleum, are only recovered at a rate 08%&0and 28.2% for PET bottles/jars and
HDPE bottles respectively (EPA, 2012). A quick cédtion using the weight of plastics
discarded (28.95 million tons), recycling rate (ams 30%), and energy density (assume
40 MJ/kg) reveals the energy embodied within thaiste stream alone to be over

700,000 TJ.

Despite the benefits, thermochemical processingM&W is challenged by its
heterogeneity and emissions. Non-recyclable plasdste and MSW, in general, is a
heterogeneous mixture that varies by location anathgr factors. Different mixtures of

petrochemical waste will produce varying syngas positions and may require different
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operating conditions to optimize the reaction. Tao of CO to H should vary as well
as the amounts of other compounds that may evalviegiheat treatment. Furthermore,
potentially troublesome emissions, such as acidiseg, volatile organic compounds,
aromatics, etc., may need special treatment a®teake for both the atmosphere and
downstream catalysts necessary for synthetic fredgssing. The following gasification
characterization study focused on the effect ol$ézck variation on syngas composition

and solid residue characteristics.

3.2.1. Effect of Feedstock Size

A survey of literature revealed a wide variety akijication feedstock, from biomass
to coal, plastics, rubber, and other MSW compong@dsgianniet al, 2002; Pintcet al,
2002; Aznaret al, 2006; Jeoret al, 2007; Heet al, 2009; Tsuji & Hatayama, 2009;
Mastelloneet al, 2010; Zhacet al, 2010; Ahmeckt al, 2011). Typically, particle sizes
ranged from micrometers to millimeters. The relagioip between particle size and
char/tar residue production is most interestingnfra process standpoint. Generally,
larger feedstock particles resulted in greater anwwf char and tar. As with many
gasification parameters, the effect is specificetwh gasification system and must be
studied as such. The monetary and energy cost red dlo smaller sizes should be
considered. At the other extreme, with very smalttiples, new problems of entrained

ash and potentially unreacted feedstock can occur.

3.2.2. Effect of Catalyst
Tar formation represents a huge problem in gasifinasystems. Beyond reducing
the gas yield, tar tends to accumulate and causstastial issue with reactor equipment.

Including metal oxides as part of the feedstockdlbas been shown to influence tar
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formation reactions by weakening the C-C bond amwekling the tar pyrolysis reaction
activation energy (Boxiongt al, 2006). Numerous examples exist in the literatiréhe

tar reducing capabilities of alkali and alkalingjdes, salts, and minerals including CaO,
MgO, SiG, NiO, Al,O3, NaCOs, dolomite, and olivine. Dolomite was seen as dilga
catalyst option due to its high activity for tar cdenposition in the appropriate
temperature range of 850-950 °C (kleal, 2009). Some catalysts offer an added benefit
of scrubbing other gaseous compounds. For exana®, can remove gaseous sulfur

from the gasifier.

3.2.3. Effect of Temperature

In general, increased gasification temperaturesamedn syngas yield and carbon
conversion (defined as ratio of carbon in produges to that of feedstock). The
enhanced gas yield was related to the decomposfidar. An upper limit does exist,
since it requires energy to achieve and maintae high temperature. Furthermore,
gasification at high temperatures yielded syngah wilower heating value (Pinti al,
2002). The reduced heating value was caused byetb@mposition of methane and other
gaseous hydrocarbons at elevated temperature. Diegeion the application, these

species may or may not be desired.

3.2.4. Effect of Steam

Along with air, oxygen, and nitrogen, steam is Wydased as a gasifying agent.
Compared against nitrogen and air, steam has bmerd fto increase the volumes of
produced gases during MSW gasification (Zleaal, 2010), likely due to the WGSR

and tar reforming reactions (Pinéd al, 2002). Gasification with steam tended to yield
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larger hydrogen amounts due to the WGSR. The ermmngycost of delivering steam to

the gasifier should be considered when optimiziggsification system.

3.2.5. Effect of Equivalence Ratio

Equivalence ratio (ER) is the ratio of the avakalixygen to that of complete
combustion when oxidizing with air. Increasing ERnislates to delivering more oxygen,
and therefore reduces tar/char formation and actation. However, the produced gas
will have a lower heating value due to the comtmustf hydrocarbon gases. Again, the
ER must be determined based on the downstream syapgdication. If the gas is to be
sent to a turbine for combustion, a higher heatiafyie is desired and thus a lower
gasification ER would be optimal. The oppositerigetif a clean syngas is required for

fuel synthesis.

3.2.6. Summary

The findings of the literature survey are includedTable 3.1. The independent
parameters with the largest influence on gasiticatutcome included the temperature,
presence and type of catalyst, use of steam, asiticgéion feedstock. ER, steam/MSW
ratio and reactor residence time had less effetipematively. In each case, the addition
of plastic was shown to enhance gasification, tha@iglastic addition was too large the
syngas Yyield could be diminished due to the diffiea with reactivity. A summary of the
optimum values for certain parameters is includedable 3.2. An examination of the
literature revealed a high degree of variability both inputs and outputs of the
gasification system. Gasification is a highly coexppthemical process with many knobs

to turn. The literature studies exposed trends éetwindependent and dependent
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parameters, and from those relationships guidelmeisstrict rules can be developed for

specific systems.

3.3.Product Utilization

3.3.1. Downstream Chemical and Fuel Synthesis

A Fischer-Tropsch Synthesis (FTS) reactor systemldcdollow gasification and
WGSR process for producing shifted syngas from evpkstic. The overall FTS reaction
is represented by Equation 3.1. The Anderson-SeRlary (ASF) polymerization model
predicts the distribution of alkane chain produesging from G to G;. The process
was developed early in the 20th century, yet catalgre under continued development to
better select the desired product range. The metpeoduced during FTS, usually larger
guantities than predicted by the ASF model, caudex to generate electricity or heat

and improve the overall process efficiency (Huékal, 2006).

Equation 3.1:nCO + (2n+1)H  CyHens2) + NH0

The products of FTS are either olefin- or paraffcit depending on the operating
conditions and the catalyst choice. Long carbairgd paraffin products (&C,g) form
at low reaction temperatures and produce F-T waes synthetic diesel fuel. The
shorter carbon chain olefins {C,) occur at high reaction temperatures and can be

further processed to make gasoline and other clasnidook & Aleklett, 2009).
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Generally, group VIII transition metals have beesedi as FTS catalysts. Iron is
desired for its low cost and performs better ahbrgtemperatures. Iron is also the most
active of the typical FTS catalysts with respecthe WGSR. Cobalt is widely used,
providing the best yields over the longest lifettm&uthenium has very significant
catalytic activity in gas liquefaction at low to derate temperatures and pressures,
though it is cost prohibitive in many applicatiohms.most cases, the catalyst is promoted
by also containing alkali species which improvecttaen transport (Van Der Laan &

Beenackers, 1999).

3.3.2. Use of Carbonated Solids

Beyond the potential of carbon mineralization ttesaand permanently store all the
CO, generated from now and into the future (it isreated that carbonate storage could
total more than 10,000-1,000,000 Gt of total cari§Sannaet al, 2012)), another
advantage lies in the opportunity to utilize thedarct to add overall process value. The
solid carbonates are suitable candidates as catisttumaterials. Though certainly
unable contain our entire carbon emissions in coobn materials, simply exchanging
10% of current building materials with recoveredboaates could result in a 1.6 Gt/year
reduction in CQ emissions (Sridhar & Hill, 2011). The ability tailor the carbonation
processing to produce desired products is undetimeed development (Zhaet al,
2010; Zhaoet al, 2013; Fricker & Park, 2014, Gadiko& al, 2014; Gadikoteet al,
2014). If carbon mineralization was to dominate BES sector, the majority of
recovered carbonates would need to be disposeqy tdnlfilling or mine reclaiming.
Still, the thermodynamic stability of the carborsapeovides significantly lower risk than

geological storage options.
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3.4.Life Cycle Analysis Perspective

The life cycle assessment (LCA) of waste plastieated by a gasification-Fischer-
Tropsch (GFT) process or incineration was complétecbmpare associated greenhouse
gas emissions. The scope, depicted in Figure &finetl which emissions contribute to
the overall process footprint. Transportation wesuaned to be similar in both cases and
neglected. Landfilling was not considered an optiothin the scope of the LCA due to
the high level of uncertainty about quantifyingetime GHG emissions associated with

the practice and other externalities like land emasiderations.

The Incineration, or combustion, of waste produkeat that can raise steam and
generate electricity. Plastics have a high enemgysily (when compared to fuels like
diesel), and therefore make good candidates foibagtion treatment. Again, problems
do arise since combustion of chlorinated plastgli as PVC) would release dioxins
requiring special pollution abatement (KaminskyQ@0 Additionally, a study by Morris
et al. determined that plastic recycling saves more gndrgm extracting virgin
materials and production than is produced by imaitien (Morris, 2005). As for the
GFT scenario, the primary product was taken to iesedl fuel instead of electricity.
Significant data exists on the gasification of coalhich is used in place of
underdeveloped information on the gasification lafspcs. Plastics and coal are on the
same order of magnitude in terms of carbon coraedtheating value, see Figure 3.2 and

Table 3.3.
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3.4.1. Carbon Intensity of a Waste-to-Liquid Fuel Scenario

The LCA accounted for emissions from each unit apen, with the main culprits
being combustion, venting, and fugitive sourcesofmprehensive report by Marano and
Ciferno in 2001 modeled the emissions from GFT esses from refinery data since both
share many unit operations (Marano & Ciferno, 200yo GFT synthesis scenarios
were considered: GFT-1 was the base scenario ichvdll emissions are vented to the
atmosphere and all off-gas from the FTS reactorthadroduct upgrading is flared and
GFT-2 assumed that nearly all the process off-gassed for the cogeneration of heat,
steam, and/or electricity. The incineration scemasilabeled Pl below. Data regarding
plastic incineration was scarce; therefore GHG simis per unit heat presented in this
comparative study was derived from a ratio of therage GHG emissions from the
combustion of a plastic/rubber waste stream andnerage heating value of plastics
(Johnke, 2001). This value is calculated to be B&gt CQ.egper million Btu. The task
to compare the GHG emissions from various processes not simple since it was
heavily dependent on how to set the system bousslaand how accurate the data
represents the processes. The LCA results are stpathan Figure 3.3, (a) in terms of
kg CO..eqper million Btu of products and (b) in terms of toh CO,-eq per day of

operation (processing 20 metric tons of waste igpier day).

Compared to the conventional waste-to-energy schafmecineration, both GFT-1
and GFT-2 resulted in more GHG emission per MBtproiducts. It is important to note
that these products are very different and a diceatparison is misleading. The GFT
scenarios produced a value-added fuel, whereasintiaeration method provides

electricity. The comparison should only give assenf scale to the greenhouse gas
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emission analysis of GFT. Further, the combustend use) of upgraded liquid fuel has
been left out of the GHG comparison. The resultsashin Figure 3.3(b) illustrate how
much carbon in waste plastics is transferred tinduhe process. As expected, most of
carbon in waste plastics was used to generatalligrels in MWP and GFT technologies,
while a significant amount of carbon was emittedC(3, during the incineration of

plastics.

This analysis did not account for the environmertbahefits associated with
extracting less virgin carbon (crude oil) from tBarth. Also, CCS technologies under
development have the potential to drastically redtiee carbon intensity of a GFT
process. When compared against petroleum diesehetyc diesel was found to embody
nearly double the carbon footprint (Schrag, 200@grefore, CCS integration is a
necessity. A study by the NETL found that removangignificant portion of the GO
flue gas from synthetic diesel production coulchgigantly improve the greenhouse gas
emissions disparity, becoming 5% to 12% better arelto tank basis as compared with

petroleum diesel (Tarka 2009).
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Table 3.1Summary of the effects of various independent patara on dependent outcomes in gasification systems

Independent Parameters (in order of most to kfésttive)
Dependent Temp. Catalyst Steam  Addition Addition of ER Steam/MSW | Residence time
Parameters of Plastic Biomass ratio
H, Yield ++ ++ +2 ++ + - 0 ++
H,/CO ratio + ++ ¥ ++ + - + ++
Syngas Yield ++ ++ + ++ -3 -- 0/+° ++ +° ++
Carbor_l ++ + + n/a n/a ++ ++ ++
Conversion
Heating Value of| /44 NR i it it B i B
produced gas

cy

SYMBOL NOTATION:

(++): Independent parameter INCREASES the amoudepéndent parameter

(+): Independent parameter INCREASES MODERATELY dnsount of dependent parameter
(--): Independent parameter DECREASES the amoudépéndent parameter

(-): Independent parameter DECREASES MODERATELYdahwunt of dependent parameter
(0): Negligible effect

( ): Followed by

(NR): Not reported

(n/a): Not applicable

NOTES:

Most experiments utilized atmospheric pressure itiond “When steam and catalyst are combined the trendsrzed+

yield (++) and H/CO ratio (++)3At high plastic loadings, several operational peohs occur as a result of the formation of
fine black powder, including plumbing clogs andatgst deactivatior!The increase in gas vyield at high temperature neay b
enough to compensate for the reduction in heatitigevdue to loss of hydrocarbon gadesreasing steam/MSW ratio
beyond a point results in a decreased syngas gisdo dilution and temperature conditiof@onflicting results in the
literature: (1) syngas yield does not change wih(Bznaret al, 2006) and (2) an effect is the result of increadgfavoring
oxidation (Mastellonet al, 2010).



Table 3.20ptimum ranges for independent parameters inflignsyngas production

Parameter Optimum Range
Temperature (°C) 750-900
Catalyst Calcined Dolomite, 4Dz, CaO, MgQ’

Steam/MSW ratio (w/w)

0.5-0.8

Mixed Feed (wt%)
Case A: Plastic + Biomass
Case B: Plastic + Biomass + Coal

20% + 80%
20% + 20% + 60%

Equivalence Ratio (ER)

0.2-0°4

@ Depends on feedstock mix and desired syngas produc
P Selection of catalyst based on price and avaitgbili
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Figure 3.1 Scope of the lifecycle assessment with boundarylitons represented by
dashed lines.
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Figure 3.2Heating values of various materials (NIST; EIA, 8R0
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Table 3.3Carbon Content of Gasification Feedstock

Material Approx. C Content (wt. %)
Coal 75% *
Woody 5006 *
biomass
HDPE 85% **
PET 62% ***
* ORNL
** - [C2H4] -

*** - [C 10HgO4]n -
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Figure 3.3 LCA result comparing emissions of two GFT processed an incineration
scenario for treating waste plastics in terms @fef@issions per usable energy and (b)
emissions per day of operation. Discussion offigisre can be found on pages 40-41.
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4. Effect of H,O on Mg(OH), Carbonation Pathways for
Combined CO, Capture and Storage

The contents of this chapter are published in Ess/Chemical Engineering
SciencgFricker & Park, 2013).

4.1.Introduction

The rapid increase in carbon dioxide (@missions from industrial sources is
considered one of the main causes for the Earthanging climate (IPCC, 2007).
Reduction of CQ@ emissions can be achieved by improving energy ieffy,
implementing renewable carbon-free energy souraad, developing carbon capture,
utilization and storage (CCUS) technologies. Worttev energy use will continue
increasing (IEA, 2010), and thus, CCUS could prevah immediate solution to the
global carbon imbalance while renewable energyreldyies develop. By sequestering
CO,, the atmospheric Concentration can be stabilized or reduced. Mostg in the
CCUS field has been placed on amine-based Capture combined with geological
storage. While these technologies have already lBmnmonstrated in large scales
(Rochelle, 2009), amine-based £C€apture process and the geological storage of CO
still face challenges, such as high parasitic gnecgnsumption during solvent
regeneration and the permanence and accountaistityes for long term CQOstorage.
Furthermore, these schemes would not allow dinetegration of carbon capture and
storage with high temperature energy conversiotesys

A few high temperature carbon capture schemes thastutilize a metal oxide as a
carbon capture medium such as Zero Emission Colhnge (ZECA) process and

calcium looping technologies (Femg al, 2007). Numerous studies have shown that Ca-
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based sorbents, often in the form of Ca(@H) CaO derived from CaGQprovide
substantial carbonation conversion and kineticadfet al, 2007). Ca-based sorbents are
attractive because they can be prepared using emskge resources such as limestone;
however, since they are derived from carbonate rain€a-based sorbents cannot be
used as direct carbon storage. The spent sorbeatstn be regenerated, which requires
significant energy and cost, especially when actognfor sorbent degradation
(Dasgupteet al, 2008; Senthoorselvaet al, 2009).

On the other hand, carbon mineralization technoltiggt converts Mg-bearing
minerals into mineral carbonates is a CCUS schéaiecbuld combine C{capture and
storage technologies (IPCC, 2005). Research hasrstitat the abundance of suitable
minerals, particularly those containing high magmes fractions (e.g., olivine and
serpentine), far exceeds the total Qfat could be produced from fossil fuel reserves
(Lackner et al, 1995). Mineralized carbon is significantly moreetmodynamically
stable than gaseous carbon, and carbonation reactice exothermic. Thus, carbon
mineralization is the most secure and permanentisalfor carbon storage that does not
require long-term monitoring (Lacknet al, 1995). Unfortunately, mineral weathering
naturally occurs on geological timescale; therefdi@asible carbon mineralization
processes must provide significant enhancementineral dissolution and carbonation
rates. As a result, most of the research in thes &ias been focused on the enhancement
of silicate mineral dissolution (Equation 4.1), £@ydration (Equation 4.2 and Equation

4.3), and carbonation (Equation 4.4) (Park & FAQ4.

Equation 4.1: MgsSi,Os(OH)4(s) + 6H = 3M¢f* + 2Si(OH) + H,0

Equation 4.2: CO,(g) = CQ(aq)
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Equation 4.3: COx(aq) + HO = H,COs(aq) = HCQ + H' =CO% + H'

Equation 4.4: Mg** + CO;* = MgCOx(s)

These reactions have generally been performedueraacs phase, which limits their
application to relatively low reaction temperaturBy raising the pH without introducing
COyand producing Mg(OH)instead of MgC@a solid Mg(OH) sorbent can be formed

to capture CQvia high temperature gas-solid reactions (Equatidrand Equation 4.6).
Equation 4.5: Mg(OH),(s) = MgO(s) + HO(g)
Equation 4.6: MgO(s) + CQ(g) = MgCQ;(s)

The overall reaction becomes:
Equation 4.7: Mg(OH),(s) + CQ(g)= MgCGs(s) + HO(g)

Carbonation of Mg-based sorbents extracted fromecaséd minerals has seen less
research interest, mainly due to its slower kirsgtibough optimized reaction conditions
and sorbent characteristics, such as surface eameamprove sorbent reactivity (Buat
al., 1996; Goff & Lackner, 1998; Béarat al, 2002; Linet al, 2008; Zevenhoveast al,
2008; Fagerluncet al, 2010; Fagerlund & Zevenhoven, 2011). Much of ¢bmplexity
of the Mg(OH) carbonation system arises from the simultaneougdiekylation and
carbonation reactions (Equation 4.5 and Equatio), 4which occur in similar
temperature ranges (Bu#tt al, 1996). MgO carbonation has been shown to be
considerably slower than Mg(Ofgarbonation. In fact, MgO is effectively unreaeitat
low partial pressures of GQBéaratet al, 2002; Zevenhovert al, 2008).Though
Mg(OH), is more reactive, the carbonation reaction cardywe a diffusion limited

carbonate shell which restricts the overall cartionaconversion (Butiet al, 1996).
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Some argue that the effect of water on Mg(®Hparbonation was to prevent
dehydroxylation (Fagerlunet al, 2011). Other literature available on carbonatbMg
and Ca bearing oxides, hydroxides, and raw minesalgports a water enhanced
carbonation theory under a wide range of reactaditions (Shihet al, 1999; Beruto &
Botter, 2000; Kwaket al, 2010; Kwaket al, 2011; Kwon, 2011; Schaeft al, 2011;
Torres-Rodriguez & Pfeiffer, 2011; Laraddtial, 2012; Loringet al, 2012). Considering
Mg(OH), carbonation in slurry phase is relatively rapiofitia & Strydom, 2001; Parkt
al., 2003), the reaction mechanism likely proceedsuph a different pathway when
H,0 is involved. Highly hydrated environments maymreeéiminate the occurence of the
heterogeneous carbonation reaction (Zkdoal, 2010). Thus, this study aimed to
investigate the effect of # on the reaction pathways of Mg(QHarbonation in high
pressure gas-solid experiments and a slurry phgseriment through systematic solid

product analyses.

4.2.Experimental

4.2.1 Sample Preparation

Reagent-grade Mg(OHRl)(Acros Organics) was used throughout the carbonati
experiments. The particle size distribution wasaot#d through the laser diffraction
measurement (U8 13 320 MW, Beckman Coulter, Inc.). All Mg(Otparticles were
under 150 m with the majority under 50m. Mg(OH), particles had a surface area of
6.93 nf-g*, and the majority of pores were under 5 nm in di@n (NOVA-win 2002
BET analyzer, Quantachrome Corporation). A thiretagf Mg(OH) was coated on glass

slides to minimize mass transfer limitations withbalk powder during reaction. The
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layer was prepared by adding ~5 mL of a 0.1 g'g(OH), aqueous suspension to the

slide and excess water was evaporated in an oV&sBaK overnight.
4.2.2 Low Pressure Carbonation of Mg(OH)

A Setaram SETSYS thermogravimetric analyzer (TGAaswused to perform
atmospheric pressure carbonation experiments aho&ing for continuous monitoring
of reaction progress, in terms of mass changepeexise control of reaction temperature
and gaseous environment composition. 30-50 mg sl Mg(OH) were loaded into
alumina crucibles for each TGA run. Pure helium)(lde CQ was introduced to the
TGA, and in all experiments the gas flow rate wasintained at 20 mL-mih Non-
isothermal experiments used a slow temperature ream® (1-5 K-mif), whereas
isothermal experiments were quickly ramped (20 Khito the desired reaction

temperature (533 K, 553 K, 573 K, 593 K) and héaler¢ for 12 hours.
4.2.3 High Pressure Carbonation of Mg(OH)»

Figure 4.1 shows the experimental setup for thén igessure carbonation study,
which consisted of a ~150 mL pressure vessel wilorizontal furnace (SC12.5R, The
Mellen Company Inc.) and integrated thermocoupigse( K, Omega). When preparing
an experiment, two Mg(Okcoated slides and, if applicable, a specific vauoh water
(2-5 mL) in an alumina combustion boat, were plaagtiin the reactor. Subsequently,
the reactor was pressurized with £€ealed, and heated for one hour experimentshwhic
included a temperature ramp to the reaction tenperg473 K, 573 K, or 673 K)
followed by an isothermal reaction period. On agetraexperiments were performed with

a temperature program of a 20 minute non-isothermsal and a 40 minute isothermal
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hold. After each experiment, the heating elemens @igconnected, gaseous contents
were discharged upon cooling down to 523 K, andrdaetor was purged with,Nn
order to stop the carbonation reaction. While teactor was charged with the same
amount of CQ for all experiments (~0.036 mol of GO depending on the reaction
temperature, the partial pressures ob,@0ring the experiments ranged from 1.03 to 1.45
MPa. The total pressure inside the reactor was tm@a throughout the experiments and
the difference between the total pressure and tbe @artial pressure was used to

represent the $© pressure during the experiment.
4.2.4 Carbonation of Mg(OH), Slurry

A pressure vessel (#U761, Pressure Products Imesistinc.) with integrated
temperature control and pressure sensor servetdeaseaiction chamber. The internal
volume within the glass reactor liner was ~300 n1d &he headspace within the sealed
system was approximately 170 mL. An experiment bdgamixing 8.75 g of Mg(OH)
with 300 mL deionized bD. The resulting 2.9 wt% slurry was sealed wittme teactor,
and CQ was then flowed through the headspace to purgestigting air. During this
time, and throughout the rest of the experimenggitating stirrer was maintained at 700
rpm to ensure a homogeneously mixed slurry. Afterihitial 10 minute purging period,
the reactor valves were sealed, the,@@essure was increased to 1.52 MPa, and the
heater was started. The experiment consisted of an@wute non-isothermal rise
(averaged 2.3 K-mif) followed by a 35 minute isothermal hold (averdge 478 K),
and reached a maximum temperature of 486 K in 1R{utes. After the run, heat was
removed and the reactor was left to cool untilititernal temperature was below 373 K

(approximately 100 minutes). The slurry was filteend the solids were dried overnight
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under vacuum at 353 K before being analyzed. Theopkhe aqueous products was
recorded as well. A blank experiment (the sameessribed previously, with pure.8
and no slurry) was completed to observe the presshanges in the reactor without the

carbonation effect.
4.2.5 Product Analyses

A thermal analyzer (TA Q50, TA Instruments Inc.)smased for the approximate
guantitative compositional analysis of the soliddurcts. Multiple samples were taken
from the product mixture of each experiment in ordeevaluate the homogeneity of the
solid products formed in sample slides. The solithgles were exposed to a nitrogen
environment for calcination (Nflow rate: 20 mL-mift) and the temperature was
increased from 293 K to 923 K with a ramping rafe 50 K-min. The product
composition was then estimated from the TGA curlsgsaccounting for the mass
changes associated with the thermal decompositfothe various species contained
within the samples. For example, the thermal deasmiipn of absorbed D,
crystallized HO, hydroxide, and carbonate would all result in sndecrease at their
characteristic temperatures. The derivative of TA signal (dTG) was integrated to
calculate the weight loss associated with eachrdposition step.

