HI GH TEMPERATURE TREATMENT OF HYDROUS M NERALS TECHNI CAL FI ELD [ 0001] The
present invention relates to a process for sequestration of carbon dioxide
gas and iwoparttassiizarly concerned with chem cal conver sipom/ustoloasdaen

di oxide to solid carbonates, thereby reducing the accumul ati on of carbon
dioxide in the atnosphere. In particular, the present invention relates to
the production of a feedstock that has been activated with respect to
sequestration of carbon dioxide by mneral carbonation. The present
invention also relates to a nethod for the mneral carbonation, and thus

sequest r aHIGH-PEMPHRA T RE AREANATMEND OF HYIDROES VANERCKS
BACKGROUND [ 0002] The sequestration of carbon dioxide gas in repositories

that are isolated fromthe at i el opi ng technology that is
recogni zed as an elenent in g%ﬁgﬁé@p’f@ﬁ% reduce carbon di oxi de

em ssi on®ODO] Theptd®aRketich refie tb APrébcks o SeRRstrdlioaloTesdBE diokidkatagon

di oxi de concentrations is of concern due to its properties as._a greenhouse
gas and #dsis paricplapycppierieg Wit chamupd reneeragpen gf ehen diarxidehyseidd cl i mat e
change. i i i j e ntration
ot car bon A EtEiHRH kO i e o o R e e e L1 11 7
under gr opurdcdeq tegtreht @Rckivawdlaas tgthegecdiesdn af & Grdstdél thanig beecur i n

depleted ojl qr gas reservoirs or other upderground porqus fornmations that
are sui t%&sweﬁ% CERFCF OoRTIEatR scﬁﬂﬁ&néfwﬁ%éwl%%@r%opgt% "5t mat i ons
may be sjiuah 6l HisIEEsd AMeOb aSR@no RALIERiRA ShibbRattbLES fafiean repository
for carbon dioxide gas I1s so-called saline aquifers. Drect storage of

car bon dscguestrtipm dflverbde dpxodeesmgrash ah saimerinfeedstasst | gat ed. [ 0003] Anot her
field of study is that known as m neral carbonation, whereby carbon dioxide
is chemcally reacted wth al kaline and al kaline-earth netal oxide or
silicate mnerals to form stabl egaolIK@rEAMYPNat es. The use of this route in

a mneral carbonation process plant using minerals that have been extracted
and pr ocE¥9eHThesanewatian obsarbon dioridagraln repesiioriat thenre aelasgshisemdhe o
In-situ Ct%{olr%@?e% 1A Ye iy {ngq ch%%fogor{'lilaqlisor)élcg Shized ag%R%Felnge%?'n' &8 lunpler ground
mneral for i oS and Peacts Over Tonger R i mefranss Wt h SUch minerals in

exi sti ngattuneles @redind dejonalid:afGemiskioss folths @t‘iﬂt@?lﬁd’raf[ ThOrapiinticasy ial
carbonation is described herein. [0004] M neral carbonation has a nunber of
pot ent i aftMPaRieRicgeon svidoemeentFASIORL T 6PNGeaR BehtodisaePRistiefeigdest r at i on,

i ncludin i I : L] GEGnd ] eakage of
carbon d gélglggk%g%,aag ﬁgﬁgﬁt&%g?%gﬁg% ?fr?légdot eéa ?{gglgib?f)w cos% %@(ﬁlglfrllagtét erm

noni t or i clgg&unMhlile vanows, tecnot@idsex st firele eapaan asd teschtoatiopadsedpoast r at i on

do not exist at al I,ocgﬁui ons. The chem ca..rea,(i,ti ong, of m ner al
car bonat $18K1d5 /2 cYPREiPR EuFEasFRMP T sHTgntfag diiesdtilige YRdABrodRdt her mi ¢ rel ease

of _ener gyfugralifhn kg O FRALQRRlichNTHEARRORRLE R ddRY O of BR M neral s used

for mneral carbonation are undant and widely distributed globally. These
m ner al sreseryoipeomithadindegraudjpectus dotnmtivosthahacisonatdn ssobitdveiromelahnol ogi es.

Th | 1y, beni d th i fet i Sk
roadi Ty HERAGERD TR ReT cu et iR Ry REMARETBet G ERDISY ASOUBF pent i ne
(8 TGN i M Sibi oAb arf Vs IR chiBBn HRATICASY iR Atlcl Galh AYALAADI € i

quantities sufficient to sequester all global em ssions of carbon dioxide
fr om knolire¢totorage dfisarbongkesyigein the deep ocean has also been investigated.

[0003] Another field of study is that known as mineral carbonation, whereby carbon
dioxide is chemically reacted with alkaline and alkaline-earth metal oxide or silicate
minerals to form stable solid carbonates. The use of this route in a mineral carbonation
process plant using minerals that have been extracted and processed is known as ex-situ
mineral carbonation, as opposed to in-situ carbonation, whereby carbon dioxide is

deposited into underground mineral formations and reacts over longer timeframes with
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[ 0005] A nunber of techniques are known for mneral carbonation of carbon
di oxide. Thus, in a publication entitled "Activation of nmagnesiumrich

m ner al s WO 20ard3603at i on feedstock materials for CO2 segmesiusatioom1s2 Fuel
Processi ng Technol ogy 86 (2005) 1627- 1645, Maroto-Valer et al. describe
t he physical and chem cal activation of serpentine for reaction with CO2.
Physi cal activation involves exposing the mneral to steamand air at a
tenperature of up to 650C. Chem cal activation involves subjecting mneral
sanpl es Mhérllaﬁﬁa[)sénémsa%g wadesgrauinhDeRatioreo datsi MScQEstrAoPe I adls cr i bes a

process for the sepuestdallop of carbon dioxide by mneral carbonation in
whi ch a nmagnesium or cal ciumsheet silicate hydroxide is converted into the

correspondi ng ortho- or chain-silicate by heating using hot synthesis gas

at | east C. .The ortho- or chain-silicate is then contacted with CO»2 to
produce 8 MIWW@&P%%%S@&WQW&PEP%@% iaﬁYa@éﬁgef ewﬁf%m%qdﬁﬁ andi ng

these an&‘ar@&h&%xﬂ@Tsftﬁfiﬁtéaft%géﬁ%ﬂlﬂﬁ?&ﬁhwgerﬂ{an%&% sEbiy d&d ﬁ)ﬂué@dﬂer al

carbonation, 1t wou irab to provide alternative and preferably
enhancedristeefinilgge sf carbarsdiokide oy Itltbréley desinataly the nocdpfoovosdly lomg-teomol ogy i n

which the mneral_.reactant i.s, rendered nore highly reacti t owar ds car bon
ot o o e [ R Sl S S B s 10F s todes Riion ool BT o
process. 5|BIVMRY, TROCRIMANE! Mesfohl BEMites1Rabonhiioas aRE et ringNtinAeaRi bl e to

increase the activity of a particular class of feedstock with respect to
m ner al @aptsdnaith en cxdtheariprticast ok epeghgudiedhe formatiomef thearhpredesal i n

accor da_n% V\'io%ﬁxearniﬁg‘r Esi 1?5%(11 alr nrlli%g‘}al E: I g‘&a%ngrer Incrir%t all(l;c:\())vgﬁ?e]l é‘l%&ﬁ)lﬁgeidngl y, a
met hod i S deScribed for' rncr éash ngat e et i y of " & ydrous hegnesi um

si | i cat eglgb#1Br. alhewt tlindr &S BREthetr@ingd Bl @lbjasde Ramhinutdh Sdfoaea di oxi de,

whi ch nmet hod conprises thermal shocking of the mneral by very rapid

heat i ng. tcPopiggicasT ey ses g@é&ﬂllwé}eéxgﬁ,anﬂgl}ﬁ AvHeRmFHg! adrerdvarisisiieeki ng) of a
hydr ous %ﬁ@ij}?ﬁfa{f{@eﬁbl'e! eﬁti@ﬁlgr?ﬁ?e!mn%ﬁalt'bfo%dwﬂg%' afs's8§{eht% to the m neral

resulting 1mincreased activity with respect to m ner carpbonation of

car bon dimmegnddmm ificdtbhgdrosmnitpkds Hehwe cstimtatehoebel avadadile in quantisesrsaffadiente t o t he

act vy euuEs ol glote] BT an S S Beptn APRG IR AT RREESHES: boon heat ed
slowy, for exanple, as described by Maroto-Val er and US 2007/ 0261947.

[0005] A number of techniques are known for mineral carbonation of carbon dioxide.

Thus, in a publication entitled "Activation of magnesium rich minerals as carbonation

feedstock materials for CO; sequestration,” Fuel Processing Technology 86 (2005) 1627-

1645, Maroto-Valer ef al. describe the physical and chemical activation of serpentine for

reaction with CO,. Physical activation involves exposing the mineral to steam and air at

a temperature of up to 650°C. Chemical activation involves subjecting mineral samples

to a suite of acids and bases.

[0006] US 2007/0261947 describes a process for the sequestration of carbon dioxide by
mineral carbonation in which a magnesium or calcium sheet silicate hydroxide is
converted into the corresponding ortho- or chain-silicate by heating using hot synthesis
gas at least 600°C. The ortho- or chain-silicate is then contacted with CO; to produce
magnesium or calcium carbonate and silica.

