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The present invention relates to a process for the permanent and safe
sequestration of carbon dioxide gas and is particularly concerned with an
efficient and economcally viable 5 integrated process for the chem cal
conver si on WD 209022368 di oxi de to sol i d carbonates ther ebpCHAHAEHI118he
accunul ati on of carbon dioxide in the atnosphere. The sequestration of
carbon di oxide gas in repositories that aLe i solated fromthe atnosphere is
a devel opi ng technology that is widely recogni sed as an essential el enent
in 10 global attenpts to reduce carbon dioxide em ssions to the atnosphere.
The rapid increase in atnospheric carbon djqxide concentrations is of
concern due to its properti edmpEoysidutsgratetehemucal REOCESSs contri bution to the
phenonena of gl obal warm ng and clinmate. change. Prototype denonstration
facilities for the capture and sequestration of carbon dioxide exist in
several countlhf @Eesenrinyeation relatgs to @ grersFOEIr dhe psmapent gnd sple segpastip@emaply 15
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facilities utilise underground sequestrati on known as geosequestrati on.
This may otcimtedrafedi picessefpr gh¢ chemigalscansersion gifrearkon Gexide tosalid gadapates

por ous Tommegeis rédaeﬁ]ﬁ@tﬁeeacéwﬁlétmnyof'cmbﬁasgadé (O bR sHepDsPher e. These
reservoirs or formati oRs may be situated under |and or sea. Another
possi bl e subterranean repository for carbon dioxide gas is so-called saline
aquifers. Di t a ] L O%l ALk de SO
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car bonati gn; reby _carbon dioxide i.s chem.cal L.y I 1 kal i ne and
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using mnerals that have been exiracted, an rocessed.i s known as ex-situ
i nocal car bIEHTRTE BReap {0 Su P of S Ohf A RIRan A Ee L REPaRS B4 ToaE
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di oxi de spquesicEmtakion of icarbbh ARxAde i6adoRBISIoNOMue ga¥¥d, most current facilities utilise
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underground sequestration known as geosequestration. This may occur in depleted oil or

gas reservoirs or other underground porous formations that are suitably isolated from the
atmosphere. These reservoirs or formations may be situated under land or sea. Another
possible subterranean repository for carbon dioxide gas is so-called saline aquifers. Direct
20 storage of carbon dioxide in the deep ocean has also been investigated but has yet to be

successfully demonstrated on any significant scale.

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
25 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-sifu mineral carbonation,
as opposed to in-situ carbonation whereby carbon dioxide is deposited into underground
mineral formations and reacts over longer timeframes with such minerals in existing
underground formations. The present invention is concerned with the ex-situ approach to

30 carbon dioxide sequestration via mineral carbonation.

Mineral carbonation has a number of potential advantages over other methods of carbon



di oxi de sequestration. These include relative permanence and stability and
the elimnation of any risks of | eakage of carbon dioxide gas. Furthernore,
sui tabl e subterranean sites for geosequestrati on do not exist at al

| ocations where they are required. The chem cal reactions of m neral

car bonat i onWA 8104022468 t her nodynami cal |y favoured, with aRCEAYRNEPIHILES 5

rel ease of energy due to the formation of the carbonates. Many of the
mnerals required for nmineral carbonation,are abundant and widely
distributed globally. These m nerals may %e readily mned and subjected to
known comm nution and ot her technol ogies. They are generally beni gn and the

envi ronnent al af et s ar eadi.l manageable. .l.n particular, the
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fl ue gases from any conbustion process, ecl a product |
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15 |13Mg3S1,05(OH)4 + CO, = MgCO; + 243S8i0; + #3H;0