Since sampling at different locations on the samgleles resulted in non-
homogeneity of analyzed solid products, furtherlyms was performed for each
experiment on homogeneous mixtures of the two doafass slides, which were
obtained by scraping and grinding the solid paetialith a mortar/pestle. The phase and
crystallographic structure of the products wereleatad with an X-ray diffractometer

(XRG 3000, Inel Inc.), where the powder X-ray difftion (XRD) patterns were obtained
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in the 2 range of 10° to 70° at room temperature using Cradliation ( = 1.5406 A).
Vibrational spectra of products were collected @m temperature using a Raman
spectrometer (LabRAM ARAMIS Raman Spectrometer, ilbdborJobinYvon) equipped
with a microscope and a 40x UV objective. A UV kaaad 1200 gr-mih grating were
used in these tests. The exposure time was sé& s¢c@nds and 4 scans were collected

for each powder sample to improve signal-to-noager

4.3.Two-Step vs. One-Step Carbonation of Mg(Oh)

As mentioned earlier, some literature has repotted MgO solid is effectively
unreactive with gaseous G(@Béaratet al, 2002; Zevenhovert al, 2008). Thus, in
order to verify this claim with our Mg-bearing serti and investigate the reaction
mechanism and kinetics of each step involved (Egnad.5 and Equation 4.6), the
carbonation of Mg(OH) was performed in a two-step mode: dehydroxylatain
Mg(OH), and carbonation of MgO. Using a TGA setup, Mg(©Was first calcined in a
He environment to MgO as the furnace temperatuseraiged to 673 K, which is beyond
the calcination temperature of Mg(QOHAfter calcination was completed, verified by the
stoichiometric mass loss, the temperature was lesvback to ambient conditions. Next,
CO, was introduced to the TGA to allow for carbonati&s shown in the right section
of Figure 4.2, the completely calcined MgO did eaperience any visible mass gain,
while complete carbonation would have resulted ipesicent mass gain of 44.4%.
Therefore, it was confirmed that at the partialsptee of CQ of 0.1 MPa, MgO is not
reactive with CQ. This two-stage reaction sequence was repeategtpooducibility at

different reaction temperatures, heating rates, ezattion times, and in all cases
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carbonation of MgO was minimal. Small weight gainthe end of each run was
attributed to temperature-induced gas adsorptianhypothesized by Butt et [1996),
the dehydroxylation and carbonation reactions rhastlosely related.

Coupling the dehydroxylation and carbonation reedtiat atmospheric pressure was
then investigated by non-isothermal TGA experimemigure 4.3 shows Mg(OHhl)
samples subjected to a 2 K-nimmp rate to 973 K in an inert He and Svironment,
respectively. When in the inert environment, thegle maintained a constant mass until
the calcination temperature of Mg(QHit R0 = 0 MPa (~533 K marked as (a)) was
reached, similar to the two-step case. With an tidah temperature profile, but
performed in a C@environment, Mg(OH) did not lose any mass until approximately
623 K, which was well beyond the calcination tenap@re of Mg(OH). In fact, the
thermal decomposition temperature of Mg(@Hgacted in the COenvironment was
very close to the calcination temperature of Mg@DR.o, = 0.1 MPa (~673 K marked
as (b)). These results were similar to the thoseed by Butt et al. (1996) and Lin et al.
(2008), and it was hypothesized that carbonate ispecould be forming in the
temperature range between the calcination temperatuMg(OH) and MgCQ where
the mass was maintained. However, if Mg(@Mas stoichiometrically reacting with
CO, to form MgCQ, there should have been significant mass gain pids calcination
temperature, which was not observed in any of {G& Experiments. Thus, the single-
step carbonation of Mg(Ohkl)lseems to be more complex than a straight carlmnati
reaction.

While not direct proof of Mg(OH) carbonation, the result from the one-step

carbonation experiments demonstrated the inteeelatature of the two reactions
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(Equation 4.5 and Equation 4.6). Some have sugiestat the dehydroxylation-
carbonation process is very much path dependedt, taerefore, reaction parameters
such as reaction steps and heating rate are tfiticthe extent of carbonation (Béakt
al., 2002; Linet al, 2008; Zevenhovent al, 2008; Kwon & Park, 2009). The presence
of water vapor, as it is released through the d9digdOH), matrix, may facilitate an ionic
thin-film aqueous reaction leading to the carbaratf MgO sites. There has been a
report on enhanced carbonation of MgO in the peseh humidified CQ(RH < 80%)

at low temperature (T < 343 K) and atmospheric sares (Torres-Rodriguez & Pfeiffer,
2011). The dehydroxylation dynamics (e.g., ultrstfeemperature ramping rate and
vacuum condition) could also impact the morpholabiand crystalline structures of
calcined Mg(OH) and this may impact the subsequent carbonatidg® (McKelvy et
al., 2001; Kwon & Park, 2009). However, none of thebservations and speculations
completely explain how Mg(OH)arbonation is favored over MgO carbonation.

In order to further investigate this phenomenorgthermal experiments were
performed in the temperature range between thenadilcn temperatures of Mg(OH)
and MgCQ in different gaseous environments (pure He on)A@Bing the same TGA
setup. In each experimental run, represented bynglesline on Figure 4.4, the
temperature of the TGA was programmed to quickippaat 20 K-mifl to the desired
reaction temperature where it was held for 12 holine results complement the findings
from the non-isothermal experiments of the one-stapbonation study. In the He
environment, Mg(OH)decomposed because all the reaction temperat@esabove its
calcination temperature, and the decompositiorsrtbowed kinetic theory, i.e. higher

temperatures resulted in faster decomposition. éXperiments in the CQOenvironment
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were far more intriguing. As expected and seeménron-isothermal experiments, in the
chosen temperature range between 533 K and 593e&Ksamples maintained nearly
constant mass over the long experimental time. $hggested that the dehydroxylation
and carbonation reactions were simultaneously oicgyrwhich resulted in the constant
mass of the samples throughout the experiments.

To assess and confirm the exact amount of carlmn#tat occurred for each run, at
the end of the 12 hour runs the samples were ¢etleand calcined in a furnace. The
evolved gases were analyzed with the infrared @lyzer, which concluded that very
little carbonation occured, only about 6% converiedother words, Mg(OH)in a CQ
environment carbonates better than MgO—possibly tuethe coupled dynamics
between dehydroxylation and carbonation reactibtmvever, the extent of Mg(Ohl)
carbonation due to this phenomenon was not sigmficenough to fully carbonate
Mg(OH),. Interestingly, it was also found that the presewé CQ suppressed the
dehydroxylation of Mg(OH) The reason for this phenomenon is uncertainiatpiint,
given that dehydroxylation of Mg(Ok)was not suppressed in other gaseous
environments such as nitrogeny(Nr argon (Ar). The limited conversion of Mg(OH)
may be due to the formation of a diffusion limitingrbonate passivation layer but more
studies are needed to evaluate additional reaktrotations (Buttet al, 1996; Linet al,
2008). Some have suggested attrition via fluidoratas a means of circumventing the
mass transfer limitations (Fagerlured al, 2010; Fagerlund & Zevenhoven, 2011).
Overall, the TGA results confirmed the infeasiilibf Mg(OH), carbonation at

atmospheric pressure of GO
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4.4 Effect of H,O Pressure on Mg(OH) Carbonation

As shown in Equation 4.7, greater £fressure would allow the equilibrium shift
towards the forward reaction of Mg(OHgarbonation. Furthermore, the increased, CO
pressure would also suppress the calcination of ®ggiven in Equation 4.6, and, as a
result, Mg(OH) carbonation can be performed at higher temperatukdditionally, at
higher temperatures, the carbonation rate shoulg@se according to kinetic theory and
provide a greater conversion of Mg(QH9 MgCQ; within the given reaction time of one
hour. The extent of Mg(OH)carbonation is defined as the percentage of Mtain the
reacted sample that was bound to carbon anhydrolisey mass change associated with
anhydrous carbonate decomposition was easily digshed from other phase
decomposition temperatures, and it was used, inbg@tion with stoichiometric ratios
of Mg-bearing phases, to calculate two approximdte fractions (total Mg and Mg
bonded to C). It should be noted that 100% conearsas defined in this study, can only
be achieved if the molar ratio of Mg:C = 1:1 asigtin magnesite (MgC§¢). If
hydromagnesite (Mg@COs)4(OH),-4H,0) is the predominant phase, the reported
conversions could only achieve a maximum 80% caiwer (Mg:C ratio = 5:4).
Furthermore, reported conversions to anhydrousocate species should be used in
relative comparison with the other samples in #tigly, as it has been shown that mass
change at a given temperature may result from ¢éeerdposition of more than one phase
(i.,e. some C@ may be evolved during hydroxide decomposition) g#gyi et al,
2008a).

First, Mg(OH) carbonation was performed in the absence of steatihe results are

shown in Figure 4.5 and marked as dry experimdrts. dry experiments, at zero®l
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pressure, showed that a critical £@ressure must be surpassed for a given reaction
temperature for carbonation of Mg(QHp proceed. At 473 K and 573 K, negligible
carbonation was observed withoutGHpresent, while at 673 K, approximately 17.6% of
Mg(OH),was converted to carbonate. Each data point remtieaesingle experiment and
the error bars on Figure 4.5 were generated basedpatial variability of samples
collected over the length of the glass slide.

Next, for experiments at each reaction temperatliffisrent volumes of water were
placed in the reactor to investigate the effectnafeasing HO pressure on Mg(OH)
carbonation. As shown in Figure 4.5, Mg(Qkgaction with CQin the presence of J@
at a given reaction temperature showed dramatiecases in carbonation conversion
with increasing HO pressure. Conversion also increased with readeomperature,
likely due to faster reaction kinetics or changasthe thermodynamic stability of
different Mg-bearing phases in the system, whike fieximum carbonation temperature
was limited by the equilibrium of Equation 4.6. Téependence of Mg(Oklxonversion
on the HO pressure was greater at lower carbonation teriyseravhere the temperature
effect on reaction kinetics was less pronouncetially, Mg(OH), samples carbonated at
473 K and 573 K resulted in negligible carbonatimheir particular C&pressures; yet,
upon the introduction of ¥D, they showed notable increases in conversion an83~58
times respectively. As discussed earlier, the doeos in Figure 4.5 are associated with
the spatial variability of product formation on tkample slide. Some solid products
contained more than one Mg-bearing species (e.gC® and Mg(COs3)4(OH),-4H,0).
This phenomenon was most pronounced for the expetah runs with excess water.

Steam calculations revealed that in certain expantmat 473 K and high,B loading
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(data points marked with * in Figure 4.5), the teaavas saturated and a liquid phase
was present. This observation indicates that thesgmce of steam as well as the
possibility of a water layer on the surface of Mg may have led to different reaction
pathways for Mg(OH)carbonation, and, consequently, a range of Mgareate products.
In order to further investigate Mg(OH)carbonation pathways, the differential
thermogravimetric (dTG) traces of the solid produétom each experiment were
obtained. Each thermal decomposition pattern peavidhe information on the
identification of Mg-bearing phase and the extehtg(OH), carbonation. Figure 4.6
shows the example thermal decomposition patteris=ats73 K and Po,= 1.24 MPa.
As shown in Figure 4.5, Mg(Oklxarbonated in the absence afCHshowed negligible
conversion to carbonate, and it was confirmed iguf@ 4.6(b), as its thermal
decomposition temperature was very close to thauoé Mg(OH) (Figure 4.6(a)). The
hydroxide decomposition was shifted to slightly Heg temperature, showing a doublet
peak, which may be the result of a phase changanwiig(OH). At medium water
loading (Ri20 = 1.84 MPa), the dTG curve was distinctly differaith three uniqgue mass
drops. Based on the reference temperatures, tlezdes pvere assigned to the following
approximate decomposition sequence: (i) crystalliegO starting to come off before
473 K, (ii) the hydroxide species starting to depose just before 573 K (with the
possibility of some C@ evolving in this range), and (iii) the release @O, from
anhydrous carbonate decomposition starting arol2®l K (Vagvolgyi et al, 2008a;
Vagvolgyi et al, 2008b). At the highest water loadingu4B = 3.71 MPa), two mass
drops associated with ;B release from hydroxide (at lower temperature) &@

release from carbonate (at higher temperature) wbserved. The COpeak was
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significantly larger, which translated into ~5&%Mg(OH), being converted to MgCO
Interestingly, unlike in the case ai,B = 1.84 MPa, no crystallized water was detected.
To better understand the compositional changesgiivig(OH), carbonation in the
presence of steam, powder XRD was performed ofithéproducts and the results are
presented in Figure 4.7. Each plot (a-c) represestxies of experiments at a set reaction
temperature and CQpressure with varying # pressure, and major compounds have
been assigned according to XRD references (Dowf@86)2 Again, the experiment
conducted at 473 K with no,B experienced no carbonation; the pattern wastefédyg
that of Mg(OH) (i.e., brucite). IncreasingJ@ pressure provided more carbonation and
also more pattern disorder, which was associatéul the presence of multiple hydrated
carbonate phases including hydromagnesite and aeksgite (MgCQ-3H,0) and likely
contributed to the larger errors in the TGA restdtsnd in the excess water loading cases
at 473 K. Some of the anhydrous Mg{aeaks were also observed akd= 1.35 MPa.
Minimal carbonation at 573 K in the absence gDHvas confirmed by the XRD pattern
in Figure 4.7(b). As kD pressure was increased, carbonate and hydratechede peaks
became visible with a relatively pure Mg(QHJIgCO; product at HO pressure of 3.71
MPa. The lack of peaks at reaction temperature/8f6 and HO pressure of 1.84 MPa
was likely the result of the formation of amorphdugirated carbonate phases, since
significant carbonation has already been confirimgthe TGA data (~31% conversion).
At 673 K, the carbonate bands were not visible lmen XRD pattern of the Mg(OHl)
sample carbonated with no,®, and this may again likely be due to the formatod

amorphous carbonate phases. At higheO Hoadings however, the formation of
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anhydrous carbonate species (i.e., magnesite) wasnent, while some minor peaks
associated with unreacted Mg(QkNere also observed.

UV-Raman analysis was employed to complement theD Xitdings, observe
amorphous phases, and look more closely at theowatibn mechanisms:igure 4.8
contains UV-Raman spectra from each experimental with (a) depicting the overall
spectrum from 200-2000 ¢tand (b) and (c) showing detailed patterns at 11250
cm™* and 3300-3600 cthrespectively. Unreacted Mg(OsBxhibits characteristic peaks
near ~265 cm and ~435 cri, while characteristic peaks of magnesium carbonate
species occur near ~195 ¢raind ~325 cnt (Downs, 2006). The carbonate ion (£Pv,
in-plane bending mode is Raman active at ~725 amd itsvs asymmetric stretching
mode peaks appear at ~1430grhowever, most important to this study were thedsa
in the range of 1090-1120 ém(Figure 4.8(b)), characteristic of the symmetric
stretching mode of C§ (Edwardset al, 2005; Downs, 2006). Depending on the
carbonate compositions (i.e., magnesite, hydromstgmand nesquehonite), the bands of
the vi symmetric stretching mode of GOwere distinctly located within this range
(Downs, 2006; Hnchenet al, 2008; Frost, 2011).

As shown in Figure 4.8(b), pure Mg(OHjJoes not have any Raman peaks in the
region of 1090-1120 cthbut after each carbonation experiment the sobdipets started
to show distinct carbonate peaks within this regidh low carbonation temperatures
(473 K), the carbonate peaks appeared near ~1115 which is characteristic of the
hydromagnesite phase. This result was consisteht tiwe XRD and TGA findings. As
the partial pressure of @ was increased to 1.35 MPa at 473 K, a small ppaleared

near 1100 cr, indicating the presence of magnesite or nesquthowhile
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hydromagnesite remained as the predominant prodscthe carbonation temperature
was increased to 573 K, the symmetric stretchingdbaf the carbonate Raman peaks
was distinctly found as doublet, with peaks asdediawith both magnesite and
nesquehonite (~1100 ¢thand hydromagnesite (~1115 ¢nThis heterogeneity of solid
product composition could explain the disorderedDXpattern shown in Figure 4.7(b).
At the highest HO loading, the carbonated sample was confirmed @omainly
magnesite as illustrated by a single band at ~11@birc Figure 4.8(b). When Mg(OH)
carbonation was performed at 673 K and higldHbading, only anhydrous GO peak
was observed, confirming that the formation of mesiyie was favored at high reaction
temperatures andykb. As shown in Figure 4.8(c), the existence of hieltaspecies in
samples carbonated at lower temperatures was gwditby small peaks in the 3400-
3550 cn' region, characteristic of crystallizeg® (Haleset al, 2008).

In summary, the comprehensive solid analyses ofdbheted samples confirmed the
following findings on Mg(OH) carbonation: (i) increased @ pressure resulted in
greater conversion of Mg(OHK}o carbonate, (ii) the predominant product phass w
hydromagnesite at low temperatures, (iii) at 57&t& carbonate product was a mixture
of hydrated and anhydrous carbonates, and (iv)78t K the formation of anhydrous
carbonate species was dominant. Furthermore, &ngoarbonation temperatures, the

increased kD pressure led to the favored formation of anhyslrmagnesite.

4.5.Carbonation of Mg(OH), in the Slurry Phase

The enhancement of Mg(Ofarbonation by steam was apparent in the gas-solid

high temperature and pressure carbonation expetémaccordingly, the next step was to
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investigate an extreme case in a multiphase reagdtor significantly more HO. The
result follows a similar trend to those observedhe previous high pressure Mg(QH)
carbonation experiments. Carbonation in a heawlgréted environment, at a similar
temperature to the previous low temperature exparim(~473 K), resulted in an almost
complete reaction between the available,@@d Mg(OH). Reaction completion was
verified by an approximate mass balance, whereegtent of conversion was actually
limited by the initial amount of C£zharged to the reactor. The ratio of C to Mg chdrg
to the reactor was 0.87 (0.13 mol C to 0.15 mol M), pressure after the reaction and
cooling period also confirmed the carbonation reactvas CQ limited and all CQ had
been converted to solid carbonate species.

The recovered solids were analyzed via TGA, XRDd &aman with the same
methodology as previous results to confirm the rxté carbonation as well as observe
the carbonate phase formed during Mg(®Blurry carbonation. The decomposition of
the solids, Figure 4.9(a), reveals two separatesmhanges, a small drop around 623 K
and a much larger mass change above 673 K. Thed&gomass change resulted in a
mass drop of 44.5%, indicating a large fractiomafgnesite in the reaction product. The
reaction conversion, defined as the percent of Magnkd to C anhydrously, was
approximately 80.7%. XRD and Raman analyses conmgkad and confirmed the
presence of anhydrous MgG.Csimilar to the XRD patterns of Figure 4.7, themniloant
peaks in Figure 4.9(b) were those of the magnebiése with a minor presence of brucite
(Downs, 2006). The Raman spectra in Figure 4.99afans the characteristic peaks of
magnesium carbonate species that occur near ~19amin~325 cril, the carbonate ion

(COs%) v4 in-plane bending mode at ~725 ¢rand itsvs asymmetric stretching mode at
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~1430 cnf, and, most importantly, the symmetric stretching mode of GOat ~1100
cm* (Edwardset al, 2005; Downs, 2006). The position of tesymmetric stretching
mode, combined with the very small Ostretching mode in the 3600s ¢nand the
absence of the characteristic crystalizegOHpeaks in the 3400-3550 €nregion,

confirm the existence of a dominant magnesite pftdakeset al, 2008).

While the reaction time was significantly longeaththat of the gas-solid case, due to
limitations in the reactor heating rate, the resudbtained in the Mg(OH)slurry
carbonation experiment also illustrated that thghly+hydrated environment can favor
the formation of the anhydrous carbonate phase.eSuthe enhancement in anhydrous
carbonate production was likely related to the mataging time (Hnchenet al, 2008);
however, this effect alone may not explain a grethtan two-fold increase in anhydrous

carbonate conversion.