[0007] Notwithstanding these and other methods for sequestration of carbon dioxide by

mineral carbonation, it would be desirable to provide alternative and preferably enhanced
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[0011] Rapid heating of the hydrous magnesiumsilicate mneral on tine
scales less than 1 mnute, as described herein, is believed to result in

st ruct ur avoand/mssmposi ti onal changes that result in incPreadsdowmanstvity of
the mneral with respect to carbon dioxide. This is in distinct contrast to
exi sting mneral heat activation processes requiring durations in excess of
30 mnutes. Wthout wi shing to be bound by theory, these changes are

di scussed in nore detail below, [0012] Al so described herein is an

act i vat egchgrst beys, ftarouldbe fesirebls torpipwide methedndogit ingrhigh theapinerat 0013] Al so
descri bed, ] ] [ 110N : of r i.0xi.de which
incIudesg?ggﬁgﬁggggggé%ﬁégkgﬁl%%QgéﬁggﬁaﬁegﬁﬁgPﬁgﬁﬂgﬁggQ?ﬁgdg#ﬂgk%ydrous
magnesi utiksffidiaryefthamingtal andotoaivhgeédcng t he acti vated feedstock w th
carbon di oxi de. [0014] Also described is a nethod for the m neral
carbonation of carbon dioxide which includes form ng an activated feedstock
by thermal shocking of a hydrous qﬁgqgigkqasilicate mneral, formng a
suspensi on or solution including the activated feedstock, and contacting

t he suspEXE8pbAs descsibtdibérom, ihahbaarfoand phsstbicte inré@t e dativijen€aal , vari ous

i nnovati ve _.aspects af. the subject tter described ip this specification
foat ure PRERIASTIHS of Fedaoek ithowpecido Ay pr el rargHeR PLFART FI8REE DK ner al

W th r espRE tredtthoSBEHRS A1 h8br@ince AithA i @d IR aOYeath R imear bonat i on by
rapid heating of the mneral in conbination with one or nore of the

i nnovative aspects described below. [0016] In another aspect, treating

hydr ous iumsilicate include ating a ant.it f rticles of

ydr ous NODESrH Bk Rl T H P RRL AR bR e e

dehydr oxphgd@ivnhsilipat hiigdreiswiti Rgpéteas inil@ril Retbed@sonsN\tait@ntdisxiga fhied es from
outside the flanme conditions into the flanme conditions to subject the

parti cl edcthgd spmprsgsdhermal shogkisp o tha raipsel by yew rapiddeatingast 400C in | ess
than (or up to) 10 seconds, heating the particles in the flame conditions
for less than (or up to) 10 minutes to an average peak particle tenperature
to yi el d[0@1@pApdsictibedheraindrapehimating (théenat einqui&igh oba hfydrons magndsivame
conditions. [0017], In sone inplenentations, .the quantity of particles my
be t r ansHBFHEBTGHIGCRIE %ﬁ@é{ﬁo%ﬁnsctsﬁlﬁweﬁé I§YHEEdR thCéeaé?J #aHdy stihg

essent i aldgye oo hffeifl 8hibbRaticnbregibbAidibidl 18 MO LS t-ANRe intRALd Mclifie) udes
nmoving the particles fromoutside the flanme conditions into the flane

condi t i onsclatvstosheotinarilehygdras het tesn tigbjenticd tocuelabentitneatardni. € hlie inerepsr at ur e

of at least .400C in |less than (or up,to) .1 second..ln certain

pi erenPREORSS Vnaeiire [ REsdSreoRuhe Ritr RGeS et R BT or | ess
than (orciphplQas dedthiBed By MaRot8IV AMENAUES PeEKoRAbLTCl e tenperature to yield
the conposition. In sone cases, the heating achi eves an average peak

tenperature with respect to the hydrous magnesiumsilicate of at | east

[0011] Rapid heating of the hydrous magnesium silicate mineral on time scales less than
I minute, as described herein, is believed to result in structural and compositional
changes that result in increased reactivity of the mineral with respect to carbon dioxide.
This is in distinct contrast to existing mineral heat activation processes requiring
durations in excess of 30 minutes. Without wishing to be bound by theory, these changes

are discussed in more detail below.

[0012] Also described herein is an activated feedstock for use in the mineral carbonation

of C02



600C. I n sonme exanples, heating occurs in a hydrocarbonaceous fuel-fired
furnace, calciner, fluidized bed calciner, or in a plasma or electric arc.

[ 0018] | rwecna/i3sq@enent ati ons, sequestrati on of carbonPdiraseade/oinst udes
form ng an activated feedstock by rapid heating of a hydrous nagnesium
silicate mneral by a nethod including one of the various aspects and/or

i npl enentations, and contacting the activated feedstock with carbon dioxide
to forn1nagnesiun1carbonate. Certain inplenmentations include separating

netal oxi%9é3] Stsaeleseribad inngator dons by Mecralnkrbang e pLearkan dipxide Whidhm t he
activate ' ' t L:nel udi ng
nagnesiuﬁ¥%§?%§&§ﬁ§“%§6ﬁ3§?%%%gngggﬁggﬂgﬁéﬁéﬁﬁﬁégﬁ?%gﬁﬁﬁﬁﬂg gpgﬁgl

act i vat egdli¢@edsigoalandicohtactardbe activaxdddeedsawckavith ¢urlgimediokide.car bonate. [ 0019]
The activated feedstock or residual activated feedstock may be cooled for a

| ength of tine before contacting with the carbon dioxide. In sone cases,

the acti [f()@tl @Atsg%%rg)gﬁi { e @94 F8athe ?rﬁﬁé-rglaéa%nfaﬁﬁrgéit &%%ﬂ ﬁoﬁﬁ@ %%111 to humd

gaseous carbon di oxi uring at least part o time the activated

f eedst ocluclidey fosinchgadn sty ated teedstbeebls theokalisbodond ofaghydbeust raagnesium

i npl ement.ations include conbining a splvent apd the actiyvat f eedst ock or
o5t dual SEAT Teset) FEBaE P Eb PG PO S5UHET B ST BHERH Eir ry o
sol ut i ongopkdttiap HRXARRBiontdGolsAbY Kith chbonafidide.and the suspension, slurry,
or solution is aqueous. [0020] The details of one or nore enbodi nents are

set forth in the acconpanying draw ngs and the description below. O her

f eat ur es; | ects nd .advant ages . w | apparent . .fromthe.description and
ar awi ngal P3P B e B R AR Btec 2B R B o BAReEE0LE) | "
ErrbO_di Wﬁﬁe&if?ﬁ@ﬂhfehm% mnafcasingtchactiefe b LNBRIrb®s ibighcaiieDsTREIy higeralonitd | m ti ng
rawi ngs i n which:
g respect to sequestration of carbon dioxide by mineral carbonation by rapid heating of the

mineral in combination with one or more of the innovative aspects described below.

[0016] In another aspect, treating hydrous magnesium silicate includes heating a quantity
of particles of hydrous magnesium silicate with flame conditions to substantially
dehydroxylate the particles. The heating includes moving the particles from outside the
flame conditions into the flame conditions to subject the particles to an increase in
ambient temperature of at least 400°C in less than (or up to) 10 seconds, heating the
particles in the flame conditions for less than (or up to) 10 minutes to an average peak
particle temperature to yield a composition, and removing the composition from the

flame conditions.

[0017] In some implementations, the quantity of particles may be transformed into a
composition comprising forsterite or consisting essentially of forsterite. In certain
implementations, heating includes moving the particles from outside the flame conditions
into the flame conditions to subject the particles to an increase in ambient temperature of
at least 400°C in less than (or up to) 1 second. In certain implementations, the particles
are heated in the flame conditions for less than (or up to) 2 minutes to an average peak
particle temperature to yield the composition. In some cases, the heating achieves an

average peak temperature with respect to the hydrous magnesium silicate of at least
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[0022] FIG 1 illustrates change in weight of a serpentine mneral wth
tenperature for various heating regines. (See MKelvy et al., Environ. Sci.
Tech. 38,w68911/32@04).) [0023] FIG 2 shows X-ray diffr&cwiuseoispens? a of
lizardite feedstock and various dehydroxyl ation products of lizardite. (See
McKelvy et al., Environ. Sci. Tech. 38, 6897 (2004).) [0024] FIG 3 shows
detailed view of an X-ray diffraction spectrumfor a mxture of |izardite
and a dehydroxyl ation product of lizardite. (See MKelvy et al., Environ.
Sci . Tec$00°6g In gy cxarmrlay, hyatingomsyrs i ghydropaboraceaysdyelptiigd dumaegst i on of

i dit l.at.i Lzardit f ti f
denyar oxgl Al on e Sie HERESH oI PEME BB T T2 0h 56, 6ao7 (2004). )

[0026] FIG 5 shows a schematic view of an experinental set-up for a

dehydroxyl atjon process. [0027] FIG 6 shows X-ray djiffracfion spectra for
lizardit @ ééh{ﬂ wE %%Fﬂ%%tl%@sa}lqsg?ﬂ% Qfam&z&nd{w%%wg[nd@s %qr%g%. ay 0028]

FIG 71 éétfﬁéfﬁﬁeﬁ%ﬁ?ﬁm@k BY 9:&9% ﬁé‘atﬁgro'f"éthyﬂl%ué’ha n &G dR¥lAhEanppg oduct  of
lizardite. [0029] FIG~8 shows an X-fay diffraction spectrum®of a
dehydr oxsietioil drclpdioglont ofghe Vazansdspetswdtednplemeb@lioseendtot@OOE thnd a
cal cul at sctivated éerdléltrgclfi gvrithtcgﬁ)o%t({ioux% ¢ OefO{‘l’{l lnlljasg}lés&llltm%%a}bro]nallztle.GCel?téin
implementations include separating metal oxides other than magnesium oxide and
magnesium silicate from the activated feedstock to produce a residual activated feedstock
including magnesium oxide and magnesium silicate, and contacting the residual activated

feedstock with carbon dioxide to form magnesium carbonate.

[0019] The activated feedstock or residual activated feedstock may be cooled for a length
of time before contacting with the carbon dioxide. In some cases, the activated feedstock
or residual activated feedstock is exposed to humid gaseous carbon dioxide during at
least part of the time the activated feedstock or residual activated feedstock is cooling.
Certain implementations include combining a solvent and the activated feedstock or
residual activated feedstock to form a suspension, solution, or slurry or solution. In an

example, the solvent is water, and the suspension, slurry, or solution is aqueous.

[0020] The details of one or more embodiments are set forth in the accompanying
drawings and the description below. Other features, objects, and advantages will be

apparent from the description and drawings, and from the claims.



[0030] FIG 9 shows SEM i mages of a dehydroxylation product of lizardite.
[0031] FIG 10 shows SEM i mages of a dehydroxyl ation product of lizardite.