The invention assumes that a stream containing carbon dioxide is available for such
mineral carbonation. Such streams may originate from flue gases from any combustion
process, especially those for production of steam for electricity generation, or from
20 processes known in the art as gasification or gas reforming, as well as from typical
chemical manufacturing processes such as ammonia or Portland cement manufacture. The
concentration of carbon dioxide in such streams may be substantially raised via
technological routes known in the field. These include so-called carbon capture
technologies such as those employing membrane separation technology or alternatively
25 those employing carbon dioxide solvents such as amines, ammonia or ammonia
compounds. In the latter case, these solvents capture the carbon dioxide from dilute
streams such as flue gases and then undergo solvent regeneration to release the
concentrated streams of carbon dioxide and the regenerated solvent for use in further
capture. Alternatively, in a process known as “oxy-fuel combustion”, streams of
30 concentrated carbon dioxide and water vapour may be formed directly in the combustion
processes via the use of oxygen rather than air to feed the combustion process. Another

process known as gasification produces hydrogen and relatively pure carbon dioxide



concentrated streans of carbon di oxi de and the regenerated solvent for use
in further capture. Alternatively, in a process known as "oxy-fuel

conmbustion", streans of 30 concentrated carbon di oxi de and water vapour may
be formed directly in the conbustion processes via the use of oxygen rather

than air towbee@dokiags conbusti on process. Anot her procespcKAOWN/@3118

gasi fication produces hydrogen and relatively pure carbon di oxide WO
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hydr ocar bonaceous fuels under suitable prbcess conditions. The present
invention is concerned with the solidification of carbon dioxide, for
exanpl e 5 carbon dioxide present in the gas streans nmenti oned above, in the
process of nmisheansal thearghothat gasificasord @f drydivearbbmacedus . fuglyi unsler tsuitable process
advant ageous to.use highly concentrated streans of carbon dioxide in the

pr esent inveﬁ?’?déthcfns't he use of lower purity streams is not precluded. In

particul ar, the presence of water in such streanms is not necessarily
unfavourabl e.since the process uses agueous.slur.rie 0s t cont ent
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t he present ifonesample parbarhdioyide sranestiatiorefiom dhe atmespbers. t he overal | process
nore econom cally favourable than previously anticipated and nore
conpetitive with alternative forns of carbon dioxide

The present invention provides significant improvements over previous processes. In

15 particular this invention improves an earlier process described in the Applicant's own
published International patent application W02008/061305. That invention described an
integrated direct fuel-fired activation process for alkali or alkali earth metal silicate mineral
feedstocks such as serpentine and the necessary integrated solvent processes for the
carbonation reactions required for viable ex-situ sequestration. Relevant prior art was also

20 acknowledged in W02008/061305 and may be taken as reference prior art for the present

invention.

The present invention renders the overall process more economically favourable than
previously anticipated and more competitive with alternative forms of carbon dioxide
25 sequestration. The process thereby provides a more economically favourable means of
conversion of carbon dioxide into stable magnesium carbonate for reducing the amount of

carbon dioxide released to the atmosphere.

Accordingly, the present invention provides a pfocess for the solidification of carbon
30 dioxide by reacting of carbon dioxide with magnesium silicate hydroxide mineral
feedstock which process comprises direct thermal activation of the magnesium silicate

hydroxide feedstock by combustion of fuel to produce an activated feedstock, separation



25 sequestration. The process thereby provides a nore econonmically

favour abl e neans of conversion of carbon dioxide into stable magnesi um
carbonate for reducing the amount of carbon di oxide rel eased to the