4.6.Potential Reaction Pathways

The agreement among TGA, XRD, and Raman data ledetdollowing two major
conclusions regarding the high pressure gas-sadicbomation of Mg(OH) First,
increasing HO pressure beyond a critical value resulted incthreversion of Mg(OHp)to
anhydrous carbonates, potentially via a hydrategrimediate. Second, increasing
carbonation temperature favored the formation dfiydrous carbonate because the
intermediate species was unfavorable at high teatpers. These results, as well as the
previously discussed relationship between dehydabioy and carbonation of Mg(OF)
go beyond demonstrating thex® enhancement of Mg(Ok)xarbonation and provide

insight into the potential reaction pathways. Therature has suggested variougsOH
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enhancement mechanisms of metal oxide and raw atirearbonation that include
preventing dehydroxylation forming unreactive Mg@agerlund et al, 2011),
accelerating fast ionic reaction between dissoh@ts and CQ (Shih et al, 1999;
Torres-Rodriguez & Pfeiffer, 2011), and facilitgtirarbonation through a hydrated
intermediate carbonate species (Kwatkal, 2011; Schaett al, 2011; Loringet al,
2012). Some have speculated that a threshold otigatquantity of BO is required for
any carbonation to occur in gas-solid reaction seh¢Shihet al, 1999; Béaratt al,
2002). The formation of hydrated magnesium carkEmat aqueous phase is widely
recognized and is thought to be related to thelpibgpdrated nature of Mg in solution

(H nchenet al, 2008; Zhaoet al, 2010). The extreme carbonation studies performed
using Mg-bearing minerals and water saturated sufieal CO, also demonstrated a
threshold water content for complete conversionato anhydrous MgC{at low
temperatures (< 373 K) (Kwa&t al, 2011; Schaeét al, 2011; Loringet al, 2012).
These previous studies were mostly performed atively low carbonation temperatures,
while anhydrous MgC@formation is favored at high temperatures. Thas, ¢urrent
study investigated gas-solid carbonation of Mg(®id)the presence of J@ at higher
carbonation temperatures (473-673 K).

The findings of the high pressure gas-solid carbonaxperiments are in agreement
with the hypothesis of the formation of intermedidtydrated species enhancing the
overall extent of Mg(OH)carbonation. The comprehensive solid analysesvatlomore
in-depth understanding of the proposed reactiohvpay involving hydrated carbonate
phases. The carbonation experiments at 473 K pedvelidence to the production of

anhydrous carbonates at highexOHpressures likely derived from intermediate hyellat
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species, as shown in the limited amounts of anlglrcarbonate produced at low-
moderate HO pressure. The experiments at 573 K showed thatptssibility of a
hydrated carbonate intermediate in the Mg(©¢#rbonation pathway could be plausible.
At moderate R0, hydrated carbonates were being formed, yet at highg, Mg(OH),
was predominately converted to anhydrous magnesitg's affinity for H,O, as
witnessed in various precipitation and carbonasimies reported in literature (Rchen

et al, 2008; Zhacet al, 2010), resulted in the formation of hydrated ocadie species
under lower reaction temperatures andOHpressures. These results support the
hypothesis that a #0 threshold is needed to form anhydrous carbormeiss (Kwaket

al., 2011; Schaeét al, 2011; Loringet al, 2012).

The slurry carbonation of Mg(Okljvas significantly above the,B threshold, as the
slurry phase is a highly-hydrated environment. WMg(OH), in the slurry phase was
exposed to a ¢, of 1.52 MPa at 298 K and subsequently heated & Ki&ver 120
minutes, most of the products were anhydrous catiesn Zhao et al. (2010) found the
carbonation of a brucite slurry to occur homogesgoin the agueous phase at room
temperature and C(pressure up to 1.52 MPa and achieved complete csioweto
nesquehonite in a couple of hours. The formatioandfydrous carbonates suggested that
the reaction may not have proceeded through a tediratermediate pathway. However,
it remains entirely plausible that a hydrated imediate was formed, and that due to the
large excess of #D, high temperature, and/or aging time, it was eoted to anhydrous
MgCQOs. The solubility of both C@and Mg(OH)is favored at lower temperatures (Park
et al, 2003); therefore, the temperature ramping rateédclhave significantly affected the

reaction mechanism and product phase formed.
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Schaef et al(2011) argued that the availability ot®l to strategically condense with
OH groups of the Mg(OH)matrix is important, as the condensation provigesactive
MgO site for subsequent carbonation reaction. Tésembles the phenomenon observed
during the high pressure carbonation experimentalys Thus, the following reaction
steps can be described for carbonation of Mg¢dh)the presence of J@: (i) critical
amount of HO present results in the hydration of hydroxideugsy (i) hydration
enhances the reactivity of MgO sites, (iii) MgQalstized by surrounding # molecules,
can react with C@to produce a hydrated carbonate species, andi¢pgnding on the
reaction temperature, dehydration of hydrated caat® occurs, forming anhydrous
MgCO; (Schaefet al, 2011). The findings of this study are summarireBigure 4.10 as
a schematic phase diagram with three different cgambon pathways. It was
experimentally proven that the two-step processhiiay 1) involving the calcination of
Mg(OH), and subsequent carbonation of MgO was not feasiitker a wide range of
reaction conditions. The direct carbonation of Mg|@ (Pathway 2), the result of the
coupled dehydroxylation and carbonation reactioms wromising, though only under
elevated temperature and possibly highly-hydratedlitions. The use of 40 through a
mechanism involving a hydrated carbonate intermedi@athway 3) can provide
significant conversion under moderate reaction g¢mns. Ultimately, the production of
anhydrous MgCefrom Mg(OH), can be enhanced by one or a combination of inicrgas

H,0 loading, higher carbonation temperature, andfogér reaction time.
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4.7.Summary

After exploring and verifying the limitations obsed in gas-solid carbonation of
Mg(OH),, the current study investigated the enhancemeoaiddonation with increasing
temperature and 4@ pressure through systematic solid product anglylsew pressure
Mg(OH), carbonation experienced limitations over a largmgerature range, while
elevated CQ pressures only marginally increased reactivitytHa presence of steam
however, Mg(OH) carbonation was enhanced, likely due to a shifthme carbonation
pathway, which provided faster carbonation reackimetics. The results suggest that the
high temperature carbonation of Mg(QIi) steam is a complex process likely involving
a hydrated transition state. The trend of increaslsO presence favoring the production
of anhydrous MgCe@was supported by theurry carbonation experiment, though other
variables like temperature ramping rate and agimg tould be at play. The investigation
is being continued to evaluate a wider range okedrpental conditions in a continuous
flow reactor system, with ¥ pressures in industrially compatible ranges, rtlep to
further evaluate the fundamental mechanisms aretikgrof HO enhanced carbonation
of Mg(OH),. Testing of the slurry carbonation system is ongadio evaluate optimal
carbonation condtions, investigate the dependehcarbonate product phase on various

reaction parameters, and determine the reactidiwaatin the slurry phase.
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Notation

BET

CCuUs

dTG

MgCGQO;

MgCO;s-3H,0
Mgs(COs)4(OH)z-4H,0O
MgCOs-Mg(OH),-3H,0
MgO

Mg(OH),
M938|205(OH)4

Px

RH

T

TGA

UV-Raman

XRD

ZECA

Wavelength

Surface area analysis technique (Brunauer, Bmarel
Teller)

Carbon, capture, utilization, and storage
Differential thermogravimetry

Magnesium carbonate, Magnesite
Nesquehonite

Hydromasgnesite
Artinite

Magnesium oxide

Magnesium hydroxide, Brucite
Serpentine (Magnesium iron silicate hydroxide)
Partial pressure of species X

Relative humidity

Temperature

Thermogravimetric Analyzer

Raman spectroscopy with a ultra viatgttisource
X-ray diffraction

Zero Emission Coal Alliance
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Figure 4.1: Schematic diagram of high temperature and pressyrerimental setup.
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Figure 4.2: Two-step dehydroxylation and carbonation of Mg(®Hf) He and CQ
environments in a TGA. Reaction conditiongiP>= 1 atm, gas flow rate = 20 mLemin
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Figure 4.3: Nonisothermal, one-step dehydroxylation and carbonaf Mg(OH), in He
and CQ environments in a TGA. Reaction conditiong;,>= 1 atm, temperature ramp
rate = 2 Kemiff, gas flow rate = 20 mLemih Labels: theoretical calcination

temperatures of (a) Mg(Okblat Rye = 0.1 MPa and (b) MgCsat Ro, = 0.1 MPa.
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Figure 4.4: 1sothermal, one-step dehydroxylation and carbonatidVig(OH), in He and
CO, environments in a TGA. Reaction conditiongi,P= 1 atm, temperature ramp rate =
20 Kemin* (before isothermal hold), gas flow rate = 20 mnthi
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Figure 4.5: Effect of Ry;0 on the extent of carbonation of Mg(QHjo anhydrous
carbonate (reaction time = 60 min) as a functiomeafction temperature and the partial
pressure of C@®determined via TGA decomposition. Labels: *Sigrafit HO(l) was
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Figure 4.6: Differential mass change during the thermal decasitjpm of samples
carbonated under different partial pressures M.Fsamples were reacted at 573 K and
Pcoz= 1.24 MPa.
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Figure 4.8: Raman spectra of Mg(Okl)samples carbonated at different reaction
temperatures and partial pressures gDHGraphs: (a) full spectra, (b) GOsymmetric
stretching region, and (c).B stretching region. Reaction conditions (Eof P120) are
given above each spectra.
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Figure 4.10: Schematic equilibrium phase diagram of Mg@a-HCO, system with

possible carbonation pathways. Diagram producedgusseochemists Work Bench
software (Release 7.0.2) (Bethke, 2008) at T = BK7and Ry = 0.1 MPa (basis,
magnesite activity = 1).
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4.8.Supporting Information

4.8.1. Characterization of Mg(OH), Reagent

Volume Percent (%)

1 10 100

Diameter (um)

Figure 4.11 Particle size distribution according to pore diagnedf reagent grade
Mg(OH), (Acros Organicsjused in study. All particles are under 156 with the
majority under 50 m.
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Figure 4.12 Pore size distribution of reagent grade Mg(@id¥ed in study. Results
presented in terms of volume (“dv”) in &mm/g and surface area (“ds”) irffmm/g. The
sample has a BET surface area of 6.98jmand the majority of pores are under 5 nm in
diameter. Characterization data was averaged fraitipie runs to ensure accuracy.
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5. Investigation of the Different Carbonate Phases antheir
Formation Kinetics during Mg(OH) » Slurry Carbonation

The contents of this chapter are in review for htahg in the American Chemical
Society’sIindustrial & Engineering Chemistry Resear@#ricker & Park, 2014).

5.1.Introduction

While evidence of the relationship between anthggmic CQ emissions and
global climate change builds (IPCC, 2007), fossilizfuels continue to and will
dominate the worldwide energy mix for decades toedEIA, 2013). As incremental
improvements are made in the efficiency spherecanion-free energy technologies
develop and secure market share, carbon capturstaratje (CCS) technologies can
be deployed to mitigate greenhouse gas emissiamsgdilne transition period, which
could prove to be very long. Numerous CCS techrnietogre under development,
with much of the focus on CQrapture; however, capture only addresses halfief t
problem. After capture, COmust be compressed to high pressure (~150 atm) and
transported to a suitable geological formation &orage. Uncertainty in the
permanence and safety of geological .Csforage as well as the need for costly
monitoring add to the complexity of this CCS scemar

Combined CQ@ capture and storage via carbon mineralization essgrts an
alternative solution. Occurring naturally on geabad) timescales, carbon
mineralization is the process by which gaseousgoeaus CQ reacts with solid or
dissolved minerals to form safe, thermodynamicatigble mineral carbonates, e.g.
MgCO; and CaC@(Lackneret al, 1995). The doubt associated with the fate of

geologically stored C& which may form mineral carbonates or may slovdynpeate
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back to the surface over long times, is avoidedh wi-situ mineralization schemes.
In addition, combining C®capture and storage has the added benefit of iagoikde
energy intensive and chemically complicated sorbesgeneration operation.
Carbonation with inexpensive Ca-based sorbentsyetkrfrom natural carbonate
minerals (i.e. limestone), is proven to have fastetics and sufficient capture
capacity (Fenget al, 2007). However, these Ca-based sorbents stararagnates,
and therefore only represent a regenerable carlapture solution. Further, the
sorbent regeneration requires significant energmygieratures around 900 °C)
(Senthoorselvaret al, 2009). In contrast, Mg-based sorbent materiats/el@é from
profuse silicate minerals or industrial wastes pmlevan optimal solution for
combined carbon capture and storage. Unfortunapebyious studies of gas-solid
carbonation of both MgO and Mg(OH3orbents showed slow kinetics and limited
overall conversion (Butt al, 1996; Béaraet al, 2002; Linet al, 2008; Zevenhoven
et al, 2008; Fricker & Park, 2013). Thus, steam intraaurc(Fricker & Park, 2013)
and advanced reactor design with pressurized #edlbed (Fagerlundt al, 2012)
were introduced to improve the performance of Mgdabsorbents.

The aqueous mineral carbonation field has expegrgignificant interest in
recent history, with Mg(OH)carbonation in the slurry phase known to be neddyi
fast (Botha & Strydom, 2001; Pasdt al, 2003; Zhacet al, 2010; Hévelmanmet al,
2012; Harrisonet al, 2013). The presence of a substantiaDHphase shifts the
reaction mechanism through a different pathway theyn Mg(OH), carbonation
(Fricker & Park, 2013). In the aqueous systemse@sfly at temperatures below the

decomposition of Mg(OH) a homogeneous carbonation reaction is expected. A
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multi-step CQ hydration (Equation 5.1 and Equation 5.2), dissofu(Equation 5.3),
and carbonation (Equation 5.4, Equation 5.5, andakon 5.6) process has been
proposed. Zhao et al. confirmed the homogeneouseaf the carbonation reaction
of a Mg(OH}) slurry by measuring the dependence of the carmmegaction rate on
Mg?* concentration (Zha@t al, 2010). CQ hydration reduces pH, and therefore,
would enhance the dissolution of Mg(QHBicarbonate (HC®) and chloride (C)
were also reported to enhance Mg(@IMdjssolution by acting as a ligand, forming
surface complexes that interfere with MgO bonds andace Mg coordination
(O'Connoret al, 2004; Hovelmanmet al, 2012).

Equation 5.1:COx(aq) + HO  H,COs(aq)

Equation 5.2:H,COs(aq) HCOs(aq) + H(aq) COs*(aq) + H(aq)

Equation 5.3: Mg(OH)(s) + 2H(aq) Mg**(aq) + 2HO

Equation 5.4: Mg**(aq) + CQ*(aq) + 3HO  MgCQ;s-3H,O(s)

Equation 5.5:5Mg?*(aq) + 4CQ*(aq) + 20H(aq) + 4HO

Mgs(COs)4(OH).-4HO(s)

Equation 5.6:Mg**(aq) + CQ*(aq) MgCOx(s)

Under certain reaction conditions, especially ipOHsaturated environments,
different magnesium carbonate phases can be produoeluding anhydrous
magnesite (MgCg) and hydrated carbonate species like nesquehonite
(MgCQOs5-3H,0) and hydromagnesite (M&Os)4(OH),-4H,0) (Equation 5.4,
Equation 5.5, and Equation 5.6). Distinct boundagrist where specific magnesium
carbonate phases are stable; although, thermodgnzatdulations show anhydrous

magnesite to be the stable phase at all tempesatur@ CQ pressures (Kittrick &
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Peryea, 1986). Carbonate precipitation is kindgicalontrolled, and hydrated
carbonates form preferentially due to the high feeergy required for dehydration
(Sayles & Fyfe, 1973; Deelman, 2001). The diffigulb precipitating anhydrous
carbonate is attributed to the highly hydrated abgr of Mg* in aqueous solution
(Sayles & Fyfe, 1973; thchenet al, 2008). The first hydration shell of Mighas six
water molecules (Tommaso & de Leeuw, 2010), whiclstbe excluded in order to
form anhydrous carbonate. At low temperature and, @f@ssure, magnesite is
ultimately produced according to Ostwald rule obgds, where metastable phases
like nesquehonite or hydromagnesite is first fornaedi subsequently transformed
into the stable magnesite (Deelman, 2001). Dematestrin 1949, supersaturated
(metastable) solutions were prepared by leachin@Mgd Mg(OH) with CGO; in
aqueous phase (Evans & St. Clair, 1949), thoughesitg could not be precipitated
due to high level of hydration even at conditioishigh supersaturation (Sayles &
Fyfe, 1973; Saldet al, 2009). The metastability of hydrated magnesiunb@aates
is of relevance to the proposed CCS process shmeemhydrous carbonate is the
desired product from a storage perspective. Theadtgd carbonates are more soluble
than magnesite (Hhchenet al, 2008) and have significantly more volume and
weight, and thus, higher costs will be associateith wheir processing and
transportation. Furthermore, the formation of hyeldecarbonate species will result in
the loss of process water.

Various methods for mitigating the kinetic inhibii in forming anhydrous
magnesite have been suggested, including: operatitemperature and G@ressure

conditions where hydrated carbonates are not kialgti favored, allowing longer
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aging time (Hnchenet al, 2008), reduction of the activity of,@ by adding
interfering ions (e.g. Cland NQ) (Sayles & Fyfe, 1973), or decreasing the activity
of Mg®* via complexation with organic compounds (e.g. nethglene glycol)
(Sandengenet al, 2008). The slurry phase Mg(OH)xarbonation system for
combined CCS still lacks a systematic understandhgreaction kinetics and
mechanisms of the complex competing and parallattiens, especially at high
temperatures. Thus, this study combined real-tilmeyssampling and detailed solid
product analyses to provide insight into slurrysg#g(OH) carbonation. Exploring
reaction temperatures higher than previously stijdtas study focused on the effect
of temperature, in the range 30-200 °C, on Mg(©¢#)rry carbonation kinetics and

the composition of the formed magnesium carbonbéses.

5.2.Experimental

5.2.1. Methods

As depicted in Figure 5.1, a temperature-controllpebssurized continuously
stirred tank reactor (CSTR) (#U761, Pressure Pitsdadustries, Inc.) outfitted with
thermocouples (type K, Omega) and a pressure tnaasdOmega) was employed as
the slurry phase carbonation reactor. Experimeagsib by forming a 2.9 wt% slurry
composed of 8.75 g of dry Mg(OH(reagent grade, Acros Organics) and 300 mL of
deionized HO within the glass reactor liner. Experiments wigltious additives (1.4
wt% HCI, 1 M NaCl, 0.5 M NaHC@ and the combination of 1 M NaCl and 0.5 M
NaHCGQ;) included an additional step where the additives ia@roduced to the

deionized HO prior to mixing with the dry Mg(OH) particles. The reactor was
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sealed, and nitrogen §Nwas flowed through the headspace for 10 min nooree any
oxygen (Q) inside the system. During the startup time amdughout the experiment,
a magnetically driven stirrer within the slurry opeed at 700 rpm to ensure
homogeneous mixing of solid and liquid phases.

The reaction parameters explored in this study leted in Table 5.1. In
experiments conducted at constagbP(marked with 1), C@was injected at the
reaction temperature. For these tests, the reaetitrgas valves sealed angd\z =1
atm in headspace, was heated to the set reactopetature (30-200 °C). After
temperature and pressure (including the expandidw, @and the associated; at
that temperature) were stabilized, a G®linder and regulator were used to deliver
the constant &, of 15 atm. Alternatively, for the experiments cootéd with a fixed
CO, amount, CQ (15 atm) was injected into the headspace at mwatémperature
(again after HO and N pressure stabilization) or room temperature ater N,
purge. Then the gas line valves were sealed t¢ thtarexperiment. In the case of
room temperature CQOinjection, the reactor was heated after valvesewssaled.
Experiments were generally run isothermally for I8 to allow ample time for
reaction, though some experiments investigatedtash{0 min) and longer (up to
1080 min) reaction times. The results of the expents at 30 °C, 150 °C and 200 °C
with constant Bo, (marked with T) are reported as the average aethieplicate
experiments.

The kinetics of carbonate formation from a Mg(@Blurry were investigated via
the solids analysis of slurry samples taken at fimervals (15-30 min). Each slurry

samples was filtered (particle size retention: >fl, GE Whatman) as soon as it was
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collected to stop further reaction. The filtrateD@2 L) was diluted 50 times by
combining with 9.8 mL of 2 % nitric acid for subsmmt Mg " concentration analysis
via an inductively coupled plasma optical emissispectrometer (ICP-OES)
(ACTIVA-M, Horiba Jobin Yvon, Inc.). The concetrati was calculated from
average of 3 spectral lines. Error bars on qudivManalyses represent the results of
multiple different slurry carbonation experimengolids were dried in a vacuum
oven overnight, and analyzed via various techniquesletermine the carbonate

conversion and phase produced.
5.2.2. Solid Analysis

The carbonated solid samples were analyzed usiogttary of analytical tools.
First, thermogravimetric analysis (TGA) (SETSYS knmon, Setaram
Instrumentation) was performed by heating ~20 mgaple in helium (He) (20
mL-min™) to 650 °C at a temperature ramping rate of 5 #*nVarious species (i.e.
absorbed KD, crystallized HO, hydroxide, and carbonate) within the sample
decompose at characterisic temperatures, andttieispass change during a thermal
scan was used to quantify the different compounds $olid sample. The derivative
of the mass signal from the TGA (dTG) was examitzeelucidate the different mass
change events. An X-ray diffractometer (XRD) (XZirfag, Inc.) was used to
confirm and further clarify the carbonate phasemmf@es were scanned in the 2
range from 10° to 70° with a step size of 0.05° ascan time of 0.5 s at room
temperature using Cu Kradiation. A scanning electron microscope (SEMX{80
FE-SEM, Hitachi, Ltd.) was used to study the moftpgal structures of the

carbonation products with an acceleration voltage lov.
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Since the compostion of solid samples can be cquotaplex due to different
carbonate phases and unreacted Mggalxarbon analyzer (GQ@oulometer, UIC,
Inc.) was utilized for more accurate quantitiaivelgsis of the carbon content within
solid samples. The samples (~30 mg) were insertedanfurnace at 950 °C with
oxygen (Q) flowing at 100 mL-mift for rapid decomposition of all carbonaceous
species. The evolved gases were introduced toemtr@themical titration assembly
which generates hydroxide to neutralize the,CIhe carbon analyzer then outputed
a mass of carbon contained within the sample. Kindde percentage of a solid that
was a particular carbonate phase was calculatew) ube carbon percentage and

stoichiometry derived from qualitative TGA and XRiDalyses.
5.3.Effect of Reaction Temperature on Mg(OH) Slurry Carbonation

Unlike Mg(OH), carbonation in the gas-solid system, which expess slow
kinetics and limited overall conversion (Bett al, 1996; Béaraet al, 2002; Linet
al., 2008; Zevenhoveat al, 2008; Fricker & Park, 2013), slurry phase carliomais
relatively rapid and proceeds nearly to completetion between the available €O
and Mg(OH) (Zhaoet al, 2010). Mass balances on the preliminary experisetth
fixed initial CO, quantities showed that the overall conversion waged by the
CO, amount rather than the dissolution of Mg(@H$ubsequent tests at constant
Pcoz (excess C@ case) resulted in nearly complete conversion of(O#t), to
carbonate species.

The effect of reaction temperature dominated tmetics and product phases of
Mg(OH), slurry carbonation as it relates to the metastglof the various hydrated

carbonate species. The SEM images of Figure 5.2atevhe very distinct
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morphologies of the magnesium carbonates with mdiffe hydration levels. Solids
were needle shaped at 30 °C, rosette at 150 °G;udmcl for carbonation at at 200 °C.
Figure 5.3(a) contains dTG traces for the solid®vered from the reactor after 90
min at each reaction temperature. The formationesiguehonite (N1-120) at 30 °C
was confirmed given its charactersitc mass chaagines (Vagvolgyet al, 2008b;
Renet al, 2013). First, the crystalized,8 of nesquehonite begins to decompose (T
< 100 °C). The positioning of the three connectedks in the dehydration zone is
related to the difference in bonding capacity frone crystallized kD molecule to
the next (Reret al, 2013). After HO was driven off, the remaining, structurally-
weakened carbonate decomposed t@ @Qemperatures above 300 °C. Some argued
that the minor dTG peak at 460 °C (circled) was thsult of the release of
crystallized HO that was effectively trapped within the carbosgfenet al, 2013).
Hydromagnesite (HMT-120) was observed in the sancpldonated at moderate
reaction temperature (~150 °C), which led to twaaigre mass losses at ~230 °C
and ~400 °C (Sawadat al, 1978; Reret al, 2013). On the other hand, anhydrous
magnesium carbonate, magnesite, was characterizelebsingle mass loss which
peaked at 600 °C (Mt-120) indicating the absencébwk crystalized HO or
hydroxide.