[ 0032] FIv@0 20/68b@s SEM | nages of a dehydroxyl ati on pr ednaiS2ab/ohd1zar dit e.
[0033] FIG 12 shows SEM inmages of a dehydroxylation product of |izardite.
[0034] FIG 13 shows X-ray and synchrotron data of unreacted and reacted
flash-treated |izardite. DETAILED DESCRI PTI ON [ 0035] In sone cases, a
hydrous magnesium silicate mneral (hereafter the "starting mneral") is
heated to render it highly active for reaction with CO2. Thus, the starting
mneral is subjected tog i hﬁ@{ Mg se termed "thermal
shocki ng") to produce anEgckqggﬁégh?ggggﬁgg%ﬂ&gn IS context, the increase
in acti vj0og1] Embediatcnisearé dlustiated ofithtrberaicatd uhegcmmq&mingmbnormﬁmg rapid
heating, ,and also relative to the corresponding mneral if subjected to
relatlve¢?“§ﬁﬁdp @H&entional heating. Rapid heating of the starting nineral
is believed to cause structural and conpositional changes that result in
increased activity with respect to sequestrati on of carbon di oxi de. [0036]
As used HWo22] RIG.d illhgtohtesmamg'aiervedight@éaecmbmtj/nerreiﬁlem wiith tempéra@reafort hat

var i ous B U ekttt EE A BHPRE i et FRoher SO ATER A arer

content, a hydroxyl content, or a conbined water and hydroxyl content of at
| east about 5 mﬁ@bgexpressed as a water/hydroxyl content of at |east about
5 wt % . KEO23kRKnBIs OW&XHyMﬂdﬁgdWﬂhﬁﬁéma@@ﬁmhhvééﬁmﬁﬁk@nﬂN?@W@Wyl cont ent

bet ween 0 W an t wt % S

hydr ous %$1§¥h 138 Pa Wat el eryﬁmﬁ 3@ ¢on éﬁfg #%é?ngd%¥nﬂzgg§ é%iﬁ¢96
[0037] Reapod) heating of the starting mineral is believed to result in
structural changes that render the product of heating active with respect
to mneral carbonation by reaction with CO2. Wthout wishing to be bound by

th : ' C naL. B : - T
(heory. fdoghiRig 3nAGKL P%%(P%]d 108 oP bR KDt RS RlpebBuRifhi SRl esult T
lizardite and a dehydroxylatlon product of lizardite. (See McKelvy et al., Environ. Sci.

Tech. 38, 6897 (2004).)

[0025] FIG. 4 illustrates phase fraction of lizardite and dehydroxylation products of
lizardite as a function of dehydroxylation. (See McKelvy et al., Environ. Sci. Tech. 38,
6897 (2004).)

[0026] FIG. 5 shows a schematic view of an experimental set-up for a dehydroxylation

Proccess.

[0027] FIG. 6 shows X-ray diffraction spectra for lizardite samples heated at

1000°C for a range of exposure times.
[0028] FIG. 7 illustrates a proposed structure of a dehydroxylation product of lizardite.
[0029] FIG. 8 shows an X-ray diffraction spectrum of a dehydroxylation product of

lizardite heated for 160 sec at 1000°C and a calculated spectrum for the structure

illustrated in FIG. 7.



[ 0038] Water nol ecul es and/or /hydroxyl groups inherently bound within the
structural lattice of the starting mneral are driven off during thernal
shocki ng WO 20ura3504rhi s can |l ead to an alteration in thePcryust@/ogqis2ct ur e
of the starting mneral and inproved dissolution of nagnesiumions in
water. In other words, the result is increased availability of magnesium
ions for reaction (in solution) with carbon dioxide. Reducing the

wat er / hydroxyl content of a hydrous mineral to form an anhydrous mneral in
this way may be referred to as dehydrating the hydrous mneral. In sone

Caehyar ongrat PRy S8 SPAL RSB TR AR Bl YNARNL. DT eral | [ 003e)

In an exanple, rapid thermal treatment of the hydroxyl magnesiumsilicate

mneral |jizardite (My3S,205(0H)4) vyields forsterite (Ng2S.O4). Forsterite
readily 84 Elcuion %\&%%%Mlmagszwfea@%ygwmaﬁagﬁmuatrﬁfﬁ%@ﬁate: My2Si O4 +
2C2 -> 2MgCC8 + Si A2 [0040] Thermal shocking of the starting m neral may
also lead to an increase in surface area, thereby rendering nmagnesi um
present [0032hEI(€Yshaws PRaMt inmgenolreedchydiokslatien puducteddizawintewi t h CO2. [ 0041]
The mneral that is heated is a hydroxyl magnesiumsilicate mneral. The
CO2- reactivity of a variety of hydrous and hydroxyl magnesiumsilicate

ni ner al Sg()_O'BE'PFI_G.'ilQ@h&\b@SEMpiﬁlaggpéﬂ)i@ehyﬂﬁ)& Reoh ?fdd%ats(ﬁdizbwiteapi d headi ng.
The starting m neral nmay be nmagnesi UITH‘ICP”:, with the nolar ratio of
magnesiumto silicon of at least 3:2. The starting mneral nmay be

serpenti 12QLivige, or mxtures thereof Q421  Ser. tine mnerals
helude. RO FISE 9 SN S Bho S bR IR eI S R BEPHRGe B W o
can i ncl ugediehr om um manganese, cobalt, nickel, or any conbination thereof
Serpentine mnerals have the general fornula (Mg, Fe)3 Si 205(CH)4. The

various mnerals nay be found m xed together in various ratios. In sone

cases, one of the two sili C%‘E@g?ﬂ?]ﬂ%segﬂ)g%ﬁced by an al um num at om or
n ude

an iron atom Pol ynorphs of serpentine Inc antigorite, chrysotile, and
| i zar di t ©03L] madodhict @sesoa hpdrohomnaghaggom silicate sniserbl (hercgftai thethtarsia@gl y m ner al

Fesul | RGN ABHCQTo 805Gl JEHYS b ARl S1ih P T GBUTEETHy dr oy
content RGLONG b dcted B fafli§ ﬁ&}t{n%r(herein otherwise termed "thermal shocking") to
produce an activated feedstock. In this context, the increase in activity is relative to that
of the starting mineral prior to rapid heating, and also relative to the corresponding
mineral if subjected to relatively slow conventional heating. Rapid heating of the starting
mineral is believed to cause structural and compositional changes that result in increased

activity with respect to sequestration of carbon dioxide.

[0036] As used herein, a “hydrous mineral” generally refers to a mineral that includes
water (H,0), hydroxyl groups (-OH), or any combination thereof, in various crystal
forms and aggregates. A hydrous mineral can have a water content, a hydroxyl content,
or a combined water and hydroxyl content of at least about 5 wt% (expressed as a
water/hydroxyl content of at least about 5 wt%). For example, a hydrous mineral can
have a water/hydroxyl content between about 5 wt% and about 20 wt%, or about 13 wt%.

In some cases, a hydrous mineral has a water/hydroxyl content of at least about 20 wt%.



My35i 205(OH) 4 -> My3Si 20(52) (011) (4-4x) + 2)0420)5 where x represents the
degree of dehydroxylation, and 0 x 1. [0044] By way of further exanple, the
hydr ous rwoenrlo3si4zardite (a neta-serpentine mneral dePCTrak26100m9152
serpentine), can be heated to formthe anhydrous mnerals forsterite

(My25i ™4) and enstatite (MySi B) according to the reaction: M35i 205(0H) 4
-> My25i 4 + MgSi B+ 2H20 . [0045] Rapid heat treatnent can involve heating
the starti n?]am' neral froman average initial tenperature to an average

final tel9drbRapid hegingarivls starsingupiperet iy behever dasasulbn sirugfurahchangdseast 75
w90 Of e BN B oThA GBSt AU Eyith R BBl BYALBLS I HalTon B ReaBlSH 20
initial tenperatur can be ToGm or - anbi ent tenperature or nh|g er. The
aver age Wwith@O,t éxipleruatwishéngr@ybelimund by tlexvayyeemaldhotleag bf tleauirti)OC, at
| east about 7Q0C, . at | east about 800C, _at | east about 900C, or at | east
about 10@0ral Ihbdisved fogsudt mapnﬁﬁm%w%ﬁsfﬁgwms ﬁg?“%-errperat ure may be
about 1100C. [0046] In sone enbodi nents, the change in tenperature from

the average initial to average final tenperature takes place rapidly.
Her ei n t WO38 hateatmolriubds anfler thydperyagoups tharegdy beurakchitiewelk staictiezlmed t he

"aver age, i nst ant aneaus heating rate,. which refers to the difference

bot ween PHIC 4 BIeRATRE FUFCT? oy KA T it R SRkl T Bhiper at ur e

di vi ded Ryd tdh dlichRichak et drpdtaltshaclufPrhatifRcthiab@eatPinippbedol ace. In some
cases, the average instantaneous heating rate is at |east about 1000C sec,
at | east diggsduftonSg@E@EhsHam iops iatwaterabothgyorerds.chored! saacreasid avaitabiley

heati ng depend. upen, for examl.e. . t form. n. whi t.he .serpentine
mnerat PoruEORACioHe Rl aedcBon S ER Rt 1 s SR TBa SRR BS "ot ey
conbi nat wer/hj@bedicohRefdt a Rapdwd Miatal to RahmRhheabudRiReD iLkedwhy a
variety of ways. The starting mneral can be heated directly using a flane.
In this ®a¥ke refpied wqgidshydsatingtha Ay dieustndidatn pome anbodigpntse achi eved by
provi din : i j it hi i ereof. It may
Bl 20 be yaRRE A rhARRE itk A Erol bR e A, S B e by

provi di ngprabieat&inahtrcoffromneydlowsinniaedal, adj acent to, but not actually
within, the flame. Such conditions are terned "flame conditions." The flane
conditions may vary between fuels that are used to generate the flane, the

combust i Q36PRCIN dxaRDle, B tHEMARALIAnt B?H{egﬁldfgxlyl ﬁlﬁ%ﬁésgﬁ? silifdiame

condi ti ons of conmon %uel S that may be suit or this purpose can range
bet ween BOGECAzard20(BIE;SibALOdl)oryidldcoostsrite flgueiOny , Fdrsteriexearplyecadthe f uel ,
conbust i on, se ti ggos bturner desi ﬂin aﬁd the spatial region of the flane.
Fuel s t hTth f&POR dTOxide i 5p1an pggngsHit ciipiise i ncl ude common fuel gases, such
as natural gas, nethane, ethane, propane and butane; solid fuels such as

pul veri zed coal; or liquid hydrocarbon fuels such as furnace oil.
nglO4 + 2C02 — 2MgC03 + SlOz

[0040] Thermal shocking of the starting mineral may also lead to an increase in surface
area, thereby rendering magnesium present in the crystal lattice more available for

reaction with COa,.