at nosphere. Accordingly, the present invention provides a process for the
solidifi catWQr?OUf”%f‘é‘?bon 30 dioxide by reacting of car bBRTAPHRYYLIE; ¢ h
magnesi um si | i cate hydroxi de m neral feedstock which process conprises
direct thermal activation of the nmagnesiumsilicate hydroxide feedstock by
conbustion of fuel to produce an activated feedstock, separation WO .
2010/ 022468PCT/ A1J2009/ 001118 - 4 - fromthe activated feedstock of netal
oxides at le . i | uding. i j 0 [
Silicato to nroyTIRiARd Rblodthf el W IR ARy bR, SRR RORERIMT |
separ ati on stogjde sod pegsisiom silicatcte prdu¢ecaesidud ectiated déedstncka befotevaraftert saidf or m
a slurry, and _contacting the slurry of resi l, actiwvat f.eedstock with
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oxi des ot hjer tlﬁan .rmgnergi um oxi de gnd magnesiumsilicate fromthe activated
f eedst ock “af CHPOR HEXHF fiQ MagnEsiumkGarboate-n e im|  acti vation of the feedstock.
As taught by W2008/ 061305, activation is 10 achi eved by conbustion of a
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separation of netal oxides, other than magnesi um oxi de and nagnesi um
silicate, magireadvaiet thgetaditarkhe Thespidr dieeat shormel asiivationo 0F Jaagpesium rsdlicate
thermal acti ygdbAle inRhIORHERCR 1EER! AHAL (SHitaliNRbP forliEREIT Qlinahn S CheT
i n nmagnesi um oxi de and nagnesiumsilicate and W th reduce uantities of

ot her metal oYieRsBInpoKige, silic2@nd evater i togetlyirt Witk Bthsonusialbk indeor Bupteperamy al
of ot her net i he . process

requi r enent s&ﬁﬁgﬁqﬁﬁéﬁg&gﬁ%ﬂélﬁmﬁgg?Igﬁn%\?%lg%lﬁé}?{;‘?és‘{s%?gcess i ncl ude

oxi des ofl5one ore nore of iron, silicon, alum nium manganese, chrom um

ni ckel, titapi,um_copper. pot i hosphorus, . eal ci um.and sodi um. Oxi des
that care of I asRnBRE! direBSfl Bk Mo RREAEHOLE P Bt R T P ea e “or
are present bxide mslrhfignesiemtsilicate, may advantageously be performed after the process of direct

thermal activation to produce a residual activated feedstock stream richer in magnesium
oxide and magnesium silicate and with reduced quantities of other metal oxides prior to

20 reaction with carbon dioxide. Such removal of other metal oxides substantially reduces the
downstream process requirements. Metal oxides that can be removed in this process
include oxides of one ore more of iron, silicon, aluminium, manganese, chromium, nickel,
titanium, copper, potassium, phosphorus, calcium and sodium. Oxides that are of low
commercial value such as those of silicon and aluminium, or are present in insufficient

25 quantities to be of commercial value, such as those of potassium, phosphorous and sodium,
can thus be withdrawn from the process for waste disposal. T hose metal oxides of
sufficient commercial value contained in the feedstock can thus also be recovered from the
separated stream after such direct thermal activation. Such minerals would typically
comprise the oxides of iron chromium, nickel and manganese.

30
Thus, the separation of silica and other metal oxides after direct thermal activation reduces

the downstream process requirements and costs while the recovery of the valuable metal



25 quantities to be of comrercial value, such as those of potassium
phosphorous and sodi um can thus be withdrawn fromthe process for waste
di sposal. T hose netal oxides of sufficient commercial value contained in
the feedstock can thus al so be recovered fromthe separated stream after
such dir ectwohrerrpatsstact i vati on. Such m neral s woul d tprCHAUgnoqzmpsl se the
oxi des of iron chrom um nickel and manganese. 30 WO

2010/ 022468PCT/ AU2009/ 001118 - 5 - oxi des_provides a revenue stream The
overall process is thus rendered nore ecoﬁonlcally conpetitive with other
forms of carbon di oxi de sequestration. In accordance with the present

i nvention, the separation of netal oxides _at |east 5 substantl
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activation ”%MmP&xtﬁGWﬂﬁ‘bﬁfc’r%!@féa%b%&&Qd’ers%?ﬁe@ﬂatﬁﬁans such as density or
gravity separation, centrifugal separation, flotation, filtration, nagnetic