To confirm the qualitative dTG observations, XROitpans of the samples are
included in Figure 5.3(b), where each carbonates@h@as a characteristic pattern
associated with its crystal structure. The sangptaluced at 30 °C (NT-120) has
peaks at 13°, 23°, and 29°, which are consistahttive nesquehonite phase (Downs,

2006). The sample carbonate at 150 °C (HMt-120¢ pattern shows the
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charateristic peaks of hydromagnesite at 15°,84?,14° (Downs, 2006). The sample
reacted at the highest reaction temperature, 200/9G120), produced magnesite as
confrimed by its charactersitic XRD pattern havpeaks at 33°, 43°, and 54° (Downs,

2006).

5.4.Effects of Reaction Time and Injection Temperatureon Mg(OH), Slurry
Carbonation

Before examining the kinetics and mechanisms offdhmation of nesquehonite,
hydromagnesite, and magnesite from a Mg(&dt)rry more closely, a series of tests
at 150 °C were performed to investigate the efééataction time (HM*-90, HM*-
120, and HM*-180), C®injection temperature (HM*-120 and HM-120), agtnge
(HM-1080), and C@ concentration (i.e. fixed COamount versus constant €O
pressure) (HM-120 and HM1-120) on the type of cadte phase formed. Some have
noted that reaction time influenced metastabilitgarbonate phases, particularly for
very long aging time cases. Starting from dissolvedgnesium and carbonate,
hydromagnesite transitioned to magnesite in 5-1Fhander a C@pressure of 3 bar
and temperature of 120 °C (kthenet al, 2008). Essentially, given enough aging
time, the thermodynamically stable phase, magnesitebe favored over metastable
phases, nesquehonite and hydromagnesite. Fluaisatetween dissolution and
precipitation, and thus, fluctuations in the sauatpH bring the system to equilibrium
over long periods of time (Deelman, 2001). Alsacsi the solubility of C@and
Mg(OH), are higher at lower temperatures, a compoundeectefbn Mg(OH)
dissolution would be expected (Paét al, 2003). Thus, the Cfinjection

temperature may have influenced the type of carieospecies formed initially,
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which could in turn influence the reaction mechanand phase formed for relatively
short reaction time cases.

The dTG traces given in Figure 5.4, all show the tlaractersitc mass drops of
hydromagnesite, with the peak at ~400 °C and a smaflass drop at ~230 °C
(labeled HM on Figure 5.4(a)). Within the limits parameter control and at the
experimental conditions examined, the reaction @€, injection temperature,
aging time, and C@concentration appeared to have limited influencehe type of
carbonate product phase. It should be noted thatdi the six tests (HM*-90, HM*-
120, HM*-180, HM-120, and HM-1080) were conducteihva fixed initial amount
of CO,, and therefore, an additional mass change evestabaerved, peaking at
~360 °C, which was the result of the dehydroxylatibminreacted Mg(OH)(labeled
B on Figure 5.4(a)). The carbonate sample prodwtedonstant £, (HM1-120)
exhibited clean hydromagnesite decomposition mhasge features, consistent with
a highly pure material. Even when the reactor weld At 150 °C for 18 hours (HM-
1080), the transition of hydromagnesite to mageesias not witnessed in the
Mg(OH), slurry system. This dissimilarity from the litene¢ (H nchenet al, 2008)
could relate to the use Mghs magnesium source instead of Mg(@iverall, the
reaction temperature appeared to the most impdidatdar affecting the formation of
different carbonate phases in the Mg(@Blurry carbonation system as the formation
of only metastable hydromagnesite was observed5at °C under the range of
reaction time, C@ injection temperature, and GOconcentration conditions
investigated in this study. Thus, the subsequextepth studies were performed for

120 min with constant CQinjected at reaction temperature to ensure complet
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reaction and standardize the analysis. In ordeintependently investigate the
formation of the dominant three magnesium carbospéeies, low (30 °C), medium

(150 °C), and high (200 °C) temperatures were s&deior the rest of the study.

5.5.Kinetics and Mechanisms of Nesquehonite Formatiorrém a Mg(OH),
Slurry

As previously discussed, low temperature Mg(@#$llirry carbonation (Nt-120),
repeated three times, all resulted in the formatibonly nesquehonite, magnesium
carbonate with 3 moles of crystalized(H per mole MgC@ The formation of
needle-like nesquehonite from aqueous solution mbient temperature and
atmospheric C@pressure has been well documented in the pasgthain, 1965;
Park & Fan, 2004; Zhangt al, 2006; Hnchenet al, 2008). Some even reported
producing nesquehonite from aqueous solutionsmpéeeatures up to 52 °C and at
atmospheric C® pressure (Davies & Bubela, 1973). But these studieere
performed using Mg solutions. Similar results were obtained when ttatisg
material was Mg(OH)in the slurry phase, where Kfgnust have first been dissolved
before carbonate precipitated. In the Mg(@Kurry carbonation system, a wide
range of temperature (up to 65 °C) angbP(15 atm at ambient temperature)
conditions have been reported to produce nesqueh@Botha & Strydom, 2001,
Parket al, 2003; Zhacet al, 2010; Harrisoret al, 2013). Similarly, mineral tailing
slurries containing brucite as the most activetiosccarbonated to nesquehonite as
well at 21 °C (Pronoset al, 2011). While it is understood that the nesqueieoni
phase dominates at temperature and pressure @oiditiear ambient, the kinetics

and mechanisms have not be studied completely.
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As shown in Figure 5.5(a-1), the reaction betweeg(®H), slurry and CQ was
initially slow at 30 °C. The fraction of nesquehtenin the recovered solids stayed
relatively low (the majority of the solids were M@ffl),), until about 45 min into the
reaction when the carbonation reaction took ofie Tdg time was likely related to the
slower carbonation kinetics at the low reaction gemature and the solubility of
nesquehonite under acidic conditions (i.e. Log Kpodton enhanced dissolution
equals 4.996, compared to magnesite’s 2.294, at’@b (Marini, 2007). The
nucleation of a new phase may have delayed sotiddtbon as well. After 45 min,
the carbonation rate rapidly increased, and by & mearly all the solids were
nesquehonite (near complete conversion marked avithtted line). In a MgO slurry
carbonation system, a similar jump in carbonatiate was witnessed, where they
claimed that the increased precipitation rate wagbated to the release of Hvhen
the magnesium bicarbonate solution decomposedmo f@esquehonite (see Equation
5.7) (Smithson & Bakhshi, 1973).

Equation 5.7: Mg**(aq) + 2HCQ (aq) + 3HO
MgCQ;-3H,0(s) + H(aq) + HCQ'(aq)
The continued release of lensured continued Mg(Op¥lissolution and maintained
saturation levels. Similar parallel reactions segmaeoccur in this study.

Most of the experimental data were quite reprodaecibxcept that there was
higher variability at the transition point (~60 mifoy both solid Figure 5.5(a-1) and
liquid Figure 5.5(a-2) analyses. As the reactioogpessed, Mg(OH)dissolution was
occurring and Mg concentration increased until the precipitationnesquehonite

dominated, pulling more Mg out of solution than the dissolution could supplote
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that under the experimental conditions, Mg(@H)equilibrium with 15 atm of Cg)
the solids would dissolve entirely, resulting ifVig?* concentration of 0.5 M. The
high Mg concentration was not achieved because dissolutamslow, which was
likely the result of slow C@ hydration reactions and the faster nesquehonite
precipitation reaction (as compared to Mg(@Hissolution). These parallel reactions
resulted in a relative sharp change at 60 min (sthtyy dashed line). It is important
to notice that after complete conversion of Mg(@t$) MgCGs-3H,O (after 75 min,
again marked with the dotted line), the ¥goncentration in the solution phase
began to increase. This effect was driven by thebdldy of nesquehonite, which was
exacerbated as pH continued to be reduced in thetare (e.g. a PHREEQC
simulation showed nesquehonite’s solubility to @age from 0.007 M to 0.266 M in
the presence of 15 atm of @@De Visscheet al, 2012).

The XRD time series patterns of the carbonateddsahown in Figure 5.6(a)
echoed the quantitative analyses in Figure 5.5@ntl) (a-2). Initially main peaks of
brucite, at 38°, 18°, and 51°, dominated the XRBepa. At 45 min, the beginnings
of nesquehonite peaks at 13°, 23°, and 31° werereed (Downs, 2006). The sample
taken at 60 min, when carbonation began to takeeptapidly, still contained a
significant amount of the brucite phase, thoughgnebonite peaks were beginning to
grow significantly. Going further, at 75 min thesageehonite pattern was entirely
recognizable with small residual peaks from thecibeuphase, and by 90 min, only

minimal brucite remained within the sample.
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5.6.Kinetics and Mechanisms of Hydromagnesite Formatiorirom a Mg(OH),
Slurry

Generally, hydromagnesite forms at temperatureseabesquehonite’s stability.
Some found nesquehonite to act as a precursorh®rfarmation of sheet-like
hydromagnesite (Hovelmanret al, 2012), and numerous literature sources
documented the transition temperature at approeina-60 °C in agueous systems
(Davies & Bubela, 1973; Fernander al, 2000; Botha & Strydom, 2001; Zhaweg
al., 2006). Temperature may be the dominant drivingeofor the formation of
hydromagnesite; however, the pH effect can alsgigeificant. For example, high
purity hydromagnesite was formed at 30 °C from aldgring solution derived from
serpentine at low C{pressure (1 atm) by increasing the pH to 9 via Naddition.
Increasing the pH to 10 however resulted in thenfdron of large quantities of
brucite (Teiret al, 2007). Though possible to be formed at such lemperatures,
hydromagnesite’s metastability extends to signifitahigh temperatures given the
material is thermally stable to 150 °C at leastn¢hen et al. found hydromagnesite
to form at 120 °C and &, of 3 bar (Hnchenet al, 2008). Some observed a less
common hydrated carbonate phase, dypingite 5(®@Qs)4(OH),-H.0O), in the
temperature range of 23-40 °C (Pronestal, 2011; Hévelmanret al, 2012), and
others have shown its role in the transition betweesquehonite and hydromagnesite
(Davies & Bubela, 1973; Hopkinsaat al, 2012).

To investigate the kinetics and mechanisms of Hy@dgnesite formation,
Mg(OH), slurry carbonation experiments were performeds@t 2IC (HMt-120). The
carbonation rate, given as the growth of the hydwmesite phase in Figure 5.5(b-1),

was quite rapid. In the first 15 min of reactiolydlromagnesite represented 75% of
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the sample mass (with the rest coming from Mg(£H)ithin 60 min Mg(OH) was
completely converted to hydromagnesite (dotted)liAgain, the M§" concentration
experienced a relative maximum (marked by the dhdine), albeit a small broad
peak. Figure 5.5(b-2) illustrates how the fgoncentration was first growing, as
Mg(OH), was dissolved, and once conversion to hydromagmesas near to
completion, the concentration dropped due to theapsdition with precipitation.
Subsequently the Mg concentration rose again as the hydromagnesiteoagiped
equilibrium with the CQ@rich solution derived from the excess 0 the head space
of the reactor. It is important to notice the redatscale as compared with Figure
5.5(a-1). The reduced solubility of hydromagnesampared with nesquehonite must
have been driven by the increased,@0lubility at low temperature (and thus lower
pH) since hydromagnesite is generally the moreldelof the hydrated carbonates
(e.g. Log K of proton driven dissolution is 4.996da30.854 for nesquehonite and
hydromagnesite respectively at 25 °C and 1.013tdtal pressure) (Marini, 2007).
The result was an increase in Mgoncentration at a slower rate than was observed
in the study of 30 °C carbonation (Nt-120).

The XRD pattern time series from the Mg(QHJurry carbonation test at 150 °C,
given in Figure 5.6(b), show the transition betweencite and hydromagnesite with
the latter dominating the former after 30 min chaon. The brucite peaks at 38°,
18°, and 51° were present in the 15 min sampleyghaalready smaller than the
characteristic hydromagnesite peaks at 31°, 15f,1&3 (Downs, 2006). This result
supported the carbon analyzer data given that 26% of the sample was composed

of Mg(OH), after 15 min of reaction.
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5.7 .Kinetics and Mechanisms of Magnesite Formation froma Mg(OH),
Slurry

The most thermodynamically stable magnesium catieospecies is cube-like,
anhydrous magnesite, MgGO'he metastability of hydrated carbonate phasedea
altered by changing temperature, reaction timesaution species concentration,
which in turn leads to the faster formation of megjte (Hnchenet al, 2008). For
instance, at C@ pressure of 3 bar and 120 °C, ridhen et al. first produced
hydromagnesite, which subsequently transitionedmignesite over 5-15 hours
(H nchenet al, 2008). At a Ro, of 100 bar and 95 °C the critical saturation iné@x
magnesite formation was between 0.25 and 1.14 seading the system resulted in
faster nucleation of magnesite (Giammetr al, 2005). Many examples in the
literature show low temperature precipitation ofgmesite in the range ~60-120 °C;
however these studies utilized a very higlaPand therefore, elevated levels of ¥g
and CQ” supersaturation (Deelman, 2001; Giamrearl, 2005; Hnchenet al,
2008). The co-precipitation of magnesite and hydrgnesite has also been observed
in some instances (Hchenet al, 2008). As noted in the carbonation of dissolved
serpentine at 150 bar of GPressure and temperatures in the rang 150-188irét
agueous carbonation can avoid or minimize a hydgoresite intermediate, though
these experiments utilized a buffer of 0.64 M NaHG®Qd 1 M NaCl, which may
have also impacted the experimental outcome (\&tcdfl, 2004).

In this study, slurry phase Mg(OHwas carbonated at 200 °C (M1-120) to
produce magnesite. Figure 5.5(c-1) and Figure 2b(@how the time series of the
magnesite content embodied in the recovered satidsell as the Mg concentration

in solution. In Figure 5.5(c-1), the carbonatioteraas observed to be slightly slower
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than that of hydromagnesite formation at 150 °GeAL5 min of reaction, magnesite
comprised ~60% of the sample (the rest being uredaktg(OH)}). However, the
chemical reaction reached completion faster imtlagnesite formation experiment as
the percentage leveled out at 90% magnesite aftani of reaction (dotted line),
compared to ~60 min in the hydromagnesite case afdmif8 in the nesquehonite
case. The conversion restriction may have beeibatidd to mass transfer limitations
reducing the supply of M§as the Mg(OH) particles were coated with MgGO
precipitates that formed a passivation layer. Tae $1g(OH), dissolution combined
with the fast carbonation kinetics at high tempaetikely enabled conditions where
Mg(OH), reactant was encapsulated with magnesite. A cabfamass transfer
limitation was observed in the gas-solid carbomatd Mg(OH), (Butt et al, 1996)
and in the slurry phase carbonation of Mg(@Hhder acidified, and therefore fast
kinetic, conditions (Zhaet al, 2010). Limited conversion was also witnessecha t
slurry carbonation of Mg(OH)in a bubble column with relatively mild mixing
condition at 15 atm CPpressure and 160 °C, and in this case, the caovecs
Mg(OH), to carbonate was significantly lower (32% conwamnsiwas towards
nesquehonite) (Parkt al, 2003). These phenomena were not observed intudess
of nesquehonite and hydromagnesite formation likéye to increased Mg(OH)
dissolution rates at lower temperatures and theedopH driven by enhanced
dissolution of CQ.

The unreacted internal core was either MgO or auragxof Mg(OH)» and MgO
based on dehydroxylation and calcination testhe TGA. In the liquid phase, the

Mg?* concentration depicted in Figure 5.5(c-2) was ificantly lower than the
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previous carbonation tests at 30 °C and 150 °Ctaltiee decreased G@olubility at
high temperature and magnesite’s low solubility.wigessed in the previous studies,
a peak in M§" concentration (marked by the dashed line) wasbatei to the
parallel dissolution of Mg(OH)and carbonate forming reactions. After the maximum
conversion to magnesite was achieved (marked byoted line), the MY
concentration exhibited a slow decline to nearlgozeAs compared to the previous
lower temperature studies (Figure 5.5(a-2) and reig®.5(b-2)), the MY
concentration profile after carbonation reaction the presence of excessd?
decreased slightly instead of increasing. The wiffee was attributed to low
magnesite solubility as well as low ¢6€blubility at elevated temperature.

From the XRD in Figure 5.6(c), the general trendswsimilar to the
hydromagnesite formation experiments in that thecie peaks were generally
replaced with magnesite peaks at 33°, 43°, andaS4the reaction proceeded. It is
possible that MgO was present in small quantitiesugh not very visible on XRD.
MgO has characteristic peaks at 43° and 63° (Do2®86). The peak at 43° would
be dwarfed by the magnesite peak at that locatubiile a slight peak at 63° did exist
in some of the patterns. Another takeaway from XD was the presence of
hydromagnesite in the 15 min sample. Though shwed] the presence of
hydromagnesite supported the hypothesis that magrfesmation in the Mg(OH)
slurry carbonation system moved through a hydratéermediate which possibly
facilitated the reaction. The formation of hydromegite as an intermediate could
explain why the unreacted core was MgO, since tytrdted carbonate formation

could siphon the hydroxide from Mg(OH)
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5.8.Fate of Magnesium in Mg(OH) Slurry Carbonation at Different
Temperatures

A summary of the temperature effect on the carbonatf Mg(OH), in the slurry
phase is given in Figure 5.7 as the fraction of meagim within the system that was
present in different states. As mentioned previguBlg(OH), carbonation at different
temperatures resulted in the formation of differmetastable and stable carbonate phases,
with nesquehonite preferred at 30 °C (Nt-120), bgagnesite at 150 °C (HMT-120),
and magnesite at 200 °C (Mt-120). The fraction af Mesent as aqueous Mgons
decreased with temperature increased, consistetit thie increased solubility of
carbonates at lower temperature which was drivethéyexcess C£and improved C®
dissolution at low temperature. The experiment2Qft °C each resulted in incomplete
conversion to magnesite with a remaining unreaftgettion of magnesium bearing MgO
or Mg(OH),. In all cases, the magnesium carbonate producedanyaure phase, not a

mixture of carbonate phases, after 120 min.

5.9.Effect of Additives on Mg(OH), Slurry Carbonation

As discussed earlier the affinity betweesOHand Mg results in the formation of
metastable hydrated carbonate species. To pronheteprioduction of anhydrous
carbonate at temperatures where it is not knowfotm, various techniques have
been proposed. Thus, the effect of various additore aqueous carbonation kinetics
and their ability to preferentially form the magiegphase was investigated at 150 °C
where the dominant carbonate species was hydrors#égnEirst, the use of an acid

(e.g. HCI) to promote Mg(OH)dissolution was suggested. Zhao et al. found dhat
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acidified Mg(OH) slurry experienced fast initial kinetics, due &pidly producing
Mg?*, however this effect was followed by low overadinwersion potentially due to
fast kinetics resulting in quicker formation of lbanate passivation layers (Zhab
al., 2010). The addition of bicarbonate also increasieel carbonation rate by
overcoming rate-limiting C® hydration reactions as well as enhancing Mg(fOH)
dissolution via the ligand effect of HGO(HOvelmannet al, 2012). Another
approach is to reduce the activity ofHby adding salts (e.g. NaCl) and polymers
(e.g. monoethylene glycol) (Sayles & Fyfe, 1973;lletp 1989; Sandengeat al,
2008). This interruption in the hydration shell ®fg®* could lead to the direct
formation of magnesite at lower temperatures amdgqures by allowing close direct
interaction between G and Md*. NaCl also effected the carbonation system by
contributing Cl, which complexed with Mg and aided in Mg(OH) dissolution
(O'Connoret al, 2004), though its presence does reduce s&ubility (Duanet al,
2006). But most of these studies were performed at eiiwertemperatures (room
temperature with &, = 15 atm) (Zhacet al, 2010) or low Roz (Pcoz = 1 atm for
reaction temperature in the range 23-126 °C) (Sa%l€yfe, 1973; Hovelmanat al,
2012).

In this study, four different additives were evaadfor the carbonation of a
Mg(OH), slurry at 150 °C with C@limited conditions: 1.4 wt% HCI (HM-120-HCI),
1 M NaCl (HM-120-NaCl), 0.5 M HC®(HM-120-NaHCQ), and 1 M NaCl + 0.5 M
HCO; (HM-120-NaCl/NaHCQ). Since a fixed amount of GQvas initially charged
to the reactor, the experiment labeled “No AdditildM-120) experienced a limited

conversion of ~80% to hydromagnesite in terms of d),. But the conversion was
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~100% in terms of C® Figure 5.8(a) contains the dTG traces of eaclemx@nt
after 90 min of reaction. Any mass changes above) ~456 corresponded to the
decomposition of anhydrous magnesium carbonateiegpethe main weight drops
for all samples (peaking at ~400 °C) and smaller sméi®p at ~230 °C, were
characteristic hydromagnesite decompositions. Tarmaptes with added NaCl or
HCO; added all exhibited some magnesite, and the sapnptiiced in the presence
of both NaCl and HC® showed the most significant magnesite formation.
Interestingly, the sample produced under acididtens had a uniqgue mass change
profile, though XRD analysis confirmed the dominaraf hydromagnesite in the
sample.

The dTG results were confirmed by the total carbpalysis. Carbon percentage
in solids was used since some additives resultedthen formation of both
hydromagnesite and magnesite. Complete conversiomytdromagnesite would
translate to 10.1% carbon in the sample (dasheditirFigure 5.8(b)), but anything
above ~8% carbon (the roughly 80% conversion to dnwpadignesite experienced by
the base case) was an improvement. Despite thatlite findings, the acidified case
experienced slower Kkinetics, though it reached atm&00% conversion to
hydromagnesite. This could mean that system was@ogssarily carbonate limited
as the base case suggested, and perhaps theremagassivation layer formation.
NacCl allowed for some magnesite to form, likelydigrupting the hydration shell of
Mg?*. The overall kinetics in terms of solid carbonqeeit were effectively unaltered,
and mass transfer limitations probably caused itnéeld overall conversion. The

experiments with bicarbonate experienced fasteretiae and higher overall
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conversion, due to the presence of aqueous caepaties and additional carbon in
a carbon-limited batch system, respectively. Bo#dses formed magnesite, as
evidenced by the increase in carbon percentagenbeyioe theoretical limit of
hydromagnesite. The synergistic effect of NaCl ahw@O; produced the most

magnesite, and therefore, the highest overall asnu@to carbon containing solids.