[0041] The mineral that is heated is a hydroxyl magnesium silicate mineral. The CO,-
reactivity of a variety of hydrous and hydroxyl magnesium silicate minerals, including
their polymorphs, may be increased by rapid heading. The starting mineral may be
magnesium-rich, with the molar ratio of magnesium to silicon of at least 3:2. The

starting mineral may be serpentine, talc, olivine, or mixtures thereof.



[0048] It may al so be possible to achieve a suitably high rate of heating
using a plasma or electrical arc. These heating nethods may provide

i mproved worrial3s@f? heating rates. For |arge scal e i npl ecerusatioomgi1sa met hod
of heating may be selected to allow | arge throughputs, flash heating,
reduced particle sintering, or any conbination thereof The nethod may neet
the exenplary process conditions for the carbonation of em ssions froma
power plant shown bel ow. Ore Fl ow Rate 1000-5000 tonnes/h Ore Inlet
Tenper at 082bSgpentggaxingatsi ipgpdorockdppang hydious/hydroxyl magnesium iron

phyllosilicates, which can include chromium, manganese, cobalt, nickel, or any
combination thereof. Serpentine minerals have the general formula (Mg, Fe)s
Si,05(OH)4. The various minerals may be found mixed together in various ratios. In
some cases, one of the two silicon atoms may be replaced by an aluminum atom or an
iron atom. Polymorphs of serpentine include antigorite, chrysotile, and lizardite.
Lizardite, or orthoantigorite, is a fine-grained, scaly mineral with the formula

Mggsi205(OH)4.

[0043] Rapid heating of serpentine can result in formation of a meta-serpentine mineral

with a reduced hydroxyl content according to the reaction:
Mggsizos(OH)4 — Mg38i20(5+2X)(OH)(4,4X) + 2X(H20) ,
where x represents the degree of dehydroxylation, and 0 <x <I.

[0044] By way of further example, the hydrous mineral lizardite (a meta-serpentine
mineral derived from serpentine), can be heated to form the anhydrous minerals forsterite

(Mg>Si104) and enstatite (MgSiO3) according to the reaction:
Mg381205(OH)4 — Mg28104 + Mg8103+ 2H20

[0045] Rapid heat treatment can involve heating the starting mineral from an average
initial temperature to an average final temperature to convert a majority (at least 50 wt%,
or at least 75 wt%) of the hydrous starting mineral to an anhydrous form. The average
initial temperature can be room or ambient temperature or higher. The average final
temperature may be, for example, at least about 600°C, at least about 700°C, at least
about 800°C, at least about 900°C, or at least about 1000°C. In some cases, a maximum

average final temperature may be about 1100°C.



900 - 1300K Heating Rates Very high (>100 K/s) Dehydroxyl ation Enthal py 473
M/t Overall Energy Requirenent 450-2500 MV Ore Conversion
WO 2011/035047 PCT/US2010/049152

[0046] In some embodiments, the change in temperature from the average initial to
average final temperature takes place rapidly. Herein the rate at which the temperature
change is achieved is termed the "average instantancous heating rate,” which refers to the
difference between the average final temperature and the average initial temperature
divided by the time taken for the temperature change to take place. In some cases, the
average instantancous heating rate is at least about 1000°C/sec, at least about 5000°C/sec,
or at least about 10,000°C/sec. The rate of heating may depend upon, for example, the
form in which the serpentine mineral is provided, the method of heating, the apparatus

used, or any combination thereof.

[0047] Rapid heat treatment can be achieved in a variety of ways. The starting mineral
can be heated directly using a flame. In this case, the requisite instantaneous heating rate
may be achieved by providing the starting mineral within the flame or region thereof. It
may also be possible to achieve a suitable instantaneous heating rate by providing the
starting mineral closely adjacent to, but not actually within, the flame. Such conditions
are termed “flame conditions.” The flame conditions may vary between fuels that are
used to generate the flame, the combustion conditions, and the spatial region of the flame.
Flame conditions of common fuels that may be suitable for this purpose can range
between 600°C and 2000°C, based on factors including, for example, the fuel,
combustion settings, burner design, and the spatial region of the flame. Fuels that may be
suitable for this purpose include common fuel gases, such as natural gas, methane,
ethane, propane and butane; solid fuels such as pulverized coal; or liquid hydrocarbon

fuels such as furnace oil.

[0048] It may also be possible to achieve a suitably high rate of heating using a plasma or
electrical arc. These heating methods may provide improved control of heating rates. For
large scale implementation, a method of heating may be selected to allow large
throughputs, flash heating, reduced particle sintering, or any combination thereof. The
method may meet the exemplary process conditions for the carbonation of emissions

from a power plant shown below.
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> 95 % [0049] Furnaces or calciners may be designed to achi eve the desired
aver age i nstantaneous heating rates and average heating rates as well as

t he desi rwo 2bimabo4aver age tenperatures as specified her eCmusSabounsrs, such
as gas-fired fluidized bed calciners, nay be suitable. Once the average
final tenperature is achieved, that average final tenperature may be

mai ntai ned for a length of tinme to ensure that the desired conpositional
and structural ransformations are achieved. The overall heat treatnent
enpl oyed may be |¢HaFaetietd zed by taki ng| 1¥H0s500htognesdcount . Thus, herein the
term "average he® Ik Tahfradys USed 0 OSGOI@okNe difference| between the
average final tenperature and the average initial tenperature divided by
the overal | duratictivetion Tereperdterg. |1 n an eRUhpI3€0Kif a quantity of a hydrous

mneral is rapi (Wb to 1000C - PR mai tal ned at 1000C
for a total heafing duration of 10 secmgg{&&gﬂgiglndg 1\%n}g?ch tine a majority of
the starting nmi nérchydripylatiombethtlpd t o an| Afhydt ous nineral), the average
heating rate V\Dl‘id’\i/eliﬁﬁE%zr' 5E/é u?‘ér‘neritoo"so] ) QIR G ESES: the—ayer age

i nst ant aneous he¢ating rate and average heating rate may be the same or
substantial ly t h®rs@omeversion sonme cases, {hé&58&verage instantaneous heating
rate may be greater—than—the—average heatingtrate—tn—one—exanple, if the
gquantity of hydrous starting mneral is heated froman average initial

t enper at 500;&9{)&@5&&&@61@&%@9& ddsipabd teImmanaLhY &sRbd 09 in 0.1 sec, and
is then maintained at 1000C for a total heating duration of 10 sec, the

i nst ant ameeonerathicaigng rates and aydagseheabogitat@ 0@ asdhe deseed dvalidveragoer age

heating rate ul d be .ahout 97. sec. In_anot her, £x le,, if.a quantity of
nyar ous (erf & e B GRS Bt Bl B OEY Gl nal nt af nec
at  1000Guk@be suitabl@lOnloe dcl average fiabl tompeitutOissebicvéd)ehdt Aséragd Amgous heat i ng
rate woul d be about 19500C/ sec and the average heating rate woul d be about
97. 5C/ sel€MPEFRtye maydegBantaingd fed epathih dimsdsicpage thahBicalesitedansf or mati ons, a
rel ative - ' t t ' with a
ol at verdmpR iR CL AR LS Bh ARRRHEC G LRI EE PR GRERBRHL M ' Do
of tine tmploged/mny bachapaciiied bgftaliygriousits ta@otntn @ hus,erah tHeaetne anhydr ous
formmay, vary dependi ng. upon or e ag&}e, particle size, initial

t enper at (¥EI9EF gﬁ?g‘rngtrétﬁp @r%?%f%‘?enﬁtﬁéﬁ%\ FEKE i%ﬁ‘ij"ere%tﬂée, GLASF é@éf i nst ant aneous
heating feaiRratWRLR (ALY iniGANLAPrafike &ibﬁeﬁ%?&%e@lpﬁr%on and the 1ike.
For an average instantaneous heating rate of at |east about 5000C/ sec, the
| engt h ofcatinge It an campds, if aqueatior oftayhyalrousymineras isstpidtyi mgtodifrren 35°G

anhydr ou Qr.m C be |ess t 10 mn.. less .thap about 5 m.n, |ess
han abolt00GEmi ps Bunfhsd 000 S e ot hebune fRian S04 TSR (B oo
than abowhich tithda mgjbrﬁpmhe 388 hittrdl &@hble®dd thialRnhRAMLY @fhetQ), @RNVert a
maj ority of the hydrous mneral to anhydrous form may be | ess. For

i nst anceavopjactheating @gke wodd #gQ7iSR6tsant aneous heating rate (e.g., greater

t han 5000C/ sec), the time may be | ess than about 30 sec, |ess than about 20
sec, or |less than about 10 sec. \Wen the average instantaneous heating rate
i s high, [0060] xR @s@l B@ta@trapd aRtahBinbO3Teatty ratdwhdtdverRgoyatlng rhiess t han
about 0.5 sec, less than about 0.25 sec, or less than about 0.1 sec. [0052]
The st ar MRR§C Hcramg|or sebstrmtinby thecpapgy Ihaomnecasas. thetcEres MEFHINCERS ndi ng or
conmmuni ty G 1 i d Lt abl e
for use. h%ﬁngsée{? gg‘g%%%??aﬁéglte Si g\égﬁﬁ%{lﬁeﬁggé ?%%mr?arkg{e%%a%gﬁf gﬁgﬁ&l&%ﬂg{)out 38
[tm aboof hydboystsmrtigbmiricrdl 30hdated fran aaboerthg? hitigd mempanata e 26a8C esan t he

average particle size is | Jhan apout 500 [tm .less th out 200 [tm
or less PYFEHEC BBLET TSR P Canal Hecutos }4@%alavwag&?@?eif84% si ze can
be in a {ANgeaBRINRADNAIAYed Ind ItaRRHAR AL W éN1d BEL¥RRN about 100 [tm
and about 200 [tm or between about 200 [tm and about 500 | am

9750°C/sec, whereas the average heating rate would be about 97.5°C/sec. In another

example, if a quantity of hydrous mineral is heated from 25°C to 1000°C in 0.05 sec and

then maintained at 1000°C for a total heating duration of 10 sec, the instantaneous
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[ 0053] Activated feedstock formed by thermal shocking of a hydrous

magnesi um silicate m neral as described herein may be contacted with carbon
di oxi de. wormetiss47or t he sequestrati on of carbon di oxi #eTiuseéaenst or m ng
an activated feedstock by rapid heating of a hydrous nmagnesium silicate

m neral, form ng a suspension or solution including the activated

f eedst ock, and contacting the suspension or solution with carbon dioxide.