separation, electrostatic separation and conbi nati ons of one or nore

thereof. Par ) cidl@hdnke m%@qﬁ ﬁt ARRRAIY (BERBFAItANof %@ém%ﬁﬁése t gk the

purpose of this invention inclu processes using spirals ere
settling Vesseisentidlycxshusing maémumyw@ne@dam@gr@mm| siligateo Afert diegce dermal
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t 20 silicate t hus al so be
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substantially retain the largest proportion of the nagnesi um oxide and
rragne5| um sili catgﬁl n the (g%si dual act i vated feedstock stream Hence netal

oxi des, at | HaWHl b¢iyadessioec by ythesecskiledniy the fife BRL B feazration PFRSEYIES Pt
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thermal activation. For the purposes of the 25 present invention "at | east

subst anti al | Wéﬁ@rrmwrgofhﬁgrnwoeﬁmnosef de SPEPIPERA Qi RASEAratedainto thrmdienl | y
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silicate originally present 1n the acti vat f eedst ock a
activation. Tsidual aptiveteddeedsook streanh aviluigrariblynbo epuied amdr migrieid rasidual
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Preferably, a higher proporiion of the 30 nagnhesi oxl de an rragne5| um
silicate 20s amslari magiesivm siicdterrag)i dmalalsadtllmnmd theespghgriated kmettlr eady streams.
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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 direct thermal activation. For the purposes of the
25 present invention “at least substantially excluding magnesium oxide and magnesium
silicate" generally means excluding at least 50% of the total magnesium oxide and
magnesium silicate originally present in the activated feedstock after direct thermal
activation. Thus, at least 50% of the magnesium oxide and magnesium silicate is retained
in the residual activated feedstock stream. Preferably, a higher proportion of the
30 magnesium oxide and magnesium silicate is retained in said residual activated feedstock

stream, most preferably in excess of 75% by weight.



The use of density separation has been found to be particularly

advant ageous as it permts netal oxides which are generally of |ow economc
value to be separated into a | ow density streamwhile al so separating the
met al oxi des of high econom ¢ value into a high density_stream The

resi dual acWOAI¥3¥Redst ock stream contai ni ng nost of FPhEABROYPUHLES|
present 5 nmagnesi um oxi de and magnesium silicate forns a stream of
intermediate density for the subsequent pgocess of conversion into
magnesi um car bonate. The residual activated feedstock is suspended in a
solvent slurry and subsequently contacted with carbon di oxide to convert
t he carbon diexi de I te P sai d _residual
activat od 1 oddeiEy FoBORRR O RE AR B b A ELALT Aend B of Fern®
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subj ect ed t 0 sqReFUehirb68s SHEofverid it rmapMeEm Ghibbltelg subsequent to its
extraction. As described in 20 W2008/ 061305, conm nution to the final
desired particle size distribution for the carbonation reaction may be done
ei ther bef or eh@rredduallactiviedd fde@tbck! REEUEBEndRE LihVATsbRBNtSHIBRY ahlCsubiddBdntly

desired particle size distribution for the carbonatjon reaction is about
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coarser commnution to a size of about 500 25 mcrons or less prior to the
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subsequent grindi ng may advant ageou§ e done in a wet grinding process
wi th the act pressuend iff exsdsstod § banymoexiprefctablysiolewenss ofsS30har.y prior to the netal
oxi de separation step. The initial coarser conmm nution before the direct
thermal activation step may advantageously 30 be done in a dry grinding
process, ISheTghyallyethe naggesiune sitiesté hydraxide ermeralefeedstock bemprised maitiye@t lehdrer nal
activation s%y V\Dhﬁglol 0t2246 CT/ AU2009/ 001118 7 The nost preferable
process i nvol V&Y SiSIBMREPPERINeSF @faat i ntegration throughout the process.
Heat recovered in cooling operations is optinmally enployed to provide heat