5.10. Summary

In general, anhydrous carbonate is desired in tefmearbon efficiency as well as
carbon storage permanence. It has been arguedththatormation of magnesite
required high reaction temperature. In this studwrious parameters were
investigated to determine reaction kinetics ancetgp carbonate species formed as
slurry phase Mg(OH)reacted with C@ The Mg(OH) slurry carbonation system is
governed by the metastability of the hydrated maiyme carbonates. As illustrated in
Figure 5.9, the effect of temperature on carbopdiese formation was significant.
By setting the temperature, it was possible tocselely produce a specific carbonate
phase, though kinetics and equilibrium #Wlgconcentration varied also with
temperature. At low temperature (30 °C), nesquebdiormed with relatively slow
reaction kinetics, and a significant fraction ofsgeehonite was dissolved after
reaction by the excesscd, which lowered the pH. At moderate temperatures
(~150 °C) and under a variety of experimental patamghanges, including reaction
time, CQ injection temperature, aging up to 18 hours, a@d €ncentration (fixed
amount of CQ or constant C@pressure), the metastable hydromagnesite phase was

produced very quickly. In this temperature regimeyas also found that solution
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additives can stimulate the formation of stablehyainous magnesite. The
combination of 0.5 M bicarbonate and 1 M NaCl resdilin the most favorable
carbonation conditions due to enhanced carbonatt® dissolution rate, and/or
interference with the ability of # to incorporate within the carbonate crystal. At
high temperature (200 °C) magnesite was producéd apidly, with some evidence
of a hydromagnesite intermediate. Further evalunadicadditives to sustainably drive
formation of magnesite at even lower temperatureslavbe interesting for future

study.
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Notation

CCS Carbon capture and storage

B Magnesium hydroxide, Brucite (Mg(Ohi)
N Nesquehonite (MgC{&BH,0)

HM Hydromagnesite (MgCOs)4(OH),-4H,0)

M Magnesium carbonate, Magnesite (Mg O
HCOs Bicarbonate ion

NaHCG; Sodium bicarbonate

NacCl Sodium Chloride

HCI Hydrochloric Acid

CSTR Continuously stirred tank reactor

TGA Thermogravimetric Analyzer

dTG Differential thermogravimetry

XRD X-ray diffraction

cps Counts per second (XRD)

ICP-OES Inductively coupled plasma optical ensisspectrometer
SEM Scanning Electron Microscope

T Temperature

Py Partial pressure of species X

Po.x Initial partial pressure of species X
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Figure 5.1: Schematic diagram of the CSTR for high temperatanel pressure
carbonation of Mg(OH)slurry.
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Table 5.1: Reaction conditions for Mg(OH)slurry carbonation. Fixed experimental
variables: 8.75 g Mg(OH) 2.9 wt% Mg(OH) slurry concentration, and initial GO
amount (unless noted by T). Beginning of Sample siDnifies the phase formed

(nesquehonite (N), hydromagnesite (HM), and magme@)). The number in the
Sample ID indicates the reaction time.

Reaction Temperature | Reaction
Sample ID Temperature at CQ Time Additives
(°C) injection (°C) (min)
NT-120 30 30 120 -
HM*-90 140 25 90 -
HM*-120 140 25 120 -
HM*-180 140 25 180 -
HMT-120 150 150 120 -
HM-120 150 150 120 -
HM-1080 150 150 1080 -
HM-120-HCI 150 150 120 1.3 wt% HCI
HM-120-NaCl 150 150 120 1 M NacCl
HM-120-NaHCQ 150 150 120 0.5 M NaHGO
HM-120-NaCl/NaHCQ 150 150 120 1 M NaCl/0.5 M NaHGO
Mt-120 200 200 120 -

* Injection at 25 °C instead of given reaction tawrgiure

T Constant o, throughout experiment (15 atm), experiment rektisee times
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Figure 5.2: SEM images of solid products from Mg(Otlurry carbonation at (a) 30 °C
(NT-120), (b) 150 °C (HMt-120), and (c) 200 °C (20).
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Figure 5.3: The effect of reaction temperature, in the rang@0D °C, on the product
phase formed during slurry phase carbonation of@# for 90 minutes with a constant
Pcoz2 =15 atm: (a) dTG traces and (b) XRD patterns. LabelXRD patterns correspond
with characteristic peak positions for nesquehoriig, hydromagnesite (HM), and
magnesite (M).
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Figure 5.4: Effects of (a) reaction time, (b) G@njection temperature and aging, and (c)
fixed CO, amount vs. constantB, on the formation of hydromagnesite at 150 °C.
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Figure 5.5: Reaction progress in Mg(OHK¥lurry carbonation with constantd = 15
atm at low temperature (30 °C, Nt-120), medium temapre (150 °C, HMt-120), and
high temperature (200 °C, Mt-120): (a-1, b-1, chBHction of carbonate phase in
recovered solids and (a-2, b-2, c-2) concentrasfdvig®* in liquid phase.
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Figure 5.6: XRD pattern time-series depicting the formation c#rbonate phases
(nesquehonite-N, hydromagnesite-HM, and magnes)teddring Mg(OH) slurry
carbonation with constantB, = 15 atm CQat (a) 30 °C, (b) 150 °C, and (c) 200 °C.
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Figure 5.7.Fate of magnesium in both the liquid and solid phédsring the slurry phase
carbonation of Mg(OH) Representative fractional composition obtaineterafl20
minutes (T = 30, 150, 200 °C and constaggf 15 atm).
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Figure 5.8: Effect of additives on Mg(OH)slurry carbonation performed at 150 °C with
a fixed amount of C@in system (Pco2= 15 atm): (a) dTG traces of solid samples taken
at 90 min and (b) fraction of carbonates in the@veced solids as a function of time.
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Figure 5.9: Summary of slurry phase Mg(Ofarbonation.
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5.11. Supporting Information

5.11.1Solubility Modeling

Table 5.2: Solubilities of Mg(OH) and nesquehonite obtained via geochemical modeling
package PHREEQC. Fixed parameters: T = 30 &gz £ 15 atm, pH= 7, water amount
= 0.3 kg, equilibrium phase = 0.15 mol Mg(Qky nesquehonite.

Input Output
Simulation Initial M g Final M ug Dissolved pH;¢
Purpose (mol/kg) (mol/kg) Mg (mol)
Mg(OH), 0.00016 * 0.4999 0.15 7.476
Solubility
Nesquehonite | 57 0.2661 0.08 7.245
Solubility

*  from Ksp,Mg(oH)zz 1.5x 1011

** (De Visscheret al, 2012)

i = initial, f = final

119




6. Directed Precipitation of Hydrated and Anhydrous
Magnesium Carbonates for Carbon Storage

The contents of this chapter are to be submittegdblishing in the Royal Society of
Chemistry’s Physical Chemistry Chemical PhysicKkJF assisted with literature
review and literature modeling, performed slurryboenation experiments, analyzed
recovered liquids and solids, and assisted in mgitmanuscript (Swansoet al,
2014).

6.1.Introduction

Carbon mineralization is a thermodynamically stabiel environmentally benign
CO, storage method. Significant research has beerséolcan the accelerated dissolution
and carbonation of magnesium silicate minerals qustaptured C@ Recently, an
indirect mineral carbonation scheme has been pespaghere Mg-bearing sorbent
(Mg(OH),) is produced from silicate minerals for subsequambonation, which can be
integrated into various energy conversion procestbe use of Mg-bearing sorbents,
slurries, or liquids is attractive because it chomato both capture and store g@ithout
the need for the sorbent/solvent regeneration, tnesmting a comprehensive €O

mitigation solution.

For large-scale carbonation of Mg-bearing matetialse a viable industrial process,
the kinetics of anhydrous magnesium carbonate (Mg@@gnesite) precipitation must
be significantly accelerated. Magnesite is the nstable and efficient carbon storage
medium of the magnesium carbonates due to highgsffitiency, lowest process water
requirement, and great chemical stability suitdbtdong-term storage. In the case of the
indirect carbon mineralization scheme, the aqueanisonation of Mg(OH)is relatively

fast but the solid products are generally hydrategnesium carbonate, e.g. nesquehonite
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(MgCQOs5:3H,0) or hydromagnesite (M@COs)4(OH),:4H,0), rather than anhydrous
magnesite which is desired. The phases of magnesarmonate that can be formed
during carbon mineralization are summarized in &bl (Raade, 1970; Hchenet al,
2008; Vagvolgyiet al, 2008a; Vagvolgyiet al, 2008b). In general, the hydrated
magnesium carbonates have a higher solubility, ngattiem less effective for long-term
storage of CQ In addition, the hydrated carbonates include dddeight of water and
possibly hydroxide, making them less efficient é@mnts of both transportation cost and
stoichiometric utilization of Mg. Therefore, the msbined CQ capture and storage
schemes forming hydrated carbonate species magserdbust and likely cost more to

operate over time.

The thermodynamics of these potential carbonatelymts have been extensively
investigated in the literature, and it is well &dithed that the anhydrous carbonate,
magnesite, is the most stable and has the lowédbikty product under most reaction
conditions (Kittrick & Peryea, 1986; Hchenet al, 2008; Krupkeet al, 2010; Schaeét
al., 2011). As shown in Figure 6.1, magnesite has ldweest equilibrium MgG"
concentration as compared with the metastable natbspecies. Brucite (Mg(Opikan
potentially have a lower solubility, though onlytagh temperatures and very low €0
fugacity. Despite the fact that magnesite is thestnstable magnesium carbonate phase
over all relevant reaction conditions, it is selddhe main product reported in the
literature. Instead the metastable hydrated magmesiarbonate species are known to

form readily and persist for long periods of time.

The formation of magnesium carbonate phases beconoes complicated if the

sources of Mg or bicarbonate and carbonate ions are varied #samether reaction
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parameters. Table 6.2 and Table 6.3 list a largabau of studies on the formation of
different magnesium carbonate phases, where thevdégderived from a magnesium salt
(Davies & Bubela, 1973; Sayles & Fyfe, 1973; Ming=€anklin, 1985; Kittrick & Peryea,
1986; Kloproggeet al, 2003; Giammatret al, 2005; Zhanget al, 2006; Donget al,
2008; H nchenet al, 2008; Vagvolgyiet al, 2008a; Vagvolgyet al, 2008b; Cheng &
Li, 2009; Ferriniet al, 2009; Balliranoet al, 2010; Cheng & Li, 2010; Krupkat al,
2010; Sutradhaet al, 2011) or hydroxide (Smithson & Bakhshi, 1973; lBo& Strydom,
2001; Parket al, 2003; Mitsuhashet al, 2005; Xiong & Lord, 2008; Zhaet al, 2010;
Schaefet al, 2011; Hopkinsoret al, 2012; Harrisoret al, 2013). As reported, magnesite
was rarely reported as the main product and the idavidely scattered (to be discussed
in detail in a latter section). Generally, the fatron of magnesite with adequate rates
required relatively high temperatures (> 100 °@niicant CQ partial pressure (~100
bar), and/or long reaction times (Moéller, 1989; lBot Strydom, 2001; Hhchenet al,
2008; Xiong & Lord, 2008; Hopkinsoret al, 2012; Fricker & Park, 2013). The
metastable hydrated phases tend to form first @nen enough time, will slowly
transform into the anhydrous magnesite riehen et al, 2008). At lower reaction
temperature and Gpressure, magnesite formation was promoted witigdo reaction
times (~300-900 min) (Smithson & Bakhshi, 1973nehenet al, 2008), the addition of
salts (e.g. NaN® or NaCl) to interfere with the attraction betwebty and water
molecules in its hydration shell (Sayles & Fyfe, 729 or the addition of polymers to

reduce the ambient water activity (Sandengeal, 2008).

In this study, Mg(OH) was selected as the Mg-bearing material for inti@QO,

capture and storage. The relevant reactions of MQ{Crarbonation include CO
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dissolution and hydration to carbonate and bicaat®nions (Equation 6.1), Mg
production by proton enhanced Mg(QHJissolution (Equation 6.2), and magnesium

carbonate precipitation (Equation 6.3).
Equation 6.1:COx(aq) + HO HCOs(aq) + H(aq) COs*(aq) + 2H(aq)
Equation 6.2: Mg(OH)(aq) + 2H(aq) Mg?*(aq) + 2HO
Equation 6.3:Mg*‘(aq) + CQ*(aq) Magnesium Carbonate(s)

Among different carbonate phases, magnesite islpgpisbe most studied one, with both
the precipitation and dissolution rate kineticanigeividely investigated, although some of
the studies were performed under simulated natweathering conditions (mild reaction
conditions) (Pokrovsky & Schott, 1999; Pokrovaityal, 1999; Saldiet al, 2009; Saldi
et al, 2010; Bénézetlet al, 2011; Saldiet al, 2012). The dissolution and precipitation
rates of brucite (Mg(OH)have also been investigated (Pokrovsky & Schdif42
Pokrovskyet al, 2005), however, only at conditions close to raemperature. Work on
the precipitation kinetics of hydrated magnesiumbonates were even more limited
(Cheng & Li, 2010). Thus, the relationship betwedka formation kinetics of various

magnesium carbonate phases is not well understood.

The difficulty in precipitating magnesite is likejaused by a combination of slow
nucleation and crystal growth rates for magnesiteerwcompared with the hydrated
carbonates. Magnesite nucleation is known to be-lmaiting, requiring adequate time
and critical level of supersaturation (between (a8 1.14) for significant formation of
MgCO; (experiments conducted at g@ressure of 100 bar and 95 °C) (Giamragal,

2005). In order to overcome the kinetic limitatiansthe formation of magnesite, this
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study investigated the use of seed particles (bmlgnesite and alumina) to direct the
precipitation of magnesite under industrially relet/conditions. Examples of seeded Mg
carbonation systems are limited in the literatfaster nucleation rates and shorter
induction times have been observed in some seedmghesite precipitation systems
(Sheila & Khangaonkar, 1989; Giammeir al, 2005). Furthermore, the use of seeds in
the precipitation of calcium carbonate have beemd to provide precise control over

product particle morphology (Donnet al, 2005).

In this study, magnesium carbonates were produwed the reaction of a Mg(OHl)
slurry with CQ gas in a pressurized batch reactor. The reacticemnpeters that affect the
type of carbonate phase formed as well as thewdltewhich they form were explored.

In particular, the effect of seed particles witlfetient chemistries (i.e. existing carbonate
phase versus inert dissimilar phase) on the foomaif magnesite was investigated. The
available surface area for the growth of this @&dde& phase was considered. As
illustrated in Figure 6.2, it is expected that #issence of magnesite seed particles or the
presence of inert seed particles will lead to ttewh of a hydrated metastable phase of
magnesium carbonates, while seeding with magnpaitécles will lead to the growth of

additional magnesite.

6.2.Materials and Methods

6.2.1. Seed Particles

A single batchof magnesite seed particles were synthesized will@rhigh pressure

continuously stirred tank reactor (CSTR) (Pres&tnaducts Industries, Warminster, PA)
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depicted in Figure 6.3. A slurry of hydromagne$86 wt%) prepared in deionized,®

was contained within a glass liner inside the CSTR, was introduced into the reactor
headspace at a pressure of 30 atm and was heldacbrieroughout the synthesis
procedure. After pressurization, the CSTR was ldedate 200 °C at approximately
3.4 °C/min and held there for 4 hr. After the reaatas cooled, the slurry was filtered
(2.5 m filter) and the recovered solids were dried ungsuum at 70 °C overnight. The
average diameter of the resulting magnesite sedttlpa was ~2-4 m and they had a

surface area equal to 1.24/m

Figure 6.4 shows SEM images of the three solidsl usethis study. Figure 6.4(a)
displays Mg(OH) that was used as a source of magnesium ions. [lih@na particles
(CT1200, Alamatis, Leetsdale, PA) used as an semtling material are shown in Figure
6.4(b). The alumina particles were selected foirthienilar morphology (surface area:
1.11 nf/g) to the magnesite seed particles. It shoulddiechthat the mean diameter of
the primary particles in the alumina used was ~h and the structures shown in the
SEM image were actually agglomerates that wereaggddo disperse in solution. Figure

6.4(c) shows the magnesite seed particles syn#tesizove.
6.2.2. Seeded Carbonation of Mg(OH) in Batch Reactor

Mg(OH), carbonation in the slurry phase was investigatedh iCSTR described
previously (Figure 6.3). Within the reactor, a 30Q glass liner was placed to contain
the reaction materials and the slurry was stirrgghrously at 700 rpm. The Mg(OH)
slurry concentration was held constant at 2.9 wh%¥ughout all experiments, which

comprised 8.75 g dry Mg(OklYAcros Organics, Geel, Belgium) dispersed in 300 m
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deionized HO. Seeded experiments included either 5.34 g ofydnolus magnesite
(MgCQ;) particles, which translated to 30 mol% of theataslids in the slurry, or 5.97 g

of alumina particles (manufactured). The mass vimala particles was chosen to match
the surface area of the magnesite seeds. Afteringedhe CSTR, but prior to
experimentation, high-purity nitrogen {Nwas used to purge the reactor headspace for
10 min. The reactor was heated to the reaction ¢eatypre (80-150 °C), and once
pressure was stable, the experiment was initiayedpening a valve connected to a 15
atm carbon dioxide (Cfsource. The valve remained open throughout therawpet
(120 min) in order to maintain a constant C@ressure. A data acquisition board
connected with internal thermocouples and a pressansducer (Omega, Stamford, CT)

provided an online record of the experimental cbods.

A slurry sampling system was constructed from valaed a dip tube to extract small
(approximately 2 mL each) slurry samples from thilfluid. Samples were taken at 15
min intervals at most to ensure no significantratien of liquid contents over the entire
experimental run. After passing through an I filter to recover solids, liquid filtrate
(200 L) was combined with 2 wt% nitric acid to stop fet reactions. The Mg
concentration was measured via an inductively amipplasma optical emission
spectrometer (ICP-OES) (ACTIVA-M, Horiba Jobin Yvoimc.). Solids recovered as
filter cake were dried overnight at 70 °C underwan before a series of subsequent
analyses by thermogravimetric analysis (TGA), X-diffraction (XRD), and carbon

analysis (CA).
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6.2.3. Solid Characterization

Starting materials and solid products were imagét & field emission scanning
electron microscope (S-4700 FE-SEM, Hitachi, Luk)ng an acceleration voltage of 5
kV to investigate the morphology. Product phasesewdentified from XRD patterns
obtained using CuK radiation ( = 1.5406 A) (XRG 3000, Inel Inc.). Solid products
were also analyzed by TGA (SETSYS Evolution, Setalastrumentation) and CA (GO
Coulometer, UIC, Inc.) in order to determine thenarsion of Mg(OHj) into different
magnesium carbonate phases, mainly either hydroeségn(HM) or magnesite (M).
More details regarding the conversion calculaticgthndology can be found in Section

6.5.
6.3.Aqueous Carbonation of Magnesium Literature

At the outset of this study, an extensive literattegview was performed to identify
the optimal conditions for magnesite formation. Tiiterature was categorized into
studies that used a salt of magnesium as the magmesurce, and those that began with
magnesium hydroxide slurry. Those that started withagnesium salt were much more
diverse in terms of reaction parameters: startiatenmal, temperature, and carbon source.
These studies are summarized in Table 6.2, whenetiave been ordered according to
the phase of magnesium carbonate produced: hydrwesag (Zhanget al, 2006;

H nchenet al, 2008; Vagvolgyiet al, 2008a; Cheng & Li, 2010), lansfordite (Ming &
Franklin, 1985), magnesite (Hchenet al, 2008) and nesquehonite (Davies & Bubela,
1973; Ming & Franklin, 1985; Kloprogget al, 2003; Zhanget al, 2006; Donget al,

2008; Hnchenet al, 2008; Vagvdlgyiet al, 2008b; Cheng & Li, 2009; Ferrirgt al,
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2009; Balliranoet al, 2010; Krupkaet al, 2010; Sutradhaet al, 2011). The group of
studies that started with magnesium hydroxide wahightly less variable in reaction
conditions, but the same four carbonate products weported: hydromagnesite (Mdller,
1989; Botha & Strydom, 2001; Xiong & Lord, 2008; pkinsonet al, 2012), lansfordite
(Smithson & Bakhshi, 1973), magnesite (Sayles &FyO73; Schaeét al, 2011), and
nesquehonite (Smithson & Bakhshi, 1973; Patkal, 2003; Mitsuhashet al, 2005;
Zhao et al, 2010; Schaett al, 2011; Hopkinsoret al, 2012; Harrisoret al, 2013)
(Table 6.3). While there are likely more reportsxedignesium carbonate precipitation in
the literature, this search was limited to thosat thhere most relevant and contained

sufficient data for modeling the reaction condison

In an attempt to reconcile the differences in ekpental conditions that were used in
each of the above referenced studies so that thaély be compared on a consistent basis,
the reaction conditions of each experiment was teddesing the geochemical modeling
package, PHREEQC (Parkhurst & Appelo, 2013). Whare ®CQ gas was bubbled
through a solution, the partial pressure was asdumée 101.325 kPa, while those that
did not use C@directly were assumed to take place in the presefct00 ppm CQ
From the PHREEQC simulations, a maximum saturatiolex was calculated for each
experimental condition reported. Given in Equatié®d, the saturation index | is
defined as the logarithm of the ion activity prodgtAP) divided by the solubility
product constant (&) of the phase of interest, in this case magneSitethis scale, =
0 for a saturated solution, > 0 for a supersaturated solution, and< 0 for an

undersaturated solution.
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Equation 6.4: —)

The results of the PHREEQC simulations are givethenlast column of Table 6.2
and Table 6.3, in addition to being representedplycally in Figure 6.5. Those
experiments starting with a magnesium salt are shawigure 6.5(a), and those starting
with magnesium hydroxide are in Figure 6.5(b). Hbwld be noted that, in recreating
these experiments via simulations, the kinetice@ated with precipitation could not be
considered. All of the experiments were modeledaasequilibrium system, so the
saturation index calculated for each experiment tvasnaximum that could be achieved

given the reagents and reaction conditions used.

The comparison of literature experiments in Figageillustrates a few general trends
in the magnesium carbonate literature. When it foased, lansfordite only appeared at
low temperatures. Nesquehonite was quite commagemeral, and was usually formed at
moderate temperatures. Hydromagnesite appeared tbhebnext most common phase,
and formed over roughly the same range of tempesitlinally, magnesite tended to
only form at higher temperatures. There does npeapto be any relationship between
saturation index and the phase formed, beyond ghraarrelation between temperature
and the saturation index of the experiments perormsing dissolved magnesium salts.
The lack of distinct trends in Figure 6.5 illusgstthat formation of magnesium

carbonates is complicated and path dependent.
6.4.Effect of Seed Particles on Batch Mg(OH)Slurry Carbonation System

In the slurry, Mg(OH) particles acted as both Mg source for carbon ralization as

well as a solid surface for hosting carbonate pitation. The ionic carbonation reaction
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was driven by heterogeneous £€olvation and Mg(OH)dissolution in the slurry phase.
While magnesite formation required high temperau® overcome the formation of
hydrated magnesium carbonates, the, G@lvation and therefore Mg(OHylissolution
(favored at low pH and high concentration of HJQvere favored at low temperature.
Thus, the overall Mg(OH)carbonation would be limited by various reactidepending
on the reaction conditions. The Mg(QHjurry carbonation system has been investigated
broadly, and it is generally understood that fogigen CQ pressure, the reaction
temperature is the most dominating factor detemginine type of carbonate phase
produced (Fricker & Park, 2014). The predominambonate species which form in the
slurry carbonation system can be ordered accortiinthe temperature at which they
form from lowest to highest, as such: nesquehomigingite, hydromagnesite, and
magnesite (Smithson & Bakhshi, 1973; Botha & Stryd®001; Parket al, 2003;
Mitsuhashiet al, 2005; Xiong & Lord, 2008; Zhaet al, 2010; Pronosett al, 2011;
Schaefet al, 2011; Hopkinsoret al, 2012; Hovelmanret al, 2012; Harrisoret al,

2013).