It has been found that thermally shocked (flash treated) mneral sanples
react wi hestingraeivodldhba dheuktd5P0=Ciagrmdtheamoaye heapnprigypuldde|abapt he
standard atyj | & = . = psi) (see

O Connor 92?%;/?& &ggﬁgﬁg%&,%gﬁ? ggtﬁ%géqt?}% gfg Srqlg'%i i-E[(ljlrI1l e%lgé%llsrf A:r%?a%lsﬁ (Zal ?ga{?tlgeyf bonati on:
process wnercadgedystaftarfceedhaunidg pato eiagthe cyimbatedlvaithla Mbdtaklyurigh €adl Processi ng
19: 95-101 (2002)). Thus, flash treatnent (e.g., heating with average

i nst ant alYEBPGRHER A Yat%es of at | east about 100C/ sec) represents a

m neral pre-treatnent option for CO2 m neral sequestration. In sone

enbodi ments, thermal shocking of the starting mneral may be perforned in a
car bon di0®zi HEhaovarapleegth oféinge. to canverta thafotRy of Halogasareny miaratgntthe t o
pronot e mflcl eati.on of carb nat(ﬁs in s?Pbseqﬁtﬂs%t %?rlbon di oxi1 e carbonation
react | on@NYAEHEA9TEY VAYAPERYNE Wromy fresmpls, Rytiels St LR i Sssessed

based onfiadlt@np@htuly) al @b héaﬁﬁ% £, 1a98rabAliRantanbsANRE I SPRES r oscopy. This
met hod may elimnate the need Tor time-consum ng batch autoclave studi es,
or expenshigghydiosyltagnisphefithohydnusmingrasanfdghe hik¢-t Fgrlaa ayamgbes. [0055] FI G
1 (data fnrs(gurpcarl\l/golﬁeslh\éXtin(atlralf?l Io'f’a,t antlaﬁbolrllt'SOﬁﬁl’C/sg ?(t\hhe' let% §h 0? §9E éé ggl%’%}t)a shows
change i n"tenpeérature and wel geﬁ§ ofa serpentine A& al  dur ng a sl ow
roast i ngméajbeiny of BdydiatstRiing MiRe£I6 anitdebusiofin cadberbeHhah abdiit ng ngif, t he
sanple at a rate of about 2C/ mn. Plot 102 indicates weight |oss of the

sanpl e digps than abutSanin; keps hamakant dmikeless than abgut § mipelesydipn akqué g igar t he
onset du i o] i f 9 onpl ete
Gohydr owg oy PR Bladly Y8 hascyBliiheh 8P B ool SO ARKEARIORY TP ™ 2
%%/d_r ousf tgb hyc;h@hs nﬁr;etrfl[]tmnh}aﬁrmsvibng ]E’ttayl‘t?SSSs( iFoeinist_abe&t, wathra lﬁighvh%ragnj 13

IS I ndlcatlv (0] e resence o me -serpentl ne mnera .
Dehydr ox{FERiaBFPUSEGRIHE 2t (S5pEreakd tean 0 EeDy e I%l@le&H@_éQe l5#> e et mar
vei ght | 9% §cSt8Phan Qb(\gllﬁgg%gcz %F (!jé%é gfn apGRtpREM ‘}\@1@{1 %I?egdgfelra{ée Rh@intakdbus Al

hi gher tenperatures, ydroxyl ation is near ete, the rate
sl ows, whaahing e isosgh,dbr exasiplrugdleatiay dhanx 9J000i (G sges thedmd may helasmthah t he
strong exot herm 108 at 782C i ch indicat t condensati on of an amal gam
conpr U setbu DS quaca AL TL0-2f b bRy B R 0347 0ana enst ati te (VS 0B)
[0056] FIG 2 (data from McKelvy et al., Environ. Sci. Tech. 38, 6897
(2004)) shows X-ray diffraction spectra as a function of weight percentage
of hydr ob0Pb2} Ehpsteding yrinerg! tedwthicatgd atayl ica pditicelatelenst deiad{ngh®Si 205( OH) 4) .
Meta-lizardite.. | es od heat i t 2C.mn dn the range from
20Cto 1 mglﬁlgg?]ﬁléﬁ)eru\g% g?l %Ebeggﬁfg%&?‘{%m%@%ﬁlg%é@*t"ﬁke%g%ﬁ%’a“#atf*eri al s at
each t enperalcyatticldsapotigaibayod aal ib¢athterd af blisoul MBI Abanabysesbver e carri ed
out under_hel i um USinh%ra Set aram T@2 thermal anpal ysis system (Set aram

| nst r umehtQmodr, abegdt 20 em. i sopecgasesREh aygEree mydickierds &shs8iabpgndOf or t he
met a- ser peni.i I i . i . X-ray
ponder T PacrabalBh ik bERUE R MR 15 HEL T A PR g

mat er i al partisle Biye @aiRbgakarabDgd/BotwictBabout 49 i drfdrbotioniét jen, it enClokR

radi atio Ri gaku Anmericas rporatijon, The Wodl ands, TX). Thus, for
Tact i vat Muré%ngsb,?u%bwapgﬁ g BRpE 299 ey andgbant 3W0dHt he 1 zardite
feedstock (100 wt % of the hydroxyl groups remain) and the X-ray diffraction

spectrumis characteristic of lizardite. For Tactivation O 1100C, 100 wt %
of the |00 HAtvatgdicosksydckgfovnpkbathermal whoekang of o lyrdmowrmagrieyidmonilscatd ner al .

For Tactjvati,on ,of 55 to 795C, corre ndi 0 74 %to % of

Pydr oyl YRGS PR THG T R0B- TR T b PRy bRt St Cer n
shows a geeaERAsbNEf IrBSEMELIde indl@Rk Wi8sin @ 0P a@lHatddFed dstork B trgpid ABdinaN
|ncrea5|&(g)apresence of a broad feature 202 due to an "anor phous"gzggase

bet ween lyrdraws megnegiumssibessqmiinerat] Qrmag axspaidionios selutipe drclndinotha,

desi gnated as the serpentine a-phase, increases from Tactivation of 20C to
over 600C, and then begins to decreasé? Crystalline features 206 are seen
for the sanple with Tactivation of 1100C. For Tactivation of 610C to 750C,
strong CO2 reactivity is exhibited by the various neta-lizardite sanples as
inferred by their reaction in standard aqueous solution (1M NaCl + 0. 64M
NaHCO3) at PCO2 - 2300 psi at tenperatures ranging from 100C to 125C. As
seen in FIG 2, these sanples contain 4-17%residual hydroxide. A
noderately reactive sanple is forned at Tactivation of 580C, (reaction
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[0058] In sone enbodi nents, netal oxides other than nmagnesi um oxi de and
magnesi um silicate (considered herein to be a netal oxide) are separated
from t he wotouaiew7f eedst ock prior to reaction with caripom/use@xioses2 The
separation of netal oxides, other than magnesi um oxi de and rmagnesi um
silicate, may be perforned after activation to produce a residual activated
feedstock streamricher in magnesi um oxi de and nagnesiumsilicate and with
reduced quantltl es of other netal oxides prior to reaction with carbon

di oxi de. actiygtyd feadsioak. apfl cortaeiingbe suspensieeer swliionarith earbon dietideed hepe
downstr eﬁ‘é@n%g&ﬁﬁﬁt h 1&%%&%8 (MR ot Y b S alld ﬂlrtple%qg'acPGJ th‘%ﬁ}%‘éﬁd in this
process I nclude oxi one or nore of “Iron, I con ['Ur nu
nmanganesgipxidh roM=urB0° Qiaak Bto, =t 2308rpisy) ielovothp eWandapdtCMSnaJmn a[qha:aphor us,

cal cium and. sodi um_Oxides t conmer val ye such as those

h f
of sili comIKHES Al anifadm P “oaaess (ks §P’én%reé§]e§13%°ﬁ HHUF i ci ent
quanti ti uEsQraHSn 9{1 gﬁ@@?ﬁh@ﬂaﬂ%aryﬁlaﬂgn YR ﬂﬁnér@l%%? oPfecB AP

phosphor ous, ium may be w thdrawn from th process for waste
di sposal szzl'elmlse% mcdlurgmaldlé@caﬁzngd@fﬁ?kl @n{200nmBnei Bdshuedatmeent Gng.ai ned i n

t he feedst y al so.be recov m t Streamafter rapid
e o B T CrR TR oGS e g, M s SR o e S0 TR BIe R o
ni ckel , ARrTYRIBERRRNt &@Qﬁ%f COYhindriBsc§ERARESH. PN s@he ShbbdimeaRd ot her

nmet al oxi des after thermal activation reduces the downstream process

requir en’élntrealah@pl@mmfsthmnaﬁelgtrhleeﬁaée@yeﬁpeﬁoﬂmwem\madmmdeom al oxi des

provi des rsvenue st eam eral | [ deIdcX s |s t hus. render nor e
oSphneTe (C. e% % urnl e%as _'_enVl onrn 01’110 nucle 1010
econonmni cam y* Cco itrve WI o orns i OXI'de sequestration.