or energy where required. For exanple,. pre-heatin f the, magnesjum
silicate hydﬁ‘oﬁ’f‘ﬁé@?ﬁ}‘ﬁé’i‘%ﬂnesﬁ‘é’é Q kle‘mig“g“e a6t deeastogk Wl SResuBlectsd e
heating vess@nsmiabiidd by BisKIf@ andor SHRMEY &bsdquent tafsl XuactiRnl NhSddsbrifedain
process. _These points include the exotherm c carbonation reaction, which
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the conpressjion of the carbon dioxide, the hot flue gases fromthe direct
t her mal act i Vgt fingh desired particle size distribytiom or ke carbopalien reaqtion dsabeut THymicrons
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silicate,hy i.de. nineral . h j: f the residual tivated
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Furt her heatdongninetjonatosihe seidafital desdatd martichd eige dbri tha cattohativn ession. aRueh
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Sequent grinding may aévrgn&geo%rsly be done in a wet grinding process with the
activated feedstock mixed with solvent slurry prior to the metal oxide separation step. The
initial coarser comminution before the direct thermal activation step may advantageously

30 be done in a dry grinding process, thereby reducing the heat load required in the said direct

thermal activation step.



15 electricity generation plant, whose carbon dioxide em ssions are the
subj ect of the current sequestration process. In particular, use may be
made of any | ow grade heat recovered from said associated plant that cannot
be used in electricity generation turbines or other processes within said
associ at ed wbanto/02268 ant ageousl y, the magnesi um si | i cat BCTixtoe@odss m ner al
feedstock and/or air for conbustion may be pre-heated using such recovered
heat 20 prior to entering the conbustion heating vessel. Alternatively,
energy recovered fromsaid cooling oper ations may be enpl oyed to drive
punps or conpressors. In this regard, steamfromany said cooling
operations may particul arly advantageously be enployed in driving punps or
conpressors fI¥¢ mestpreferablgnpragess fipvobugh (pHmal ysq ggheazsntpa@gpnithroa out the
enbodi nent of [ ' e i ird g I ol
feedstock is pﬁécg-ghe}geiéggécgﬁ?%&r{ht%dgggggg? ?ﬁ&%‘ﬁ%@?%%ﬁq@mﬁ| ll?ég%?rl on
of the heat eba¢rensddrepeqeitednuBer example, pieehepiing ofthie rmpagnesivm | siliratealysldoxideom
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grade or waste heat drawn Trom an assocl ated carbonaceous or
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rel easi ng water vapour. The nagnesju Ilicate hydroxide is al so converted
to magnesi umm@gnespint aliggte PaoxidF rpioeral fedsiaskn gnd hestog °fTW€§ES‘@‘@£ﬁé?‘§E“L‘?r es

are consi der alistodkQIFy sBan 14 tHeTBrbbi¥of fakddr 0L QRsrdtite C #Lfhd? hBMing may
operations, nmaking the use of such a heating vessel nore _energy efficient

and al | owi ngaispRepchieyst by dntegratios Vithae asspeipied compistion g3ifigation, fefayming or
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the heating vessel” Wherein direct thermal activation occurs may be chosen
from any con{RsHesRtOThp@eess.arlhpariculon dis¢ may bemuadesofppyiloviigrasethsat 1geovered

associ at ed C%R”s%ﬁ ociHaP bibhCahe otrb%ftﬁééﬁid“ae%ciw %e%{alisﬁ Exﬁgﬂ@é‘&r ﬁkérf)“ 15
plant will generally %e conveni ent tor the current “purpose. taught in
WD2008/ 06130 Brocesseshwithime baid amgciated planke Axlyantageoiisly, theamagnebiugeslicategtyldemxideor

| onger chain r il ant XL U r furt t in
02008/ 061308 A Rpr Rt e B Pl thi b7 b BENRERlee o6 s idBhvcl Al

hydr ocar [@napeaus enetigg the kordbustive Hedting nessen dighlagvdly, energg recBvatdfromdaiduel s