Figure 6.6(a-1) shows the XRD pattern of the soliesovered from a Mg(OH)
slurry carbonation experiment operated at 150 °@ &pn atm CQ@for 120 min. The
product was nearly pure hydromagnesite (~94% coimey and exhibited the
characteristic crystallographic peaks of hydromagaeat 31°, 15°, and 14° in order of
decreasing intensity (Downs, 2006). Hydromagnesitas expected to form at
temperatures above those favored by nesquehoypieally higher than 50 °C in similar
agueous systems (Davies & Bubela, 1973; Botha &d8m, 2001; Zhangt al, 2006;

Cheng & Li, 2010). Its stability range in slurryssgms appeared to extend to at least
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150 °C (at Roz = 15 atm) (Fricker & Park, 2014), which is not musing considering
others have formed hydromagnesite at 120 °C andr3Ciy (H nchenet al, 2008).
Since the solubility of Mg(OH)at 150 °C is limited, it was expected that a gigant
amount of Mg(OH) particles existed during the formation of hydromegjte. The solid
Mg(OH), in the system must have acted as a seeding sudacarbonate precipitation,
improving its kinetics. Figure 6.6(a-2) displayse tmorphology of the solid product,

where the disordered sheet-like particles werecatsal with the hydromagnesite phase.

In an experiment at the same reaction temperabwtewith the inert alumina seed
particles present to provide additional surfaceaafer precipitation, the carbonate
product was quite similar. Figure 6.6(b-1) illusés that the solids formed were
predominantly hydromagnesite, with some additiodRID lines originating from the
alumina seed material. The SEM image, given in feigu6(b-2), shows the sheet-like
structure of hydromagnesite, which appeared to ttecleed to the surface of a seed
particle. Unlike the case without inert seed p&tidFigure 6.6(a-2)), where there was
competition for the Mg(OH)surface between Mg(OHlissolution and hydromagnesite
precipitation reactions, the carbonate particlesdpced with AJO; seeds were more

structured.

In contrast, a similar experiment performed with861% magnesite seed particles
produced solids of an entirely different form aremistry. The XRD pattern of solids
recovered after 120 min in the magnesite-seededrempent (Figure 6.6(c-1)) revealed
the dominant peaks of magnesite (33°, 43°, andi®4jrder of decreasing intensity)
(Downs, 2006). The products in the magnesite-seegpdriment at 150 °C contained no

hydromagnesite. In addition, the SEM image (Fig6té(c-2)) exposed a product
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morphology that was quite unlike both the unseeded inert seeded products. It is
clearly a cubic morphology, typical for magnesibet larger than the starting material

(Figure 6.4(c)).

The apparent effect of the magnesite seeds on Mp(8ttry carbonation was likely
the result of surface chemistry phenomena. In thse cwith no additional seeds,
hydromagnesite nucleated, either homogeneousiy ddg(OH), particles, and grew due
to the kinetic inhibition of forming anhydrous carate at 150 °C and 15 atm of £0
pressure. Inert seeds, of similar morphology to meade seed particles, provided an
insoluble surface for carbonates to nucleate andwgon. Again, metastable
hydromagnesite nucleated due to its faster kineticeompared with MgCOHowever,
when magnesite seed particles were present, tiedidaly inhibited nucleation step was
avoided, and thus, MgG@rowth was enabled. The concept of disjoining sues, while
typically referred as a repulsive force in reactinmeral cracking (Kelemeet al, 2013)
and cement fracturing (Espinosa-Marzal & Scheret02, can be used to understand the
seeding effect of similar and dissimilar seedingenals. Disjoining pressure is derived
from the contributions of its individual forces:rvader Waals, electrostatic double layer,
and structural forces (Karoussi & Hamouda, 2007e® the similar liquid phases
compositions, heavy mixing of the slurry, and thmeilgrity in morphology between inert
and magnesite seeds, the van der Waals and salfttges were likely negligible in this
study. Therefore, the double layer electrostaticds, namely the potential difference

between the precipitation event and the surfakelylinfluenced the seeding effect.
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6.5.Effect of Temperature on Magnesite-Seeded Mg(OHSlurry
Carbonation

The ability to produce magnesite at 150 °C utiigimagnesite seed material in a
system that otherwise produced hydromagnesite wgasfisant; thus, further in-depth
study was performed to investigate the range ofti@a temperature where this effect
would sustain (80-150 °C). Slurry samples were nakieroughout the carbonation
reactions to collect both aqueous and solid samplesiding insight into the reaction
mechanism. Qualitative TGA decomposition of collected samplesas used in
combination with XRD data to confirm the existerafea single carbonate phase, either
hydromagnesite or magnesite. Carbonation reactonersion was then calculated from
accurate quantitative measurements of carbon cowidnn the recovered solid products
using CA. The mass fraction of a carbonate phasieeiisolid sample was calculated from
the mass fraction of carbon and stoichiometry. f@meainder of the solids were assumed
to be Mg(OH). Then, the total solid mass in the slurry at egiglen reaction time was
calculated from an Mg mass balance using the masgidns obtained from solid
samples and the initial total mass. From the totaks and mass fraction of carbonate
phases estimated at each given reaction time,libelide amounts of each solid phase
were calculated (e.g. yn: and ny:). Equation 6.5 and Equation 6.6 were used
subsequently to calculate the conversion of Mg@Oté) hydromagnesite (HM) and
magnesite (M), respectively, as a function of tiffilee conversion calculation utilized the
initial masses of the reactants and products (@gyon)2,t=0 Mum=0, and Ny =) iN
combination with the molar masses of reactants@oducts (e.g. Mgon)22 Mum, and

M)
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Equation 6.5

Equation 6.6:

In the experiments where multiple carbonate phasese formed, the carbon
percentage alone was not enough to calculate theecsion. In order to distinguish
between the two carbonates, hydromagnesite andesagnTGA decomposition curves
of each sample where examined and compared. QdixstalH,O, hydroxide, and
carbonate decomposed at different temperaturegndeggy on the composition of the
solid sample (Sawadet al, 1978; Vagvdlgyiet al, 2008a; Vagvolgyiet al, 2008b).
Figure 6.7 shows the typical data from the carb®nptoduct recovered during
magnesite-seeded Mg(OHgarbonation at 80 °C: (a) the thermal decompaositiorves
(TG), and (b) derivative mass change (dTG). Formgde, the dTG of the 15 min
carbonation sample leveled off at 260 °C, whicbhvaéd for the distinction between mass
loss due to the decomposition of crystallizegOHwithin hydromagnesite (prior to
260 °C) and after due to the decomposition of hydi® in Mg(OH). Similarly, the
leveling off at 440 °C enabled the differentiatibletween mass losses due to the

calcination of hydromagnesite and magnesite, befodeafter respectively.

Next, the corresponding TG mass percent at allifsignt temperatures was noted,
and mass percent differences were calculated fdr s&p. Stoichiometry can relate the
mass percent difference for a specific decompasiteent to a mass percent of that
phase in the total solids. For example, the massmgd percent was estimated to be

15.5% for the decomposition of carbonate from MgG@ the 120 min carbonation
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sample. Stoichiometry then dictated that the samae 29.7 wt% anhydrous MgGO
The carbon content data complemented and claritieat obtained via thermal
decomposition analysis. Specifically, the decomjpmsicurves of hydroxide in Mg(OH)
and the hydroxide and carbonate in hydromagnesitéhe dTG plot were found to be
slightly overlapped. Thus, the deconvolution of ®hEG curves should be carefully
performed to provide an accurate estimation of themical composition of the
carbonated products. In this study, the charatieriemperature (from dTG) and
consequently the mass change (from TG) were igranel checked until the calculated
carbon content was equivalent to the total carb@asspercentage obtained from CA.
This method was possible since the carbon contem$¢ whe sum of carbon in
hydromagnesite and/or magnesite, and magnesite@geosition curve had significant
separation to accurately estimate from the TG/d&@.dAgain, as in the case with single

carbonate phases, the conversions were obtaineg Eguations 2 and 3.

The systematic solid analysis is depicted in FiguBeas the conversion of Mg(OH)
to (a) magnesite and to (b) hydromagnesite. Therysloarbonation experiments at
150 °C provided a clear example of the effect ma@eseeds have on the formation of
carbonate phases. Nearly 95% of the Mg(©Was converted to magnesite experiment
after 75 min. Whereas 94% of the Mg(QHhYas converted to hydromagnesite after 60
min without additional seeds, and nearly 100% in mMbwtes in the inert seeded
experiment. At the lower temperatures, 80 °C aral 12 the Mg(OH) was converted to
a mixture of magnesite and hydromagnesite duringrmesite-seeded experiments. As
depicted in the conversion plots (Figure 6.8(a) @)3l more Mg(OH) was converted to

magnesite at 120 °C than 80 °C, with the conversioB4% versus 5% respectively. In
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Figure 6.8(b), the rate of hydromagnesite formati@s shown to increase with reaction
temperature. Interestingly, some of the hydromatmeproduced at 120 °C was
converted to magnesite after 60 min of reactioretipossibly the result of aging effects.
Due to the kinetic limitations in forming Magnesée T < 150 °C, for a given set of
experimental conditions there was a specific tinmeit|lthat must be passed before
magnesite would form. In the liquid phase, the emm@tion of M@" increased as

temperature decreased due to increaseg d@@ hydroxide solubilities. At 80 °C, almost
18% of total Mg within the system existed in thauagus phase, rather than forming

solids.

Figure 6.9 combines the solid and liquid analysitado follow the overall fate of Mg
during Mg(OH) slurry carbonation experiments. In the aqueouselz 150 °C, Mg
concentration was always higher in the experimevite no additional seed and inert
seeds. The higher solubility of hydromagnesite likady the cause of the increased Mg
concentrations in the non-magnesite seeded ted6@t°C. At 150 °C but with no
additional seed and inert seeds, Figure 6.9(a)landast, though incomplete, conversion
of Mg(OH), to hydromagnesite was observed with almost 10%eMg inaccessible for
carbon storage due to hydromagnesite’s solubilitshould be noted that there was more
error inherent in the conversion estimates fromitieet seeded experiments due to the
difficulty in determining the percent alumina inettsolid samples collected over the
course of the experiment. Kinetically, the readiomith no additional seed and inert
seeds resulted in faster carbonation, which waslildue to the faster speed of

hydromagnesite nucleation and growth.
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Magnesite-seeded Mg(Ofarbonation at 150 °C, Figure 6.9(c-1), showedlgah
conversion of Mg(OH)to magnesite, with very minimal Mg in the aquephase and a
high overall conversion. The rate of magnesite fdrom was slower than that of
hydromagnesite growth at 150 °C (Figure 6.9(a) @)yl The experiments at reduced
temperatures produced mixtures of hydromagnesderagnesite from Mg(OH) Figure
6.9(c-2) obtained at 120 °C shows significant hyaagnesite growth from the Mg(OH)
slurry, while moderate amounts of magnesite wese abserved, particularly at longer
reaction time. Lastly, Figure 6.9(c-3) shows thanimal production of magnesite was
observed at 80 °C with a significant amount of Mgsdlved within the aqueous phase at
the end of reaction. As the reaction temperatu@edesed, the dissolved Mg fraction
increased due to the greater £olubility at lower temperature, which in turn veed
pH. These observations suggested that there caula few different limitations to the
precipitation rate of magnesite from the Mg(QBlurry. At an early stage when there is
little to no dissolved Mg, the overall reaction be limited by the dissolution rate of
Mg(OH),, but later in the reactions when there is abundissgolved Mg present, the
system appeared to be limited by the precipitatada and the solubility of the carbonate

products.

6.6.Summary

The conversion of magnesium salts and hydroxideabtydrous magnesium
carbonate is a kinetically challenging reactione Jdersistence of metastable magnesium
carbonate species (e.g. hydromagnesite) would ecthecoverall efficiency of a carbon

mineralization process due to the weight gain aobhibglity increase as hydrated
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magnesium carbonates are formed. In this studya#& shown that this difficulty can be

significantly reduced by avoiding the relativelpwsl nucleation of magnesite. Reactions
seeded with magnesium carbonate particles led rectdcrystal growth on the seed
particles, yielding the formation of magnesite undeaction conditions that, though
thermodynamically suitable for magnesite formatidiayor hydrated magnesium

carbonate formation. In the high pressure Mg(©s$trry carbonation system at 150 °C,
the presence of magnesite seeds bypassed the ifmmméaimetastable species entirely. It
was also shown that it was possible to grow magmesystals below 100 °C and with
low CO, partial pressures, something that was previodslyght far more difficult. In a

practical application, directed magnesite formatomuld be deployed by introducing a

slip stream of magnesite products into the carbmeralization reactor.
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Table 6.1: Commonly observed magnesium carbonate and hydrgkidses

Phase Formula
Brucite Mg(OH)
Lansfordite MgCQ-5H,0

Nesquehonite MgC&3H,0O
Hydromagnesite Mgs(COs3)4(OH),-4H,0O
Magnesite MgC®
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Table 6.2: Literature data on the conversion of dissolved neagmn to solid magnesium
carbonates

F?glitr?t Carbonate Magnesium Carbon Prigszure Temgerature MaéétMuzrsg?oensite Reference
(Fig. 5) Produced Source Source (atm) (°C) Index*

1 Lansfordite Mg(HCG). co, 3.91x10° 4 3.7 '1"&%95
2 Nesquehonite Mg&6H,O NaCO; 3.91x10* 10 3.8 %%%gg
3 Nesquehonite  Mg(HCH co 3.91 x10° 10 3.8 ’fsia%%
4 Nesquehonite Mg&bH0 co 1.00 20 35 Bé}‘j'ci)rla;o
5 Nesquehonite  Mg@BH,0 co 1.00 20 3.9 F;()’ggi
6 Nesquehonite ~ Mg@bH,0  NaCO;  3.91 x10* 25 3.8 K'Ozporggge
7 Nesquehonite  MgGBH,O Naé%?’ 9.90 x10* 25 3.9 Hgggge”
8 Nesquehonite Mg&6H,O NaCO; 3.91 x1¢* 40 43 %%%gg
9 Nesquehonite MgebH,0  NaCOs 3.91 x10* 40 46 2883
10 Nesquehonite Mg(N HCO,  3.91x10 45 43 va%gg;yi
11 Nesquehonite Mg(HCH CcO, 3.91 x10* 60 55 Dlesl)v7i:ess
12 Nesquehonite Mg (NG KoCOs 3.91 x1¢' 75 5.0 22%%%9
13 Nesquehonite Mg(N:  (NH),CO;  3.91 x10f 130 5.3 Suttachar
14 Hydromagnesite ~ Mg(N»  NaCO;  3.91x10° 45 43 va%gggyi
15 Hydromagnesite ~ MggbH,0  NaCO; 3.91x10' 50 46 %%elrég
16 Hydromagnesite Mg(NG KoCOs 3.91x10 80 4.0 22%%%9
17 Hydromagnesite ~ Mg&bH,0 N&COs 3.91x10' 90 5.1 <:2t(1)e1r(1)g
18 Hydromagnesite  Mg&BH.O N%%ZQ' 2.97 120 5.6 Hanchen
19 Magnesite MgGI6H,0 Naé%?’ 99 120 43 Hanchen
20 Magnesite MgGI6H,0 Naé%z% 2.97 120 - Hggggen

*Maximum saturation index achievable under expentak conditions reported.
Saturation index a measure of degree of supersatradefined as the base 10 logarithm
of the ion activity product divided by the solubjlproduct constant.
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Table 6.3:Literature data on the conversion of brucite tadsolagnesium carbonates

Data Max. Magnesite
Point Carbonate Carbon CO;, Pressure Temperature Sétureﬂion Reference
(Fig. Produced Source (atm) (°C) Index*
5) naex
. Smithson
1 Lansfordite CcQ 3.91 x10* 9 4.5 1973
2 Nesquehonite co 15.0 20 5.9 Park
i ) 2003
3 Nesquehonite co 1.00 x10° 25 2.4 Harrison
2013
4 Nesquehonite co 5.00 x10 25 2.8 Harrison
2013
. Harrison
5 Nesquehonite CO 1.00 25 2.9 2013
6 Nesquehonite co 3.91 x1¢' 28 36 Smithson
1973
. Mitsuhashi
7 Nesquehonite CO 1.00 35 5.6 2005
8 Nesquehonite co 3.91 x10* 38 3.1 Smithson
1973
. Schaef
9 Nesquehonite CO 81.2 50 6.8 2011
10 | Nesquehonite co 1.00 58 3.3 Hopkinson
2011
. Mitsuhashi
11 Nesquehonite GO 1.00 70 55 2005
. Zhao
12 Nesquehonite (@6 15.0 70 6.1 2010
13 | Hydromagnesite co 5.02 X1 22.5 5.5 ?883
14 | Hydromagnesite co 1.00 25 2.4 Hopkinson
2011
15 | Hydromagnesite co 1.00 65 47 Brotha
Y 9 : : 2001
. Schaef
16 Magnesite CcCo 81.2 75 6.4 2011

*Maximum saturation index achievable under expentakeconditions reported.
Saturation index a measure of degree of supersiaturdefined as the base 10 logarithm
of the ion activity product divided by the solubjlproduct constant.
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Figure 6.1: Solubilities of pure magnesium carbonates and hydeoas a function of
temperature and COpressure created using PHREEQC along with the ¢mwe
Livermore National Laboratory Database (linl.dat).
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Figure 6.2: Schematic description of hypotheses related toeskathgnesium carbonate
synthesis, including (a) homogeneous nucleatiormyafromagnesite from brucite, (b)
heterogeneous nucleation of hydromagnesite onutface of an inert seeding patrticle,
and (c) the growth of magnesite onto the surfagexdting magnesite seeds.
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Figure 6.3: Schematic of experimental apparatus for Mg(©s$trry carbonation.
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Figure 6.4: SEM Images of starting materials: (a) Mg(QHds Md* source, (b)
aggregates of AD; particles used as inert seeds, and (c) magndeitgCQ;) seed
particles.
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Figure 6.5: Summary of literature data versus simulated magmesituration index at
various reaction temperatures. Different magnesoambonate phases are indicated by
the symbol, and numbers refer to studies listeThinles 2 and 3.
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Figure 6.6: Effect of seeds on Mg(OHlslurry carbonation at 150 °C after 120 min of
reaction. Products analyzed with (1) XRD and (2)MSEXRD labels: alumina (A),
hydromagnesite (HM), and magnesite (M).
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Figure 6.7: Example of TGA decomposition data used to distislguietween carbonates
in MgCOs-seeded carbonation of Mg(OHat 80 °C with samples taken at various
reaction times (noted in legend): (a) raw thermakamposition curves and (b)

differential mass change.
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Figure 6.8: Effect of temperature on magnesite-seeded Mg¢Qdf)rry carbonation
compared to no seed and inert seed cases at 15(fConversion of Mg(OH)to
anhydrous MgC@and (b) conversion of Mg(Okljo hydromagnesite.
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Figure 6.9: Distribution of Mg from Mg(OH,) across three solid phases and dissolved
phase: (a) at 150 °C with no seed particles, (l1pat°C with inert seeds, (c-1) at 150 °C
with magnesite seed, (c-2) at 120 °C with magnesatal, (c-3) at 80 °C with magnesite
seed.
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6.7.Supporting Information
6.7.1. Saturation Index and Crystal Growth

Precipitation of a new solid phase in a closedesysnvolves three steps (Vehkamaéki,
2006). The first is the formation of a supersaegasolution. Supersaturation can be
described by the saturation index)( calculated as the logarithm of the ion activity
product (IAP) divided by the solubility product ctant of the phase in question
(Equation 6.4). On this scale, a saturated solutean = 0, a supersaturated solution

> 0, and an undersaturated solution ar 0. The second step in precipitation is the
formation of stable crystals of the new phase, abderred to as nucleation. Often
nucleation in an experimentally relevant periodtiofie will require the solution be
significantly supersaturated, and moderately s@perated solutions are sometimes
referred to as metastable (Stumm, 1992). The ftep of precipitation is the growth of
these newly nucleated crystals of the new phasthidrstage, the soluble components of

the new phase are consumed as the sizes of thergstals grow.

The kinetics of crystal growth are most generakplained by an empirical rate law
given in Equation 6.7, where Kk is the rate constamiega is the saturation index, and n is
the reaction order, which is often found to be t{&umm, 1992). However, this is
generally found to be an over simplification, a® tprecipitation rate is not just
determined by solution supersaturation. Precipitatkinetics are most accurately

described by fitting a surface speciation modedxperimentally derived rates.

Equation 6.7:! "#$% &
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6.7.2. Modeling the Seeded Production of Magnesite

The conversion of magnesium hydroxide to carbornveés modeled in using a
combination of the geochemical simulation softwadP#iREEQC and published
precipitation rates for magnesite (Donmétal, 2005; Parkhurst & Appelo, 2013). The
thermodynamic database used in PHREEQC was lInMlaile this database contains
thermodynamic data for a wide range of reactiohese of interest to this study are
shown below. The first is the dissolution of £@to the aqueous phase, calculated by a
conventional Henry’s law relationship, and the ayam reaction of C@with water to
dissociate into bicarbonate and carbonate ions gfmu 6.1). The protons from
carbonate dissociation react with magnesium hydexo yield dissolved magnesium
ions (Equation 6.2), and these combine with theéoaaate ions to form magnesite
(MgCGQ;) (Equation 6.3). Since there is limited information the precipitation kinetics
of hydromagnesite (the secondary phase formedeiexperiments above) it is ignored in
these simulations. Instead, magnesite precipitatiaa modeled using the BET surface
area normalized reaction rate recently publishe®algi et. al. (Equation 6.8), wheke
Mg IS a rate constankon andKcosz are equilibrium constants, and #hgerms are solution
phase activities of the specie¢Zhanget al, 2006; Hnchenet al, 2008; Vagvolgyiet

al., 2008a; Cheng & Li, 2010; Saldt al, 2012).

Equation 6.8:

This system was simulated for the three cases 0f°C5 120 °C, and 80 °C in the

presence of 30 mol% magnesite seeds. As was notibg &nd of the last section, the
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experimental data indicated that brucite dissotutrates appear to be limiting the
precipitation at early times in these reactionac8ia dissolution rate equation for brucite
has not been published at high temperature, braoltéility was manually restrained to
achieve a similar effect. The brucite saturatiashexwas set to -2.25 for 80 °C, -1.3 for
120 °C, and -0.22 for 150 °C. While using the hmeigaturation index as a fitting
parameter is not ideal, the values required todyial representative trend in the
simulations results are reasonable and follow ttyeeted relationship; as the reaction
temperature increases, the dissolution rate ofiterwall increase and it will approach
equilibrium with the surrounding solution. It shduhlso be noted there is currently no
method to decouple the limitations in brucite diggon rate from limitations in the CO
hydration rate, another reaction that is known & dtow. For the purposes of this
discussion, the two limitations will simply be refed to as brucite dissolution, under the

assumption that the actual limitation is like a tomation of factors.