[ 0060] Theb&RERMAkIREqW@t émb@d dlex1ddesrbahatlcmaeactﬁ)ubst antially excluding
magnesi um oxi de and magnesium silicate after rapid thermal activation may
be achi eved by various separation neans, such as density or gravity
separat i Lan,

separat i 4g?@%%%%%?@%ﬁ%ﬁE@ﬁgégfggﬁéé%ﬁﬁﬁrﬁ@a$%%%%g%%gﬁﬂt ereo?ﬂCIher
density &)ﬂbaﬁ&tctlom (Aﬁthmﬁ’armgl spsctroncdpyd€hip ml&ﬁsa@ elghimgtespe naddsfor hi nder ed
settling.vessels, cl ones, hydrocycl ones, . and any nmbi nati on thereof
Conbi nat ﬁ“%&‘ﬁé’oﬁffrun&% piely a‘é*@ﬁ‘ﬁ?’%&t}lg]ﬁ z%&xl?reé‘@’ﬁ(ét“? 8ty %&ﬁ%ﬁ%ﬁt
benef|C|§ﬁhqﬁ@&m%ﬁaﬁple for recovering and concentrating iron ore in
particular. [0061] It will be understood by those skilled in the art that
such separation processes have associ ated separation efficiencies, thus

var L 20lhsS i At RS L af PRI Bl S0 A A LG o, o
stream &ﬁhﬁ@ﬁﬁt@ﬁb@rauﬁ«e BAPRSIht 8N Qkpdniige MRAEh AXnd@SIdw rd¥gtisepar at ed from
the residual activated feedstock streamw ||l invariably be carried over

i nt o sai dchedrpriyvlatioradroagss ddof K¥dadigeks keatiagof hedbamipleaat uapts f alpower t ai n

ot 1 ni 5 i SRALF HE-A: SR HaEbe PP aRRRIe Wb iy BRfpr iRy ©°

subst ant wih the snedlidtep hdae tHeamgersduc ps apoIftioarvfafatérhavVoigigne@siofns ewyde and
magnesiumsilicate in the residual activated feedstock stream Hence netal
oxi des, HProseyseompistdehy frarylptien claueNangiarRiH6S) ohthoscEenEpIMMEEHERI um
S|I|cate r 0 e)e‘gf rapid

t her mal ziogl?ﬁ a\?léat%ﬁg%ﬂg 1‘?l(ﬂhefg{eld %I?Izeldlri]ﬁéw‘ﬁ{t %aogggl sﬁ)tgg)?eae%tl a }I()g&g}(%%ﬁ ng
nmagnesi umindicacafthayageass ofmstatsepahiic mefeers Ddhyémyladomge@ns dteast 50% of

the tota gnesi.um oxj de and nesiumsil.icate ori al resent in the
acti vat e\J%SOf etstd qPC%‘? t’%ﬁleroélﬁ?tg’? %‘I‘fyéf%ﬁtlgl%@?%séﬁp a%ﬁg%e asé?éo 1#edhst 50% of
the mMagngRiHBMAX0d8ANH JIEanes Ay m sl {eﬁﬂk%tﬁr%s rvﬁieﬁ'd@ﬁ?drbi?yl&tﬁtﬁl s %%M%H al

activated feedstock stream In some cases, hi gher proportion of
magnesi umrmpdﬁtdetha matc Magsewithitheslobs Q:farmduaé hy@toaylrgdupsrcosamdng estuldhel

activate feeds t 75, W 0062], The use of

Gonsi ty SubErapignt A0S A6 i Mt HABE sfmielatn ot SRATENTaI ve to be
separ at e@bmﬁised@fb@wl d@0ehtt Mfﬁﬁﬁ&@t@(&%&@ﬁ@@&ﬁ%@%ﬂi@g} he netal oxides
of higher econom c value into a high density stream e residual activated

feedstock stream containing nost of the originally present nmagnesi um oxi de

and nmagnesium silicate forns
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a streamof internediate density for the subsequent process of conversion
i nto magnesi um carbonate. [0063] The residual activated feedstock may be
subsequernwbyotoss@ct ed wit h carbon di oxi de to form magnesirase@anposate. | n
sonme cases, the residual activated feedstock is contacted with
supercritical, liquefied, or high-pressure gaseous carbon dioxide to form
magnesi um car bonate by reacting substantially aI | of the carbon dioxide

wi th excess feedstock. The term™ h| gh pressure,” as used herejn, refers to

pr essur e0PAl Bl 84 datafrom MeKepwy ¢ al. ’eré'%c@@ sTeéﬁ 30 630k RO0F ) o5ys ¥he
foll | t MPLE 1
ol | ow %é’lﬁ’@raé#(;ﬂ Wsde@@a %@‘ﬂ}ﬁcﬁ‘én 8f Ge \QWQB'?;}’ i e%? h#‘laljo SRV i

[ 0065] a schematic vie per| appar at us 500 used
t o subj ebdatihg péligtirtiee &aajrsnd)cks(Mg)_ng@Qd(ﬂmh Mé’tmhzﬁﬂ‘d&atsmpibs wtvgndduded bar di t e

sanples with an erage parti i ze of vvere Ubj ect ed to rapid
t her mal BGaHA8 ﬁb%?“/alﬂnmtaﬁr%néﬁ%@fraquﬁew 1A0§ g e [ Ty oot Qéwia
hi gh- te”ﬁ’i%rd%élwdernétb@ﬁf Ma@ﬁ hprt‘—:oz%ul(el-li%’rg)?eﬁie & 1 tgg!m HESELIBAA ddalidber 9/ MPH,

Ri verside, M) to yield treat Ti'Zardite. The sanpl es were
i nt r oducwedretdarrondgiut tode hﬁﬁwmlumng atSmramrT(bQQethmrmqiIaaalymmﬂyswnrpiﬂe@arbmat s506. A

magneti c. yoke 508 sed to e ract sa terjals fromthe
e I eatert it Brender s khaliRe il Gt i EB rd R e ra0C. | con 11 ow
control b h{aeerna%l&owe@ VU B t8Ehih & BNG cloUPRsS. W-PRGRWRIRZ diffth&ionanp! es

were inserted rapidly (e.g., 0.3 sec to 5 sec) to prOV|de aver age
i NSt ant apAEms wgpbt@gledef@re@cladfl@trysuwertg/@étnﬂ@l@@@@g@é?egéﬂwM;AXOIOB sec, and

then held atlffrac l’Ill K[]etlre rlgba%%%dlalﬁrog gﬁltglaﬁl? K‘%}G’ﬁ?‘%u ?Bpallﬁoﬁafheowsooalan s in the

range 1- rfé{ secon osur €S’ were as s OWI”I
bel ow. SgKi. e$h& ﬂorsrggﬁ,,amz osg(aoc , 2098 ar0xP] SBGps &0 ré&ﬁ@ved&ﬁbrﬁﬁﬁe liz3flligec Series

B: 40 sec, 80 se 160 s
feedstock (100 wt% of the hydroxyl groups remain) and the X-ray diffraction spectrum is
characteristic of lizardite. For Taciivation 0f 1100°C, 100 wt% of the lizardite hydroxyl
groups are removed to form an anhydrous mineral. For T,cgvation 0f 550°C to 795°C,
corresponding to 74 wt% to 1 wt% of hydroxyl groups remaining, respectively, the X-ray
diffraction pattern shows a decreasing presence of features 200 due to lizardite, and an
increasing presence of a broad feature 202 due to an “amorphous” phase between 20 of
15 to 40 is seen in FIG. 3. An additional feature 204, designated as the serpentine a-
phase, increases from Tactivation Of 20°C to over 600°C, and then begins to decrease.
Crystalline features 206 are seen for the sample with Tacsivation Of 1100°C. For Tctivation OF
610°C to 750°C, strong CO; reactivity is exhibited by the various meta-lizardite samples
as inferred by their reaction in standard aqueous solution (1M NaCl + 0.64M NaHCOs) at
Pcoz ~ 2300 psi at temperatures ranging from 100°C to 125°C. As seen in FIG. 2, these
samples contain 4-17% residual hydroxide. A moderately reactive sample is formed at
Tactivation Of 380°C, (reaction temperature 120°C), and a non-reactive sample is formed at

Tactivation 0f 20°C (reaction temperature 120°C).

[0057] FIG. 3 (data from McKelvy et al., Environ. Sci. Tech. 38, 6897 (2004))shows the
superposition of the crystalline features 206 on top of the amorphous phase feature 202,
along with the presence of the a-phase 204 in greater detail. Air scattering 300 is also

seen in FIG. 3. FIG. 4 (data from McKelvy et al., Environ. Sci. Tech. 38, 6897 (2004))
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Series C 10 sec, 12 sec, 14 sec, 16 sec, 18 sec, 20 sec WO

2011/ 035047PCT/ US2010/ 049152 Series D: 10 sec, 11 sec, 12 sec, 13 sec [0067]
After heawotnsaBsent, powder X-ray diffraction studi es weraspewf/ersed on
the sanples on a SI EMENS XRD (S| EMENS USA) spectroneter, with a scan tine
of about 2 hours per sanple. [0068] FIG 6 shows X-ray diffraction spectra
600, 602, 604, 606, 608, 610, 612, and 614 for the sanples with exposure
tinmes of 10 sec, 12 sec, 14 sec, 16 sec, 18 sec, 20 sec, 30 sec, and 40
sec, reshsiatgepipse Ppgtongddizamlifeyanigue Bct-forrantinete 28Gaplvaraxs trneil exposur e
time of ong. eristi-g of Li | (o} , ' ata from
the- sanpl R s {10 ERERAEHGT pickBul gk ki (e 20 OB PREAN Bl

f or st er i &reincibhastsin thkelyiciphayd pitasowitbfdchydratydation. tRioff 402rshaws arbyrdaseus ni ner al

is showmn to occur in less than,one mnpute wth final or peak tenperature
of at |e‘a§_§taﬁ1@9 ardfte g Nt TH ?%ﬁaxv Pﬁa\ﬁof ?‘%‘gfh?émtl*%fﬁcge&ﬁep? with an
exposur eq fukfRcBf d@teabERThe #Pri&CasHelydtBkylh s GdEfRs{Rr (BHEAR RS (Ratat i te.
The non-forsteritic product 'is thoug?:lt to be an”anor phous phdse, or a

" et ast alol HG. 2 amk FHG. tendiCa8 Bha@ @) degreal b geantivity af thhEmastall” fizarditd @ of

My35i 207, as ,sho in FIG, 7. Plot 800 in .Fl 8 shows the X-ray

QT T r act FRLROBI ahe wrowh el e B0 et GoSEOERER 160 s’ Plot 802
is a calculated spectrumfor the proposed rankinite anal og phase based on
an equilibriumstructure obtained fromdensity functional theory (DFT)

si mul at i P9S] Indimeaanbnglimends, podali axides othiog ihanahagnesifiaroxier dndingagnesitay es.