i ncl ude nat ur all. gas or other m xh)ur(ﬁgﬂcpf al kanes since thﬁf/ are n;ﬁrfe 20
ef ficient. THOUEBARTAYIRSMayPeSTPPYPYQ drivE PHRES B WERLESSYE Y PRITBAH SFAR)
activation ffommnadsld coglinglopenribemsli patiicidarlyadivitaigesusy Betmployddia dpivagent
sequestrati oanErocess. Thus, it i5s ad\ﬁag}%'gggr%us in an overall process sense

to mnimse BWRP O5EAMPIEERL ORCAmBEssign & PR dioXidE ch as natural gas,

al kanes or renewabl e bi omass assi st in achieving such m nimsation. 25 As
further taught in W2008/ 061305, the direct thermal activation of the said
magnesi urfdsi [Matl 2RyARROL BN AinbE dnvendien dho sneeneim akisats) bidgoxide grgeral
suitabl e heafeb&%gl(@ssﬁﬁlheatg@b%r to direct thermal activation by application of the heat released
by combustion of the fuel using heat liberated from the reaction of carbon dioxide with the
activated feedstock and/or low grade or waste heat drawn from an associated carbonaceous
or hydrocarbonaceous fuel combustion, gasification, reforming or electricity generation
30 process and/or heat drawn from cooling the products from the fuel-fired heating vessel

and/or heat drawn from cooling the carbon dioxide after compression.



will usually take the formof a kiln, furnace or simlar conbustion chamnber
or heating vessel. The feedstock may be contacted with the conbustion gases
fromthe fuel or nmay 30 be heated in isolation fromthe conmbustion gases
via radiation, conduction or convection fromthe fuel conbustion chanber.
The use of W9 20HY@?4¢kdi ate heat transfer fluid between PAFAEYNHIHLI80N
chanber and the said mneral feedstock is not precluded, however it is |ess
WO 2010/ 022468PCT/ AU2009/ 001118 - 9 - efficient. The use of other neans
such as electricity to provide the heat, such as in an electric furnace,
does not constitute direct thermal activation and hence is unsuitable due

t o excessive gner r,egui Where the esiymsilicate.hydroxide
i neral f eeddibiResed AV ATEIeI30% e Bsmpssiin QLA INOR RO bfrotids
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t he conbustion,chanper. This ui res oxyge optent bel ow t he exact,

st oi chi omet r i4ilising das eafﬁi: ?"g@ é“%‘o‘ﬁjt]‘hgi“{}?)‘f?r aqenps FP)‘?EFOOE%F‘HBH%Qeous
fuel . This Wdclivatiofl ipcrdigre ¥ tag MastodbolitisS0RE] foR ek taple Frond hbdut GBO @il BEPC
contained in the said feedstock 10 and inprove_the econgm c val ue of t he

i ron oxided tSHeh ahfremsabaut 209 §09°¢ el heumsecest ehfehydoyylation gequescinden thess s

typically tragadesdseRicdsingwatePvpdurs OfHeGndgRERMA Bilichie hpdbkis istisoR8Aerted to
exchangers including the Tinal heating vessel where the feedstock is raised

to its final magnesym silicpigrprifersisaitarrelessing sitiore Fbese PBPuraRiEsy a5y cersifistably on
of fuel. As 4audhthad tholtBRRENP EMARTed ﬁ$&$ﬁﬁh Fhefabivi !npal'ﬂinéetﬁé e HP%(uchea of

vertical shaft design CO%I’I sl ng_one or re subst anti a vertica
chanbers and bagtingevessel mord enenigst effikichsanshaltoydng daveer cpgwestraabery treaterialy foebst | y

t . : f the fuel. At tively, th lid
0 gases mo&g%ﬁqlgxoﬁsgﬁct&ggggﬁ%%ﬁg e fue ernatively e soli

feedst ock nmay be transporte the series of heat exchangers
i ncluding the final 20 heating vessel in fluid nedia in pipes or vessels,