The results of these simulations are given in Fg8d(a) as the conversion to
magnesite over time for the three temperaturasstithting that the highest temperature
reaches near complete conversion fastest, followedorder by the two lower
temperatures. Figure S1(b-d) shows the distribubbrMg between the three phases
tracked in the simulation, brucite, magnesite amssalved Mg. Across all of the
conditions, the amount of dissolved Mg is much Iotan observed in the experiments.
This is likely caused by two phenomena: the bruditesolution limitation discussed
above and the formation of Hydromagnesite as aoldisd magnesium sink. The
simulations also show that while, in a best-casmnago, the conversion to magnesite

should be complete at both 120 °C and 150 °C, #%¢ that can be expected at 80 °C is
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~20% conversion. In light of these results, it isaclthat the conversion of magnesium
hydroxide to magnesite is possible, and is prinpdithited by the precipitation rate of
the magnesite, while also facing secondary limitdbmcite dissolution and hydrated

phase formation.
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Figure 6.10: Modeling of Mg(OH} slurry system seeded with 30 mol% magnesite
particles. (a) Experimental conversion of Mg(QkH magnesite in seeded experiments at
150°C, 120°C and 80°C, (b-d) Simulated fate magmesn at 150°C, 120°C and 80°C,
respectively.
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7. Enhanced Water Gas Shift Reaction in the Presencd a
Mg(OH), Slurry in a High Pressure Aqueous System

The contents of this chapter are to be submitte@dblishing in Elsevier's
International Journal of Hydrogen Energy (FrickePé&rk, 2014).

7.1.Introduction

The industrial revolution was fueled by carbonematerial, and it will continue to
dominate our energy supply mix into the foreseeéltiere. Technological innovation in
the use of carboneous fuels can increase the @mlagiiciency and minimize detrimental
environmental impacts. Traditional energy conversgstems, e.g. upgrading petroleum
to gasoline or combustion of coal for electricitpguction via steam, were developed in
a time where efficiency and environmental impactseness understood. Modern energy
conversion systems utilize a synthesis gas (syngesmediate, adding to the efficiency
of the energy recovery. Syngas, a mixture of hyedno@) and carbon monoxide (CO)
primarily, is produced via thermochemical gasificat of any carboneous feedstock,
including synthetic and biogenic wastes. Integrajasification combined cycle (IGCC)
power plants burn the syngas in gas turbines forenafficient electricity generation.
Looking beyond electricity, syngas can be upgradetb nearly any synthetic

hydrocarbon fuel or chemical given specific reactmmditions and catalysts.

Most downstream processes operate best at a spgiiO ratio, which is typically
higher than the ratio found in the freshly produsgdgas. Depending on the gasification
conditions and reactor arrangement, CO compositiosyngas can range from 17.4%

(moving bed gasifier) to 60.3% (entrained flow @jas) by mole (Stultz & Kitto, 1992).
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Therefore, the water gas shift reaction (WGSRnpleyed to boost the Hevels in the
syngas through the reaction of CO with water vgpb0) (Equation 7.1). Being slightly
exothermic (H° = -41.1 kJ/mol), a balance between the kinetiod thermodynamics of
the WGSR is necessary for industrial applicatiohe highest conversion is possible at
lower temperatures where the reaction is kineydathited. To bypass these limitations,
two separate reactors in series with different lgata have been used. First the high
temperature shift (HTS) reactor at around 400 °@ wain iron and chromium based
catalyst for fast kinetics, and second, a larger temperature shift (LTS) reactor with a
copper and zinc based catalyst, operated around@®0 achieve the highest conversion

to H, possible with only a fraction of a percent of Gfnaining (Lloydet al, 1989).

Equation 7.1: CO(g) + HO(g) = CQ(g) + Hx(g)

Generally, CQis a byproduct of carboneous energy conversioresyst and, in the
case of syngas production and upgrading, &Qroduced during both gasification and
WGSR. In fact, processes which produce synthetenutals and fuels—technologies
known as X-to-liquids where X can be coal, biomasgaste, etc.—are known for their
high carbon footprint, which is mainly attributed the complex nature of those unit
operations (Marano & Ciferno, 2001; Schrag, 2089)capturing CQwhere generated,
hydrogen production can be enhanced according tGHagelier's equilibrium principle,
thus improving the overall sustainability of theopess. A thermodynamic model of the
system, Figure 7.1, illustrates the effect of G@®moval (by MgO carbonation) on the
equilibrium concentration of equimolar gaseous t&as (Ro; = Py20i = 10 atm).
Theoretically, integrated carbonation with the WG@ction can sustain hydrogen

production near 100% until the decomposition terapge of MgCQ is reached. The
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decomposition temperature is dependent on g Rithin the system. The enhanced
hydrogen vyield offers the potential to eliminatee threquirement of the larger and
inherently more costly, LTS reactor. More detadgarding the thermodynamic model

can be found in the following Experimental section.

Previously, the enhanced water gas shift reactBiGSR) was investigated using
materials like calcium oxide, hydrotalcite, and suxmetal oxides to capture €O
(Harrison, 2008). In each case however, the sorbetet solely to separate the £@nd
therefore, the sorbent required energy intensigeneration and the separated ;CO
needed disposal. Using a sorbent derived from peofMg-silicate minerals, whose
capacity far exceeds current and future,Qfoduction (Lackneret al, 1995), is a
combined carbon capture and storage solution. I€&cts with the sorbent to form stable
and permanent magnesium carbonate which can bedstorconfidence without long
term monitoring. Previous work by the authors hesdnstrated the limitations of gas-
solid Mg(OH), carbonation and investigated the phenomena indolviéh slurry phase
Mg(OH), carbonation at moderate g@ressures (Fricker & Park, 2013; Fricker & Park,
2014). The improved kinetics and potential for heaomplete conversion found with
slurry carbonation were a better fit with the eWGSRtem. Dissolution (Equation 7.2)
and hydration (Equation 7.3) of GQill occur after its production by the WGSR,
forming bicarbonate, carbonate and hydrogen ionsointion. Acidic conditions favor
dissolution of Mg(OH) (Equation 7.4), and subsequently carbonate arsbldisd Mg*
will react to precipitate anhydrous magnesium cadbe (Equation 7.5). Due to the
reaction temperature, the existence of metastajdleated carbonate phases was not an

issue (Fricker & Park, 2014).
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Equation 7.2: CO,(g) = CQ(aq)

Equation 7.3: COx(aq) + HO = H,COs(ag) = HCQ + H' =CO% + H'
Equation 7.4: Mg(OH)a(s) + 2H = Mg®* + 2H,0

Equation 7.5:Mg®" + CO* = MgCOx(s)

Beyond decarbonizing the process and enhancingrbduction, the slurry vapor
pressure can provide the® required by the WGSR. In a pressurizefHsystem, the
WGSR experienced kinetic enhancement due to thespre effect and enhanced product
formation due to excess,d (Elliott & Sealock, 1983). Further, MgG(@q), a product in
the eWGSR system, has demonstrated moderate hopmgematalytic activity in an
agueous WGSR (Elliott & Sealock, 1983). Other adacil benefits of a high pressure
agueous WGSR system include (1) scrubbing othepoomds like sulfides with various
solution additives, (2) liquid phase heat trans{8), catalytic tar cracking by alkaline

solution, and (4) hot gas quenching without catadigsctivation (Sealockt al, 1985).

Rarely are catalyst and WGSR not mentioned togedsgpecially at the low reaction
temperature of this study. Platinum was chosent$onigh activity because the purpose
of this study is to understand the effect of magmascarbonation on the WGSR.
Interestingly, magnesium was rarely been applied ife CQ, capture capabilities
(Hassanzadeh & Abbasian, 2010; Cheti al, 2013; Zhanget al, 2013). Rather,
magnesium compounds are referenced throughout WESRture as a dopant for
catalysts, providing morphological enhancements angroved thermal properties
(Boudjemaeet al, 2009; Nishideet al, 2009). To the author’s knowledge, the integration

of Mg(OH), slurry phase carbonation with the WGSR has notn bewestigated
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elsewhere. The carbonation reaction was anticipawe@nhance the hydrogen vyield
through an eWGSR process. Unexpectedly, the preseina bulk Mg(OH) slurry also

complicated the system through a side reaction é&twCO and the basic solution to
produce formate ions. Thus, the following study lesgd the complex phenomena
involved in the inherently complex multi-phase teat system of low temperature

WGSR with integrated Mg(OHslurry carbonation.

7.2.Experimental

7.2.1. Thermodynamic Model

The following is an explanation of the thermodynaraguilibrium modeling effort
behind Figure 7.1 with initial & = By20 = 10 bar (assumed). First, the equilibrium
expression for the WGSR (Equation 7.6) was singdifdue to equimolar conditions

(Outotec). Then, the conversion of CO to s calculated using Equation 7.7.

; o - /0. ol , 01 1
Equation 7.6:" (4 —— —— T e T T
. . 2' 0*+
Equation 7.7:1 (-4 e

Next, the fraction of C®that would react to form carbonate was calculatdg Kearm.

(Equation 7.8 and Equation 7.9) (Outotec).

% %
v, %1

Equation 7.8:" 4567

%
" 14567 /0.

Equation 7.9:1 4567 % $
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A new WGS conversion (¥cs.n) was calculated by substituting the negpFAinto WGS
equilibrium expression (Equation 7.10), which haerb simplified to (Equation 7.11).

The root of Equation 7.11 which is between 0 anh& taken as the conversion.

v .. %31, 0 %31
v-0 %1 .0 %1

Equation 7.10:" ()«

Equation 7.11: , . ,j0. $" g +-0 10 Lipesw

9 5 <1=5<9:? @aBCi <> 1=> @ABCDE
9 ;<;=><$?@ABC;<>;=> F

Next, the fraction of remaining reactants (CO an®Hwhich can be converted to,H
was calculated with ¥gsni. This extra amount was added that to the initigdbSVH
yield. At this point a new &, was calculated, by combiningc, with Xwgs n1and the
partial pressures of the remaining reactants. plosess was iterated several times, by
calculating a new WGS conversion based on the ledbzl partial pressure of reactants
and products. Iteration stopped when the calculditfdrence between successiveol
values was less than 1 bar, though it should bednthtat most of the difference values
were far below with some at lower temperaturesss than 1€%. The conversion data
for Figure 7.1 are derived from Equation 7.12 agddtion 7.13 for WGSR/eWGSR and

carbonation respectively.

Equation 7.12:1()*+ GHIJ —

» IOL

Equation 7.13:1 4567 gHi X RK
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7.2.2. Materials and Methods

The WGSR was performed in the headspace of a tetyper controlled, high
pressure batch reactor (#U761, Pressure Produtisthies, Inc.) depicted in Figure 7.2.
The lower portion of the reactor was a reservddO(&1L) for the bulk aqueous phase for
supplying the required 4D, as well as containing the carbon capture médiggOH),, in
certain experiments. The reactor was equipped temhperature (type K, Omega) and
pressure (Omega) data acquisition capabilities.d@akl be sampled from the headspace
and liquid from the bulk solution via a manual séimgprig. During experiments, the
agueous phase was mixed well by a magnetic ssateio 700 rpm. In experiments which
utilized a catalyst, the material was containechibasket made of 304 stainless steel
mesh 400, which was fixed in the reactor headspHuoaese experiments used a 0.5 wt%
platinum on alumina (Pt/ADs) catalyst (Sigma-Aldrich Co.) due to its high sitti for
the WGSR at relatively low temperature. A mass@filg of 3.2 mm pellets were placed
in the catalyst basket. More details about thelygsttadean be found in Table 7.1. The
catalyst was characterized by BET analysis (NOVA-w2002 BET analyzer,

Quantachrome Corporation).

The reactor was operated in batch mode due toysedeticerns. When beginning an
experiment, the reactor was first filled with eitlieionized HO (WGSR) or a Mg(OH)
slurry (eWGSR). In eWGSR experiments, the slurrg i@med by combining 10 g of
dry Mg(OH), (95% pure, Acros Organics) with 300 mL of deionizég® to form a 3.3
wit% slurry. After being sealed, nitrogenjNlowed through the headspace for 15 min or

more to purge the reactor of oxygen,JVieanwhile, the temperature of the reactor was
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raised to ~85 °C. Upon temperature stabilization, W&3 delivered into the headspace,
achieving a Bo of ~8.5 atm. After sealing, the temperature rampe#xtion temperature
was initiated. The timer for the experiment stamdten the internal temperature reached
100 °C. On average, the temperature rose at 2.AifC-to an isothermal hold at a
temperature of ~210 °C, and by the end of the 120reaction time reached a maximum

value of 215-218 °C depending on the experiment.

Four experimental cases were explored in this stlilg control with neither slurry
nor catalyst was referred to as “WGSR.” When slusnpresent without catalyst, the
experiment was called “eWGSR.” The catalytic WGSRI &WGSR were named

“WGSR-Pt” and “eWGSR-Pt” respectively.
7.2.3. Analytical Methods

A 1/16 in line with valves on both ends connecteel headspace of the reactor to a
gas analyzer (3000 Micro GC, Inficon, Inc.). A pont of the line consisted of a 1/4 in
water trap contained in an ice water bath to prei#® from entering the GC. After 120
minutes of reaction, the line was filled by openthg valve on the reactor side. Upon
closing, the line was discharged by opening thgerah the GC side, which flushed the
internal GC column with the gases from the headsp@be line filling and emptying
procedure was repeated 3 times before a gas measrevas analyzed. Multiple gas
samples were analyzed to ensure accurate resufts. GC data provided molar
concentrations of gaseous components 4, CO, CH,, CO,, Hy, GH4, and GHg) in

the headspace other thapHat the end of reaction.
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At the same time, liquid slurry samples (approxehail0 mL) were removed via the
liquid sampling port and rig. After filtration (p#cle size retention: >11 m, GE
Whatman), solids dried overnight under vacuum at T before analysis by
thermogravimetric analysis (TGA) (SETSYS Evoluti@gtaram Instrumentation) and X-
ray diffraction (XRD) (X2, Scintag, Inc.) to deteime the presence of magnesium
carbonate and quantify the conversion. In the T&X) mg solid samples were heated to
650 °C (at a rate of 5 °C-mith in helium (He) flowing at 20 mL-mih The mass
changes at temperatures corresponding to the detmmoof Mg(OH) and MgCQ
phases were used in combination with reaction Isitoncetry to quantify the carbonate
content of the solids. With the XRD, a step siz€.05° and scan time of 0.5 s was used

to collect the diffraction pattern for each samipléhe range 10-70°.

The liquid fraction of the slurry was also collestt@nd analyzed for aqueous specifies
produced as a result of side reactions. Samples dieited 50 times before ion exclusion
chromatography (IC) analysis (861 Advanced CompactMetrohm AG). Components
were separated with a Metrosep Organic Acids 2B0¢@dlumn using a 0.5 mM 430,
eluent and 20 mM LiCl suppressor. The IC providee ¢apability to quantify formate

ion concentration and identify carbonate ions

7.3.Effect of Platinum Catalyst and Mg(OH), Slurry on WGSR

In the unique reactor system for WGSR used in theeat study, initial tests
investigated whether the reaction required catallygjure 7.3 contains the fractional

conversion of CO in all four reaction scenariose@ft20 min. A logarithmic scale

164



provides a better view of the instances of very lmmversion, which occurred in the
experiments without platinum catalyst. The WGSRegdgmced a CO conversion of only
0.614%, whereas the eWGSR resulted in a conveddi®b.2% of the initial CO amount.
The presence of the slurry had the effect of camgICO, though the efficacy of slurry
phase Mg(OH)as a WGSR catalyst will be explored further in bssguent section. The
experiments with the catalyst present experiencathdtically different CO conversions.
WGSR-Pt and eWGSR-Pt both converted over 99.9%hef €O. Both effectively

converted the entire CO amount in 120 min—the diffiee was considered insignificant.

Differences arose when the conversion was investigin terms of the gaseous
products, H and CQ. Since HO was far in excess of CO, the product conversias w
normalized to the initial CO molar amount. Figuré(@) contains the conversion of CO
to H,, again on a logarithmic scale to improve the appeze of the low conversion
values. As was expected, the WGSR converted a smmadlint of CO to B less than a
hundredth of a percent in fact. The eWGSR test stiwoved a very low conversion te H
at 0.0166%, which was in disagreement with the @Pletion found in Figure 7.3. The
components involved in the WGSR are all one tofom@ a molar standpoint (Equation
7.1). If the depletion of CO was caused solely ty WGSR, the amount of hydrogen
production should have been at the X marks on tbe Phe disagreements continued
when looking into the catalyzed reactions. The eosion to H equaled 25.9% in
WGSR-Pt and 44.1% in eWGSR-Pt. The presence ofstbhgy did enhance the
conversion of CO to & by around 70%, though the, igroduction appeared limited. As
noted, when conversion to;Hwas compared with the depletion of CO, some

inconsistencies surfaced. First, the eWGSR teseréxmced some loss of CO, however
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extremely low production of H Second, the catalyzed experiments both convened
entire amount of CO, though this should resulth@ tormation of significant hydrogen.

Discussion on these issues will resume in a folhgygection.

The conversion of CO into CQOs presented in Figure 7.4(b). Again, the X marks
represent the potential G@ield given the amount of CO depleted during rneactThe
data was difficult to interpret since a certain amoof CQ will dissolve into the bulk
fluid in each experiment. The WGSR converted atilmacof a percent of the CO to GO
with the eWGSR producing more ¢@t 2.60%. The lack of hydrogen production in the
eWGSR combined with the disappearance of CO anddtion of CQ pointed to an
alternative reaction mechanism. WGSR-Pt converte@% and eWGSR-Pt converted
12.6% of the initial CO to C9 The reduced amount of GPresent in eWGSR-Pt is
likely the result of more CObeing pulled into the aqueous phase due to thec basi

solution and ultimately reaction to form carbonates

Taking a closer look into the solids recovered fridme experiments with slurry
phases revealed the existence of carbonate in e\RESRigure 7.5(a) displays the
thermal decomposition of the materials comparednagéhe starting material, Mg(OH)
The solids from eWGSR exhibited a slight shift sacdmposition temperature to a higher
temperature, possibly due to phase restructurirrgqhglueaction or the formation of a
passivation layer delaying dehydroxylation. On ttker hand, the eWGSR-Pt sample
experienced a mass change consistent with Mg@&xomposition (Fricker & Park,
2013). The XRD patterns in Figure 7.5(b) confirntbeé existence of MgC£in the

eWGSR-Pt solids given its peaks at 33°, 43°, afdBdwns, 2006). Quantification from

166



the TGA data showed that GQepresented 9% of the recovered solids mass, which

means that 17.2 wt% of MgGWas present in that material.

7.4.Resolving the Molar Imbalance

Still though, the imbalance between CO depletiod product formation was no
resolved. Elliott et al. (1983) found OHproducers (specifically alkali and alkaline
carbonates) to catalyze a high pressure aqueous BY&8m (Elliott & Sealock, 1983).
They proposed the following mechanism which is @ni\by hydroxide ions in solution
(Elliott et al, 1983): CO reacted with hydroxide ions in soluttoncreate formate ions
(HCO,) (Equation 7.14), formate ions reacted to fornboaate ions and formaldehyde

(H2CO) (Equation 7.15), and formaldehyde decomposeeléase K (Equation 7.16).
Equation 7.14:CO(g) + OH(ag) = HCQ'(aq)
Equation 7.15:2HCO; (aq) = CQ%(aq) + HCO(l)
Equation 7.16:H,CO(l) = Hx(g) + CO(Q)

Elliot et al. (1983) also discovered that the atgiof the basic solution as a catalyst
for WGSR was related to the stability of the forenatomplexes in solution. The
complexes with higher stability provided lower WG&Rtivity because the formate is
held in solution, unable to convert to formaldehyahel H. Hence, Equation 7.15 was a
limiting step in the aqueous process. The dispéatyveen CO consumption and product
formation in eWGSR, WGSR-Pt and eWGSR-Pt can béamgd by the production of

HCQO,. The CO was likely converted to CHOnN the basic solution and subsequently
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complexed to form soluble magnesium formate (Mg(HgPwhich was held in solution.
For reference, the stability of solid magnesiumnfate hydrate (Mg(HCg,-2H,0),
synthesized from formic acid and MgO, was showhédaas high as ~40dC in a TGA

(Dollimore & Gupta, 1979).

To investigate this hypothesis, the separateddifpam slurry samples was analyzed
by IC. Figure 7.6(a) shows the spectra for eacleenpent. Formate ions were found
under each of the experimental conditions, witisicant amounts observed in eWGSR
and eWGSR-Pt. Those tests displayed almost 10 tiheesoncentration of formate. As
expected, the existence of dissolved?Mand OH favored the formation of significant
guantities of formate. The formate remained in sofuand limited the conversion of CO
into the desired WGSR products. The existence chidonate peak was observed,
though quantification of the carbonate concentratieas not possible. Figure 7.6(b)
contains the results of the conversion of CO in@Q4. In both WGSR and WGSR-Pt,
minimal formation of formate was observed at 1.88861 2.27% conversion of CO to
formate respectively. Conversely, in the experirmenith slurry present, 21.9% and
19.2% of the CO were converted to formate in eWGSR eWGSR-Pt. The presence of
more formate in eWGSR is likely caused by a lai@ér driving force. In eWGSR-Pt,
CO participated significantly in the gas phase WGS® there was less available for
formate creation. Knowing about the large amouftd@O," led to an explanation about
the existence of COIn the eWGSR with no Hormation, which was possibly due to
another reaction pathway involving the breakdownHO,. The disproportionate
disappearance of CO in WGSR-Pt may be the resuthefformation of other soluble

organic compounds unable to detect by the IC columuarbonate, or other species. It
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should be noted that subsequent steps after Hfo@nation may or not be the same as
Equation 7.15 and Equation 7.16, other aqueoustioeatdecompositions may be

responsible for an enhanced effect grncbinversion and other reaction outcomes.