[ 0070] SE haracterization.of flash-treated ta-lizardite |.es, was
per f or et it RoRoRErd SERHT R Sie PRBETHOR ERoMRe T ER AR R &ect r on

m cr os c opgor(th Eactompai Yarbioh iy, oT HRkparaamadt etaf oXidds, bfher ganni ng to the
sub-m cron scale for non-conductive materials. The SEM i nages indicate

aggl omer RERRNIH OFEP EREMagNasLIS) Sbicde My b pArBEed aERpssitirionfe pgoducao sec)
o B gt ROORED RIS Pl SRRl T, L
an exposandewith neluodd qinsges offeltligr nidal shades pSeMol mages vath Syl@0Hoxide, 000X,
and 35,0 1(30)1(1 rgInoEIa eof soﬁlr’gg lrneetew 05(1}2162 Qub%ga?lgeslﬁj; Fedhéeréﬂ%heo Iiw%%tr%%ﬁ 'prolzcle% 11 shows

requirements. Metal oxides that can be removed in this process include oxides of one or

more of iron, silicon, aluminum, manganese, chromium, nickel, titanium, copper,

potassium, phosphorus, calcium and sodium. Oxides that are of low commercial value

such as those of silicon and aluminum, or oxides that are present in insufficient quantities

to be of commercial value, such as those of potassium, phosphorous, and sodium, may be

withdrawn from the process for waste disposal. Those metal oxides of sufficient

commercial value contained in the feedstock may also be recovered from the separated

stream after rapid thermal activation. Such minerals may include the oxides of iron

chromium, nickel, and manganese.

[0059] Thus, the separation of silica and other metal oxides after thermal activation
reduces the downstream process requirements and costs while the recovery of the
valuable metal oxides provides a revenue stream. The overall process is thus rendered

more economically competitive with other forms of carbon dioxide sequestration.

15



SEM i mages at 100X, 500X, and 2,000X of the sanple with an exposure tine of
40 sec. FIG 12 shows SEM i mges at 6,500X, 12,000X, and 35, 000X of the
sanpl e wiwb 2an/Bz@osure tinme of 40 sec. FIG 12 al so i n@#CTatSeslovEspr esence
of norphol ogi cal features at the sub-mcron scale possibly associated with
t he evolution and flow of water during dehydroxylation. EXAMPLE 2 [0071]
Lizardite mneral was ground to an average particle size of 38 nm vyielding
a greyish/green product with the consistency of baking flour, The lizardite
parti cl 0GR} Ehg separation ehmetnl pyidepgdeast rbstentiglbrexgiudiie mogioaye oxide

i nstanta | - Lsec | - adl ce to yield
a browni %ﬁp%{%%ﬁx}%?%{ugs}g%%%@%gﬂ%gﬁg I?%(r%g%l%y&% gFlger %Co%é}’a%\l(}i%#e‘{air{lg{gsaanal ysi s.
X-ray ansdpysition afcahd)gudlr Balcasitysargrh sy depaiatian, edntiifigdal tdparatiap) otaediy dr at i on
transforped the mneral lattice fromthat of lizardite (My3Si 205(0OH)4) to
ol i vi ne (NFBeR-cRIEnClipbrpPATationleorpstae ReParaigny sl ForBnakop Airepdt a and hi gh

resol uti : m. .t cit: ~treated
| 2ar di t Qher YAy QE PR AL LT R A BRSh R PR Chiferd Ak

resol ut i vassels,reaylodert, Aydmooynlertee, amdrapgcomtijnafipagierdof e @ombinatipay ofi dessityPl ot
1302 (solid |l.i ne% showcz. hi gh resol u ign ﬁarafyf data framthe unrea(ﬁt ed,

f1 ash- t r SREEHOR Ao PYRRIC SePptionaHay %’8 PG i A5 8o O HIF R HE8 81Ut i on
X-ray dagenckheingh®nfdraspdtiqased lizardite in a "standard" aqueous
solution of supercritical CO2 (Pc02= 2300 psi) and high tenperature (T =

100C) taken by a synchrotron mnutes after establishing the reaction

conditio aks . 1306 show,t he presence,of resul t.ing fromthe
oquest - Doyl R s sREeSRE by MR ERENiEnS pr B GHRL SP O B bR LT

i ndi cat i hgyetaddgticigar Rpmatio®efficienbics, thikEinCaMbEY Sk@fin@in fiRrictt@paated i d
m neral carbonate) has occurred. [0073] A nunber of enbodi nents have been
descri be#hd Ry eHEheYE 9§ some peition opthe sREwPBEEHE Rengpargtediyasheies i cat i ons,

enhancengn SN tr Q' for g@:ﬂgk”@ﬁf@owf{@gﬂ%ﬁé% %%_s%h%te& froflEREr | bed

and illustrated in this disclosure. DIS:
residual activated feedstock stream will invariably be carried over into said residual
activated feedstock stream and vice versa. A certain proportion of magnesium oxide
and/or magnesium silicate may thus also be lost into the separated metal oxide streams.
However, the aim is to substantially retain the largest proportion of the magnesium oxide
and magnesium silicate in the residual activated feedstock stream. Hence metal oxides,
at least substantially excluding magnesium oxide and magnesium silicate, are separated
from the residual activated feedstock after rapid thermal activation. As used herein, “at
least substantially excluding magnesium oxide and magnesium silicate” refers to
excluding at least 50% of the total magnesium oxide and magnesium silicate originally
present in the activated feedstock after rapid thermal activation. Thus, at least 50% of the
magnesium oxide and magnesium silicate is retained in the residual activated feedstock
stream. In some cases, a higher proportion of the magnesium oxide and magnesium

silicate is retained in said residual activated feedstock stream (e.g., at least 75 wt%).

[0062] The use of density separation may allow metal oxides of lower economic value to
be separated into a low density stream while also separating the metal oxides of higher
economic value into a high density stream. The residual activated feedstock stream

containing most of the originally present magnesium oxide and magnesium silicate forms
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1. Anethod for increasing the activity of a hydrous magnesiumsilicate

W th respect to sequestration of carbon dioxide by m neral carbonation, the
met hod cowprosi/asgoarapi d heating of the hydrous nagnesi urCiuse@ane91s2 2. The
met hod of claim 1, wherein rapid heating of the hydrous magnesiumsilicate
conprises heating a quantity of particles of hydrous magnesiumsilicate
with flame conditions to substantially dehydroxylate the particles. 3. The
met hod of claim2, wherein heating the quantity of particles of hydrous
magnesi uipEsaN elintermedipieidsayty for the subdneny PrOsESTRIE9YEyoBANtBar t i cl es from
out si de the f|amE, sonditions into the flame conditions to subject the
particles To an Increase in anbient tenperature of at |east 400C in |ess
than 10 seconds; and heating the particles in the flanme conditions
for |ess 0 mnutes to ggeaverage peak particle tenperature to yield a

conposi tEOé)ﬁ?Jn“é IresWHphACHY e h ErcdHRPDRRY Po pubsPaentln €otpetRe WHB 58T ons .~ 4.
The net hgdy ot (¢ ki hae neME{@dﬂFbﬁa&e Iﬁ%ﬂhb%s%? 1B FesﬁfﬁQl @&&%a&v d&Bci [icr ease

i n anmbi ent tenperature of east OC in less than secon and t he
particl eemmaro@dwmlu etcpemnttchle liffhefred, crdnghi)ramsre g@s"eohsawbduh@nmzem foumes to an

aver age e art erature to.yj Si L. 5. The net hod
of “any oftactselign sty PnRogte Gl b et PR ROR o Se i ier age. poak
t enper at fé%@st&‘ékt M Hea8Me CHligh-Brdsfiftc,Mud i ShAEA N Rl dHd prédshiedifeRbs s J wast

600C.
(e.g., in excess of 50 bar).

[0064] The following non-limiting examples are provided for illustration.

EXAMPLE 1

[0065] FIG. 5 shows a schematic view of an experimental apparatus 500 used to subject
lizardite samples to rapid thermal treatment. Twenty lizardite samples with an average
particle size of 38 um were subjected to rapid thermal treatment at high temperature in a
controlled single-zone high-temperature tube furnace 502 (Lindberg Model HTF55122A;
Lindberg/MPH, Riverside, MI) to yield “flash” treated meta-lizardite. The samples were
introduced through tube 504 into the furnace in platinum sample boats506. A magnetic
yoke 508 was used to insert and extract sample materials from the hot zone, which was
held at a temperature between 1000°C and 1100°C. Gas flow control and bubbler 510
were coupled to the tube furnace 502. The samples were inserted rapidly (e.g., 0.3 sec to
0.5 sec) to provide average instantaneous heating rates (dT/dt) between 2000°C/sec and
~3,300 °C/sec, and then held at the internal tube furnace temperature for various times in

the range 1-160 seconds.

[0066] Exposure time of the samples were as shown below:

Series A: 1 sec, 2 sec, 3 sec, 5 sec, 10 sec, 20 sec, 30 sec
Series B: 40 sec, 80 sec, 160 sec
Series C: 10 sec, 12 sec, 14 sec, 16 sec, 18 sec, 20 sec
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6. The nethod of any one of clainms 1 through 5, wherein heating occurs in a
hydr ocar bonaceous fuel -fired furnace, calciner, fluidized bed calciner, or
in a plaswa:2or/eb@etric arc. WO 2011/ 035047PCT/ US2010/ 0#6TAR2016/049k2 et hod
of any one of clainms 3 through 6, wherein the conposition conprises
forsterite. 8. A nethod for the sequestration of carbon dioxide, the method
conprising: formng an activated feedstock by rapid heating of a hydrous
magnesi um si l i cate; and contacting the activated feedstock with

car bon di oxi decries B:or m Hhgfsed! san Eapdohate®. 9. The nethod of claim 8,
wherein rapid heating of the hydrous nmagnesiumsilicate conprises heating a
quantity of particles of hydrous magnesiumsilicate with flame conditions

t 0 subst b7 pAkyr kdebhydatoxyd, pbedédie-rpadifiiraities studk® wefbhperfirideddnalic cl ai m 9,

wherein heating the quantit f particles of hydrous magnesiumsjlicate
conpr i se¥mples ona %’&)\?ﬁﬁst@dglaﬁww GrA PR angsr Pdm Bat Smget Fheat | are

conditiO@ﬁo&gﬁgr&gﬁﬂélane conditions to subject the particles to an
i ncrease 1 n anbient tenperature of at |least 400C in |l ess than 10 seconds;

[0068] FIG. 6 shows X-ray diffraction spectra 600, 602, 604, 606, 608, 610, 612, and 614
for the samples with exposure times of 10 sec, 12 sec, 14 sec, 16 sec, 18 sec, 20 sec, 30
sec, and 40 sec, respectively. Plot 600, showing data from the sample with an exposure
time of 10 sec, is characteristic of lizardite. Plot 614, showing data from the sample with
an exposure time of 40 sec, is characteristic of forsterite. Thus, dehydroxylation of
lizardite to form an anhydrous mineral is shown to occur in less than one minute with a

final or peak temperature of at least 1000°C.