puch 111 0o SRR REE SRPE R ML b, AT P AT IS] Herma
benefi ci al t activadopboars mapfbeadiobenafromnangf canleniém érydtooarkormoebuk fuélheFuels
| beration Ofavgagleftgetge associated cbmbustion, gasification, reforming or electricity generation
15 plant will generally be convenient for the current purpose. As taught in W02008/061305,
such fuels may include coal, oil, natural gas, methane or longer chain alkanes or variants or
mixtures thereof. As further taught in W02008/061305, such fuel may substantially or
partially also comprise hydrocarbonaceous material derived from renewable biomass.
Preferred fuels include natural gas or other mixtures of alkanes since they are more
20 efficient. The combustion of said fuel in the process of direct thermal activation forms
additional carbon dioxide to that subject to the present sequestration process. Thus it is
advantageous in an overall process sense to minimise such additional carbon dioxide.
Fuels such as natural gas, alkanes or renewable biomass assist in achieving such
minimisation.
25
As further taught in WO2008/061305, the direct thermal activation of the said magnesium
silicate hydroxide mineral feedstock may take place in any suitable heating vessel. This
will usually take the form of a kiln, furnace or similar combustion chamber or heating
vessel. The feedstock may be contacted with the combustion gases from the fuel or may
30 be heated in isolation from the combustion gases via radiation, conduction or convection

from the fuel combustion chamber. The use of an intermediate heat transfer fluid between

the combustion chamber and the said mineral feedstock is not precluded, however it is less



silica phases and may advant ageously be enployed in the heating vessel. The
heating 25 vessel nay be designed to provide turbul ent or dispersive or
attritive conditions to assist in achieving the dehydroxylation of the
feedst ock essential for activation. Thus, the heating vessel nay be

desi gned t owoabvmioe2sed/ or agitate the feedstock during heBAUIgY/ehEBeOf tO
assi st in dehydroxylation (activation). Such agitation nmay be applied via
rotation in rotary kilns, preferably in the presence of sone additional
grinding and/or agitation nedia such as 99 steel balls. Aternatively, sonme
agitation may be obtained via counter-current gas flow in shaft or tower
kilns or fluidised bed furnaces, again preferably in the presence of some
addi tional geffisitinhg Thnaseoef ether mednssuchees electrigiy fo provide the heat, such as in an

20107 0221808 Pttt FHRse Obhe A8t condiftute aieth Blerdfill RIANGY BHMMAL] QRnlaEB G 1o

during the thermal activation iI's advant ageousl'y recovere sequent
condenser f oexagsavewineigy mequirempmtecess in t he aqueous sl urry. 5 In a
preferred enbodi nent the feedstock is heated in the series of heat
exchangers including the final heating vessel in an essentially dry state
such t hat % h&vVHeeetts tnaghesiusn sihmmslmlr@drhb mihmbfgbdsmkmb Ieatetl bgxlobetiegetng vethd
heati ng vessggsﬁwt out t he add tion w d L9 sai d fe

S
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achi eved hase fIU|d/soI|d fl said. fl |ds C risin her gases

W, It
or liquid rhprevecthe &R drlypef dhetiregy pridas ahat Feé’gpa&é?s‘“ﬁg%%bd%‘e’i%
agitation angltagaﬁfl cient heat transfer which may be enhanced by high gas
flowrates during transport of said mneral feedstock through the heat
exchangers and heating vessel. Alternatively, the mneral feedstock may be

transported trht qugfolings Raatang Xﬁmﬁ@'&ﬁsasaﬁl%r&ﬁﬁt k(ﬂﬂ | fhe arigs DF Wehty
suspended in a liquid carrier. In such cases, prefierable that 20 the

rati o of |i geschangers iselufing the fmﬂeh@tlnéﬁﬁssﬁlh@%ﬁh%@QSP%l isrfaisech eity &inple pt
l'ow, and usugld\¥ion temperature by the heat released by combustion of fuel. As taught in

W02008/061305, the heat activation vessel may be of vertical shaft design comprising one
or more substantially vertical chambers and wherein the feedstock is charged and flows
counter-currently to gases produced by the combustion of the fuel. Alternatively, the solid
feedstock may be transported through the series of heat exchangers including the final

20 heating vessel in fluid media in pipes or vessels, such fluids being either gases or liquids.