In the current system, two WGSR processes were dmapgp simultaneously:
conventional, catalytic gas-phase reaction in heacks (Route 1) and aqueous reaction of
CO with OH- (Route 2), which may or may not yield éventually (Elliottet al, 1983).
These processes are labeled on Figure 7.7, whih @ntains a number of other
potential reaction mechanisms achievable in the Q#f slurry WGSR/carbonation
system. The aqueous, homogeneously catalyzed gateshift process (Route 3) has
been investigated in the past, even accidentalliyregs. For example, Shabaker observed
diminished CO in an aqueous methanol/ethylene ghlgforming process over supported
Pt catalysts which was attributed to the WGSR (8kah 2003). The field of
homogeneous WGSR catalysis focused on soluble ytiatatomplexes typically
containing ruthenium, rhodium, or carbonyl (Ungenmat al, 1979; Kinget al, 1980;
Ishida et al, 1986; Laine & Crawford, 1988). One proposed mam involved the
bonding of the metal (catalyst) to CO, which sulssly reacted with hydroxide to
form the metal formate. The metal formate releaS€¥ as it converted to the metal
hydride, which decomposed to releasgdds and afterward the metal is available for
another loop (Ungermanat al, 1979). More recently, homogeneous catalysis ef th

WGSR was achieved with supported ionic liquids (éeet al, 2010).
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7.5.Methods for Alleviating Formate Accumulation within the System

A survey of the literature revealed numerous methfod recovering the hydrogen
that was accumulating in dissolved formate. Theeswdtic in Figure 7.7 includes three
potential routes to facilitate the breakdown ofnfiate into the desired products; &hd
CO,. Homogeneous catalysis (Route 4) via ruthenium rawedium based catalysts has
shown promise for recovery of hydrogen from fornfatenic acid (Enthaleet al, 2010;
Boddienet al, 2011; Czauret al, 2011). Boddien et al. also observed iron comexe
which function in the conversion of formate t¢ HBoddienet al, 2011). A biological
pathway (Route 5) to Hfrom formate utilizing formate hydrogenlyase (FH&nzyme
has been demonstrated (Yoshataal, 2005; Faret al, 2009; Kimet al, 2010). Sawers
found the biological conversion to take place inotsteps, where first formate is
converted to C@and H, and second B combine to form k(Sawers, 2005). Lastly, a
heterogeneous catalyst system (Route 6) was useti9® by Onsager et al. to
decompose potassium formate in water at 70-1400t@ihg H. The catalyst, 5-10%
palladium (Pd) on activated carbon, achieved aoten rate of 1H mol H,/mol Pd
(Onsageet al, 1996). In any case, the G6éhould dissolve and mineralize (7) with Mg

in solution derived from Mg(OH)(Fricker & Park, 2014).

7.6.Summary

The platinum catalyst was effective and necessargniable significant WGSR. A
closer examination of the disappearance of CO laadarmation of Hand CQ revealed

an inconsistency, which led to the realization sunding the creation of formate in

170



solution. By producing formate, the efficacy of ¥#W§GSR at producing hydrogen was
reduced. Nonetheless, the eWGS-Pt experiment peodtiee largest hydrogen yield,
likely due to the equilibrium shift cause by theuaqus carbonation reaction to form
MgCOs. The existence of the bulk aqueous phase certaoryplicated the catalytic gas
phase WGSR. Future work aims to investigate thehaust for facilitating the
decomposition of formate in solution to yield. BBy tuning the gas-liquid-solid equilibria,
various high pressure agueous WGS reactor arrangsrmoan be envisioned, such as a

bubble column or spray tower reactor.

171



Figure 7.1: Thermodynamic equilibrium model of effect of camation on WGS
reaction. WGS conversion defined as fraction of @Dverted to B and carbonation
conversion defined as fraction of g@onverted to MgC® Equilibrium constants
generated with HSC Chemistry (OutoteqoP= Bi20,= 10 atm.
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Figure 7.2: Schematic of high pressure batch reactor.
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Table 7.1:Catalyst characterization

Surface Active | Loading | Quantity in | Quantity | Surface
Area (m?/g) | metal | (% wt.) | basket(g) | active (g) | (m?
Pt/Al,O3 93 Platinum 0.5 10.1 0.051 940
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Figure 7.3: Effect of platinum catalyst and slurry on the déple of CO.
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Figure 7.4: Effect of platinum catalyst and slurry on the proon of H, (a) and CQ (b)
normalized to the initial moles of CO.;ldand CQ vyields calculated from CO depletion
figures are marked with X.
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Figure 7.5: Analysis of the solids recovered from eWGSR expernita compared against
the reagent Mg(OH) Graphs: thermal decomposition in TGA (a) and ¥-d#fraction
(b). Labels: brucite/Mg(OH)(B) and magnesite/MgGQM).
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Figure 7.6: Liquid fraction of slurry analyzed via ion chromgtaphy (IC). Samples
diluted 50x prior to analysis. Graphs: IC outpytdad production of HC®O normalized
to the initial moles of CO. Labels: formate/ HEQF) and carbonate/GO (C).
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Figure 7.7: Proposed reaction mechanisms in conventional angecas WGSR
integrated with C@ mineralization. Routes: (1) conventional gas-ph¥$6SR, (2)
formate production (Elliotet al, 1983), (3) homogeneous aqueous WGSR (Ungermann
et al, 1979; Kinget al, 1980; Elliott & Sealock, 1983; Laine & Crawforti988), (2-a)
homogeneous catalytic breakdown of formate (Entletlal, 2010; Boddieret al, 2011;
Boddienet al, 2011; Czauret al, 2011), (2-b) heterogeneous catalytic breakdown of
soluble formate salt (aqueous potassium formate 6vEO% Pd on activated carbon)
(Onsageret al, 1996), (2-c) biological reaction with formate hgdenlyase (FHL)
enzyme (Sawers, 2005; Yoshidtaal, 2005; Faret al, 2009; Kimet al, 2010), and (4)
CO, mineralization (Fricker & Park, 2014).
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7.7.Supporting Information

7.7.1. Experimentation with Industrial Catalysts under R&D

A similar reactor arrangement was used as descnibedhterials and methods section
of article. The only differences between the agtighd the following results relate to the
type of catalyst and reaction time. The catalyste @roprietary with some
characterization information contained in Table @®l compared with the Pt/&);
catalyst. The HTS and LTS catalysts were comparttd 6 pellets (roughly 250 mg
each) which were loaded into the basket. A readiioe of 300 min was tested in order
to observe adequate conversion. The same namingiebon was used in the following

results.

Results follow the same organization as those enntlanuscript. First, the fractional
conversion, or depletion, of CO is presented inufgg7.8. Next the normalized
production of WGSR products,thnd CQ are given in Figure 7.9. Figure 7.10 contains
the analysis of recovered solids from eWGSR expanis Lastly, Figure 7.11 includes
the liquid phase analysis for the quantification fofmate ions and the fractional

conversion of CO to HCQ
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Table 7.2: Comparison of the properties of Pty8k catalyst with proprietary industrial
WGSR catalyst.

Surface Active metal Loading | Quantity in | Quantity | Surface
Area (m?/g) (% wt.) | basket (g) | active (g)| (m?)
Pt/Al,O3 93 Platinum 0.5 10.1 0.051 940
HTS 115 Transition 30 1.8 0.540 207
LTS 30 Transition (no Fe 30 1.8 0.540 54
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Figure 7.8: Effect of proprietary catalysts and slurry on teplétion of CO. The highest
conversion was achieved in eWGSR-LTS, though eW®SR-was very close, at 65.6%
and 64.6% respectively. Without catalyst eWGSR etepl 56.0% of the initial CO. The
tests without slurry resulted in less conversiothwiVGSR-HTS reaching13.3% and

WGSR converting only 1.28%.
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Figure 7.9: Effect of proprietary catalysts and slurry on tmeduction of H (a) and CQ@
(b) normalized to the initial moles of CThe conversion of CO to Hvas significantly
lower than the experiments with Pt catalyst. WGSRSHeWGSR-HTS, and eWGSR-
LTS all achieved 3.8% conversion on average, wthike non-catalytic tests produced
minimal H. Similarly small amounts of COwvere formed follow the same trend as H
production, except for eWGSR which produced sigaiitly more CQ@ than H as the
result of a side reaction likely involving formate.
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Figure 7.10: Thermal decomposition analysis in TGA of the soliésovered from
eWGSR experiments compared against the reagent M)g(Qabel: brucite/Mg(OH)
(B). The result shows no mass change in the regiobare MgCQ decomposes. The
concentration of C@likely was not large enough to drive the carbarateaction.
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Figure 7.11: Liquid fraction of slurry analyzed via ion chromgtaphy (IC). Samples
diluted 50x prior to analysis. Graphs: IC outpytdad production of HC®O normalized

to the initial moles of CO. Labels: formate/HE@F) and carbonate/GO (C). More
formate was present as compared to the experimetitdt catalyst due to the increased
amounts of CO found in the reactor during testhwilS and LTS catalysts. Again,
significant conversion of CO to HGOwas observed in experiments with the slurry. The
conversions for eWGSR, eWGSR-HTS, and eWGSR-LTSew&r.9%, 67.7%, and
64.3% respectively.
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7.7.2. Enhanced WGSR Reactor Arrangements

Assuming the WGSR catalyst can be suspended inshmey, something not
investigated in the current study, various fluidibeactors could be utilized in the
eWGSR system, including slurry reactors, bubbleumwi reactors, and ebulating bed
reactors. Figure 7.12 contains a schematic of ayshed system for eWGSR. The left
side is a reactor for capturing g¢@nd performing forward WGSR. A heat exchange
system is included in the case one would be redumeremove heat (both carbonation
and WGSR reactions are exothermic). The slurry megdion reactor on the right
separates MgC{and includes the capability to regenerate thelysitan cases of
deactivation. Separation techniques similar to ehased in FTS could be employed to
achieve the catalyst/MgGGseparation. Passive or active sedimentation ceefsirate
based on specific gravity differences between théenals. Particle size differences can
be exploited to separate using advanced filtrasiggstems. If applicable, the separation
scheme could be designed to separate magneticdilye aatalysts (Zhou & Srivastava,

1991).

The use of a slurry reactor system is advantag@ows number of ways. If gas
distribution is done correctly, it is possible toha&eve very good mixing and gas-liquid
contact. The high degree of mixing helps to mamtai uniform gas composition
throughout the reactor. Additionally, heat transfeeat management, and temperature
control are ideal in slurry systems due to the lagacity of the liquid phase. Highly
endothermic or exothermic reactions benefit gre&ityn the heat transfer properties.

Lastly, catalyst regeneration could occur contirglpby removing and treating a portion
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of the slurry continuously and cycling it back teetreactor (Bartholomew & Farrauto,

2006).

Process design for the eWGSR system is expectduinig challenges, given the
complex nature of multiphase reactor systems. Beocemplexities translate to increased
costs associated with various complications andnteaance. Control over gas-liquid
contact is a huge concern as large bubbles willedse mass transfer rates significantly.
As compared with other reactor types, slurry beatt@s experience limitations in the
residence time range allowable, which could linehweersion. Also, depending on the
catalyst, attrition and loss could be very expemsind also necessitate maintenance

(Bartholomew & Farrauto, 2006).

The biggest issue expected when designing an mtegdyr WGSR and slurry
carbonation process is the efficient separatiorcatblyst and MgCe@Mg(OH),. The
separation techniques mentioned above may notdreatcally or scientifically feasible
for this separation. Also, the assumption that W&SR catalyst could operate in the
slurry phase would require significant research dexklopment. Hence, an arrangement
is proposed which integrates slurry carbonatioMg{OH), with the WGSR in separate
stages. The schematic in Figure 7.13 depicts aestional HTS reactor, which exploits
the faster WGSR kinetics at high temperature toeaehsignificant conversion quickly.
The effluent is sent to a bubble column carbonasigstem where the syngas is contacted
with the Mg(OH) slurry to remove the COThe last step depends on the degree of CO
conversion required for downstream applicationseéycle stream could ensure a higher
degree of carbon capture and also a slightly high&SR conversion was achieved.

Alternatively, the bubble column effluent could pa® a LTS reactor to remove the
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remaining CO. The Sorbent separator can operaféttagion or sedimentation. In both
slurry bed and bubble column schemes, the issterofate buildup within the system as
CO reacts with dissolved hydroxide ions must besm®red. Various techniques for

facilitating its decomposition to desired produats contained in the article.

An alternative to the bubble column is proposedrigure 7.14. A spray tower fed
with a Mg(OH) slurry could simplify the MgC@separation. The slurry provides the
required HO for WGSR and as the liquid bubbles vaporize thgf®H), carbonates to
form dry MgCQ which falls to the reactor bottom for collectiothe CQ-free syngas
exits the top of the reactor. Again, the schematitudes the possibility to either recycle
a portion of the spray tower effluent or send itatd. TS reactor to achieve a specific
conversion of CO. In the spray tower scenario, ifseie of formate build-up may be

minimized due to the lack of a bulk aqueous phase.
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Figure 7.12:Slurry Bed reactor system.
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Figure 7.13:Bubble column carbonation in series with convergldWGSR reactor(s).
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Figure 7.14:Spray tower carbonation in series with conventidW&8SR reactor(s).
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8. Conclusions and Suggestions for Future Work

8.1.Conclusions

This study aimed to systematically evaluate théaaation of a Mg(OH)sorbent
and investigate its integration with an energy @ewn reaction (WGSR). The
combined CQ capture and storage technology was given persgetttiough a literature
review and life cycle assessment of a theoretioatgss for converting waste plastics to
liquid fuels with integrated Mg(OH)carbonation. The fundamental chemistry of both
gas-solid and slurry phase Mg(QHtarbonation were probed to reveal the enhanced
effect of HO, the dominant effect of temperature on carborptase formation in
aqueous systems, and the ability to direct preipihn of anhydrous carbonate through
the use of seeds. The integration of the Mg(ddybonation system with the multiphase
WGSR reactor system revealed the enhanced effesluofy carbonation on hydrogen
yield. Ultimately, this study expanded the underdiag of the Mg(OH) carbonation

system and assessed its application within a symggiding process.

To bring perspective to the Mg(Ofarbonation system, its integration with a waste-
to-liquids process was considered in Chapter 3. ddmbined CQ capture and storage
process is integrated at the point of Qf@neration, within the WGSR. On either side of
the WGSR/carbonation system lie well developedrteldyies: gasification for syngas
production and FTS to build hydrocarbon chemicald &uels from shifted syngas. A
study of the literature revealed the complexity aodtomizability of the gasification
system. Interestingly, plastics were typically fduno enhance the gasification

characteristics of mixed feedstocks. An LCA stuflyhe conversion of waste plastics to
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diesel fuel via gasification and FTS confirmedrkteire regarding the carbon intensity of
such processes. CCS integration proved to be areegent to improve the waste-to-

liquids process sustainability.

Gas-solid carbonation of Mg(Okhas been studied for many years and is generally
limited in terms of kinetics and overall conversidrhis study explored the limitations,
finding that carbonation at low temperature angb,PRvas not feasible. Increased
temperature and d&3, (400 °C and 10 atm) provided more conversion, ghothe
absolute quantity was still low (< 20%). The preseof steam was shown to enhance
Mg(OH), carbonation reaction kinetics as well as allow f®gnificantly higher
conversion to carbonate (almost 70%). Mechanistidiss revealed the possibility of an
alternative reaction pathway where Mg(QHijst reacts relatively quickly with COin
the presence of # to form hydrated magnesium carbonate intermediatech can
decompose to form anhydrous Mgg&@iven the reaction conditions. A trend linking the
increased KD loading to the formation of anhydrous carbonate wonfirmed, and a
slurry (H,O rich) carbonation test at the same temperatumveth the complete

conversion to anhydrous MgGO

The limitations of the gas-solid carbonation systeeven at very high temperature,
Pcoz and Ro.o—combined with the known high reactivity of aqueddg(OH), and the
lack of research on the slurry phase carbonatistesy at elevated temperature ardP
motivated a full study of Mg(OH) slurry carbonation. This study focused on
understanding the temperature effect on the raa&iitetics and type of carbonate phase
formed during slurry phase Mg(OHxarbonation. Though generally desired for its

efficiency in CCS scenarios, the formation of amoys MgCQ is complicated by the
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metastability of various hydrated magnesium cartesgnamely nesquehonite and
hydromagnesite). By fixing the temperature, a pceiebonate phase could be formed
from the Mg(OHj) slurry after 120 min at add; of 15 atm. The low temperature study
resulted in the relatively slow formation of neskoeite, which upon complete
conversion, equilibrated with the excegg o partially dissolve. Moderate temperatures
favor the production of hydromagnesite at the sameditions. A study of various
parameters, e.g. reaction time, {@jection temperature, aging up to 18 hours, afgd C
concentration (fixed amount of G@r constant C@pressure), confirmed the dominant
effect of temperature on carbonate phase deterimmaht the moderate temperature,
solution additives enabled the formation of anhwdrocarbonate where it would
otherwise not be formed. The combined effect ofatbhonate and NaCl provided the
highest conversion to MgGQlue to the faster carbonation and dissolutiorsrae well
as the interference with the hydration shell surtbng Md*(aq). High temperature
experiments produced magnesite readily. The XRDetiseries indicated that a

hydromagnesite intermediate may have formed durigh temperature tests.

A subsequent study aimed to investigate anothémtgue for enabling magnesite
formation at conditions where the metastable hydnagnesium carbonates tend to form
and persist for long periods of time. Ultimatelye tslow kinetics of magnesite nucleation
leads to the production of metastable species, iwheduce the process efficiency and
impact the permanence associated with, 8@rage via mineralization. A review of the
literature was conducted, and select studies wesdelad to determine the highest
saturation index possible during their experimeitse absence of definite relationships

between magnesium carbonate phase formation andusareaction parameters (e.g.
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saturation index, temperature, and¢off warranted a new approach to directing
precipitation of a specific phase. The effect addirg the Mg(OH) slurry carbonation
system with both inert (alumina) and anhydrous @aabe (MgCQ) was investigated at
150 °C and 15 atm of GO Unseeded and inert-seeded reactions produced
hydromagnesite. In the case of the inert seed)ytimted carbonate had a more defined
structure given the insoluble surfaces to predigitan. On the other hand, the magnesite-
seeded system produced pure magnesite at reasoatdse bypassing the formation of
hydromagnesite. The presence of magnesite seedclgartenables the system to
circumvent nucleation and begin crystal growth fa start of reaction. Growth of
magnesite at temperatures below 150 °C was denabedtrvia magnesite-seeding,
though the co-precipitation of hydromagnesite aramesite was observed at lower
temperatures. An industrial carbon storage processd utilize a slip stream of the
magnesite product to seed the production of newnesite in the carbon mineralization

reactor.

The fundamental understanding of Mg(QH)s a sorbent material for process
integrated CQ@ capture and storage was applied to the WGSR to thetarbonize the
process as well as shift its equilibrium and enkahgdrogen production. Given the
improved carbonation kinetics and conversion in dggieous phase, a high pressure
slurry phase carbonation WGSR system was expldieel WGSR required Pt catalyst to
achieve significant conversion, and thus, provideugh CQ to drive carbonation and
the enhanced effect on hydrogen production. Intieigly, the production of hydrogen
was less than expected, given the depletion of&@ecially in experiments that utilized

the Mg(OH) slurry (eWGSR). A side reaction between CO andrdwide ions in
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solution to produce formate ions limited the oviecahversion of the conventional, gas-
phase WGSR. Formate in solution can decomposediytelH, though the high
concentration of Mg likely led to highly soluble magnesium formate qoex formation.
Nevertheless, the presence of the slurry did erdhagdrogen production by shifting the
WGSR equilibrium as C® was mineralized. Techniques for promoting formate

decomposition were reviewed, and various reactangements were proposed.
8.2.Future Work

The limitations in kinetics and overall conversiexperienced in the gas-solid
carbonation system could be addressed through ¢leeofi synthesized, engineered
sorbent particles. Mg(OH)sorbents can be synthesized with optimized interxizrnal
surface area and a mesoporous framework capabl@rmdging the buildup of carbonates
to avoid the formation of a mass transfer inhilgiticarbonate passivation layer. The
investigation could include the effect of sorbeniditives, like NaOH, which have
demonstrated improved CaO carbonation rates anbesorstability characteristics
(Stevenset al, 2010). The step-wise synthesis of an optimized®#t), sorbent from
magnesium silicate mineral must also be exploredstMf the research in the Park
Group and elsewhere has focused on understandimgdigsolution of magnesium
silicates and aqueous carbonation processes selgatesting model systems for the latter.
Sustainable production of an engineered Mg(Oshrbent material from magnesium

silicates using an adapted pH swing procedure er@a apt for research.

Gas-solid carbonation of Mg(OHFould also benefit from the investigation of new

reactor designs. A more robust fixed bed reactstesy could explore the effect of steam
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on carbonation at a wider range ofoR and R0 than were tested in this study.
Alternatively, a fluidized bed reactor could brimgsolution to the passivation layer
problem, since particle-particle interactions wakult in attrition and removal of surface
carbonates. A pressurized fluidized bed providegiBcant carbonation benefits in the

Mg(OH), carbonation system (Fagerluatial, 2010).

The Mg(OH) slurry carbonation system could also benefit ftbesorbent synthesis
from magnesium silicate mineral study. The energyl anaterial inputs must be
understood completely to resolve the sustainabiitythe overall system. A similar
reactor system could be used to investigate othdsonation media, such as various
industrial wastes. A second generation slurry caakion reactor should also include a
high pressure pH probe to measure pH in situ atatdel temperature and pressure to
better understand the phenomena inside the reaCatalysts for facilitating CO

dissolution and hydration should be investigatedel

Given the inefficiencies in producing the metastahlydrated carbonates, future
research in the aqueous magnesium carbonationnsysae expand on this study to
further investigate the used of solution additivesgds in particular, to generate a pure,
controlled MgCQ. Future work can evaluate the effect of additiemaentration and
decipher the enhancement mechanism more compleidlg. effect of additive at
controlling the product morphology should also lbesidered. The potential to utilize
undesirable brines in the process to improve theemsustainability as well as drive
magnesite formation could be explored. The fundaatechemistry studies can be
complimented with an expanded modeling effort amdgcroscopically, process design

considerations.
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Fundamental mechanistic studies can supplemensttithes of both gas-solid and
slurry phase carbonation. In-situ spectroscopyn@ten et al, 2008) and X-ray
diffraction (Schaefet al, 2011) are demonstrated and should be used torsiadd
carbonation at a wider range of temperature, pressund solution conditions. Isotope
tracking helped elucidate the mechanism of Mg(£iH)wet supercritical C@and could
be further used in a variety of experimental aratt@r arrangements to provide insight

into the mechanisms (Schaatfal, 2011).

The WGSR integrated carbonation system would begegatly from further testing
and study. Significant gas-solid carbonation improents through sorbent and reactor
optimization could motivate an investigation of iistegration with conventional,
heterogeneously catalyzed WGSR. For example, tdioms could be incorporated in a
pressurized fluidized bed test rig. In the slurtyage carbonation arrangement, the
buildup of formate in solution must be addressecbating toFigure 7.7, most likely
through homo- or heterogeneous catalysis. In bo#imarios, building an experimental
continuous reactor system is ideal. A modeling reffon fluid dynamics and
chemical/physical separations could address theeros of the various reactor systems

contained in Section 7.7.2.

After further fundamentals of the chemistry areipleered and process understanding
is developed beyond the bench scale, an expansitredife cycle assessment (LCA)
from both environmental and economic perspectivesulev guide future process
development. The LCA of the waste-to-liquid, preaednin Section 3.4, could be
expanded with more parameters to assess the implataste use and CCS on the fuel

production process and how it compares to othetem@smnagement processes and fuel
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processing methods from different feedstocks. Surlsgnthesis and product use or
disposal must also be considered. The broadenddxtanay reveal that some previous
assumptions are not necessarily valid. For exammageficially using the carbonate
product in building materials may necessitate atali carbonate product of specific

morphology (Gadikot&t al, 2014).
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