[0069] The rapid thermal treatment of samples with an exposure time of at least 40 sec
did not indicate formation of enstatite. The non-forsteritic product is thought to be an
amorphous phase, or a “metastable” rankinite (CasSi,0) analog with a chemical formula
of MgsSi,07, as shown in FIG. 7. Plot 800 in FIG. 8 shows the X-ray diffraction
spectrum of the sample exposed to 1000°C for 160 sec. Plot 802 is a calculated spectrum
for the proposed rankinite analog phase based on an equilibrium structure obtained from
density functional theory (DFT) simulations, indicating the possible origin of non-

forsteritic features.

[0070] SEM characterization of flash-treated meta-lizardite samples was performed with
a FEI SL30 high resolution environmental scanning electron microscope (FEI Company,
Hillsboro OR), capable of routine scanning to the sub-micron scale for non-conductive
materials. The SEM images indicate agglomeration of particles subjected to prolonged
exposure (e.g., 40 sec) at high temperature (1000°C). Examples of the SEM images are
shown in FIGS. 9-12. FIG. 9 shows SEM images at 100X, 500X, and 1,200X of the
sample with an exposure time of 12 sec. FIG. 10 shows SEM images at 3,500X,
10,000X, and 35,000X of the sample with an exposure time of 12 sec. FIG. 11 shows
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heating the particles in the flame conditions for |less than 10 m nutes to

an average peak

particle tenperature to yield the activated feedstock; and

renovi ng wbeonasoaat ed feedstock fromthe flame conditi @a3/US2d1/049182 net hod

of claim 10, wh
t enper at ure of
heated in the f

particle tenper
any one OFMcinig

erein the particles are subjected to an increase in anbient
at least 400C in less than 1 second, and the particles are
| ame conditions for less than 2 mnutes to an average peak
ature to vield the activated feedstock. 12. The nethod of
asatd 00Xy oYk and 2,000 @i the pravnle Mathzarsxpowise Hme 27 4P sefe peak

s00c wo 3117 bbby (ORI T2 0 SRREERUR R SRl o0 i e

8 t hr ougéxpbayre whey &40 seeaFid2atoundicites e pydeneafhowrplodogisalffaglret br ed

furnace, .calcin

14. The PecHBaUEONSRIC BRRs

f eedst oCck.1SAM
t hr ough 1£§Hfu?

of tinme before

er, fluidized bed calciner, aor . in a plasna or .electric arc.
fily axspeiped vath F SYRJRtIaand flowy af fatchdurRg i vat ed

585 forsterite. 15. The nethod of any one of clains 8

ther conprising cooling the activated feedstock for a | ength

contacting the activated feedstock with the carbon dioxide.

EXAMPLE 2

[0071] Lizardite mineral was ground to an average particle size of 38 pm, yielding a

greyish/green product with the consistency of baking flour. The lizardite particles were

flash treated to 1000°C for 12 sec at an average instantancous heating rate of about

5000°C/sec in a radial furnace to yield a brownish anhydrous powder, as confirmed by

thermogravimetric analysis. X-ray analysis of the treated samples indicated that the rapid

dehydratio

olivine (M

n transformed the mineral lattice from that of lizardite (Mg3Si,0s(OH)4) to
nglO4)

[0072] FIG. 13 shows low resolution X-ray data and high resolution synchrotron data

from the unreacted and reacted flash-treated lizardite prepared as described in

EXAMPLE 2. Plot 1300 shows low resolution X-ray data from the unreacted, flash-

treated lizardite. Plot 1302 (solid line) shows high resolution X-ray data from the

unreacted,

flash-treated lizardite. Plot 1304 (dotted line) shows high resolution X-ray

data from the flash-treated lizardite in a “standard” aqueous solution of supercritical CO,

(Pco2=2300 psi) and high temperature (T = 100°C) taken by a synchrotron minutes after

establishing the reaction conditions. Peaks 1306 show the presence of MgCOj resulting

from the sequestration of CO, by the flash-treated lizardite (e.g., olivine), indicating that

carbonatio

n (i.c., the conversion of CO; into a solid mineral carbonate) has occurred.

[0073] A number of embodiments have been described. Nevertheless, it will be

understood that various modifications, enhancements and other embodiments may be

made base

d on what is described and illustrated in this disclosure.
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16. The method of claim 15, further conprising exposing the activated
feedstock to hum d gaseous carbon di oxide during at |east part of the tine
t he acti wsDedifisedgt ock is cooling. 17. The nethod of &ny/usp@oonfioist ai ns 8
t hrough 16, further conprising conbining a solvent and the activated
feedstock to forma suspension, slurry, or solution. 18. The nethod of
claim17, wherein the solvent is water, and the suspension, slurry, or
solution is aqueous. 19. The nethod of any one of clainms 8 through 14,
further POMMTiISHGAIMED ISeparating netal oxi des other than nmagnesi um oxi de
and magnesium silicate fromthe activated feedstock to forma residual
activated feedstock richer in magnesi um oxi de and nmagnesium silicate than
the acti Vat edAfregbsd foe kicreadlg thgadtivety ro aihgumlus acighssadredilfceedsitoekpdecor a

|l ength of time; and contacting the residual activated feedstock with
car bon diooKARRSLRERT O GarbpRgHeac Ry ERSEh T OTAB0 TheFDpt GRmBH B 19,

further GORRELEIRGyARLSIARLLRE sk dual activat ed

2. The method of claim 1, wherein rapid heating of the hydrous magnesium silicate
comprises heating a quantity of particles of hydrous magnesium silicate with flame

conditions to substantially dehydroxylate the particles.

3. The method of claim 2, wherein heating the quantity of particles of hydrous
magnesium silicate comprises:
moving the quantity of particles from outside the flame conditions into the flame
conditions to subject the particles to an increase in ambient temperature of at least
400°C in less than 10 seconds; and
heating the particles in the flame conditions for less than 10 minutes to an
average peak particle temperature to yield a composition; and

removing the composition from the flame conditions.

4. The method of claim 3, wherein the particles are subjected to an increase in
ambient temperature of at least 400°C in less than 1 second, and the particles are heated
in the flame conditions for less than 2 minutes to an average peak particle temperature to

yield the composition.

5. The method of any one of claims 1 through 4, wherein heating achieves an
average peak temperature with respect to the hydrous magnesium silicate of at least

600°C.

6. The method of any one of claims 1 through 5, wherein heating occurs in a
hydrocarbonaceous fuel-fired furnace, calciner, fluidized bed calciner, or in a plasma or

electric arc.
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feedstock to hum d gaseous carbon dioxide during at |east part of the tine
the residual activated feedstock is cooling. 21. The nethod of claim 19 or
20, furt hwo200m36043i Ng conbi ni ng a sol vent and the acti varas2diendasnck or
resi dual activated feedstock to forma suspension, slurry, or solution.

22. The nmethod of claim21, wherein the solvent is water, and the
suspension, slurry, or solution is aqueous.

7. The method of any one of claims 3 through 6, wherein the composition comprises
forsterite.
8. A method for the sequestration of carbon dioxide, the method comprising:

forming an activated feedstock by rapid heating of a hydrous magnesium silicate;

and

contacting the activated feedstock with carbon dioxide to form magnesium
carbonate.
9. The method of claim 8, wherein rapid heating of the hydrous magnesium silicate

comprises heating a quantity of particles of hydrous magnesium silicate with flame

conditions to substantially dehydroxylate the particles.

10. The method of claim 9, wherein heating the quantity of particles of hydrous
magnesium silicate comprises:
moving the quantity of particles from outside the flame conditions into the flame
conditions to subject the particles to an increase in ambient temperature of at least
400°C in less than 10 seconds;
heating the particles in the flame conditions for less than 10 minutes to an
average peak particle temperature to yield the activated feedstock; and

removing the activated feedstock from the flame conditions.

11.  The method of claim 10, wherein the particles are subjected to an increase in
ambient temperature of at least 400°C in less than 1 second, and the particles are heated
in the flame conditions for less than 2 minutes to an average peak particle temperature to

yield the activated feedstock.

12.  The method of any one of claims 8 through 11, wherein heating achieves an
average peak temperature with respect to the hydrous magnesium silicate of at least

600°C.
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13.  The method of any one of claims 8 through 12, wherein heating occurs in a
hydrocarbonaceous fuel-fired furnace, calciner, fluidized bed calciner, or in a plasma or

electric arc.

14.  The method of any one of claims 8 through 13, wherein the activated feedstock

comprises forsterite.

15.  The method of any one of claims 8 through 14, further comprising cooling the
activated feedstock for a length of time before contacting the activated feedstock with the

carbon dioxide.

16.  The method of claim 15, further comprising exposing the activated feedstock to
humid gaseous carbon dioxide during at least part of the time the activated feedstock is

cooling.

17.  The method of any one of claims 8 through 16, further comprising combining a

solvent and the activated feedstock to form a suspension, slurry, or solution.

18. The method of claim 17, wherein the solvent is water, and the suspension, slurry,

or solution is aqueous.

19.  The method of any one of claims 8 through 14, further comprising

separating metal oxides other than magnesium oxide and magnesium silicate from
the activated feedstock to form a residual activated feedstock richer in magnesium oxide
and magnesium silicate than the activated feedstock;

cooling the residual activated feedstock for a length of time; and

contacting the residual activated feedstock with carbon dioxide to form

magnesium carbonate.

20.  The method of claim 19, further comprising exposing the residual activated
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feedstock to humid gaseous carbon dioxide during at least part of the time the residual
activated feedstock is cooling.

21.  The method of claim 19 or 20, further comprising combining a solvent and the
activated feedstock or residual activated feedstock to form a suspension, slurry, or

solution.

22. The method of claim 21, wherein the solvent is water, and the suspension, slurry,

or solution is aqueous.
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