Agitation of the mineral feedstock in the heating vessel where thermal activation occurs is
beneficial to the process of activation of the feedstock and to the liberation of any free
silica phases and may advantageously be employed in the heating vessel. The heating
25 vessel may be designed to provide turbulent or dispersive or attritive conditions to assist in
achieving the dehydroxylation of the feedstock essential for activation. Thus, the heating
vessel may be designed to rotate and/or agitate the feedstock during heating thereof to
assist in dehydroxylation (activation). Such agitation may be applied via rotation in rotary
kilns, preferably in the presence of some additional grinding and/or agitation media such as
30 steel balls. Alternatively, some agitation may be obtained via counter-current gas flow in
shaft or tower kilns or fluidised bed furnaces, again preferably in the presence of some

additional grinding and/or agitation media.



| ower than that enployed in the | ater carbonation step in order to reduce
thermal energy requirenents in raising the slurry feedstock to its desired
activation tenperature of at |east about 580C, for exanple from about 580C,
for exanple from about 580 to 1200C, such as from about 580 to 800C. Under
t hese condi MOAY/ 4% | iquids will generally be 25 supePREAU001HS
presence of such a liquid carrier nmay assist in the dehydroxylation of the
magnesi um sil i cate hydroxi de m neral feedgfock and |iberation of silica by
providing efficient heat transfer, turbulent flow and sone dissol ution of

t he magnesi um and by assisting disruption of silica |ayers. In the

enbodi nents for transport of the feedstock via fluid carriers, said
carriers conprising either gases or liquids, the thermal energy supplied 30
to the heati rifateic 2§ edehpargxyidtione ehleasddl dudng el charmgl aétiviatien daradivantagebusiyl

t hrough said heating vessel. The solid nmneral. feedstock may be

subst ant | al | yoOus H LHORAHER: CARCBSSF for 47 PICH e fFossss 2,5 JREPS S Mo at f ng
vessel and said carrier fluid recycled to carry nore mneral WO

2010/ 022468PCT/ AU2Q09/ 001118 feedst ock through {he heatjng vessel, thus
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as density separation, centrifugal separation or filtration. 5 After the

di rect t her m&ianpeiPd Hrpush saiddisat axshaggers gnd iheatingorsesets W&oyt i ardigor chgey may
be enpl oyed wWaidetot fd iffddkioad t&@e@g\ Métafiig MRS thePnall FeyBirdm&GRPEiCihe | Hea@ider
to reduce the particle sizes to 75 mcron or less. This fine grinding nmay
be per f or med PEIcETSerin s cate thr yse ofifley meqstofdransrarief the fasdstoc: theough thei heatyi | |
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efficient grinding. 10

Transport of the mineral feedstock through pipes or chambers in the heat exchangers and

heating vessel may alternatively be achieved by two-phase fluid/solid flow, said fluids

comprising either gases or liquids. For the case of gas/solid flow, the carrier gas provides

15 agitation and efficient heat transfer which may be enhanced by high gas flow rates during

transport of said mineral feedstock through the heat exchangers and heating vessel.

Alternatively, the mineral feedstock may be transported through the heat exchangers and
heating vessels as a slurry suspended in a liquid carrier. In such cases, it is preferable that
20  the ratio of liquids to solids in the direct thermal activation stage be kept low, and usually
lower than that employed in the later carbonation step in order to reduce thermal energy
requirements in raising the slurry feedstock to its desired activation temperature of at least
about 580°C, for example from about 580°C, for example from about 580 to 1200°C, such
as from about 580 to 800°C. Under these conditions such liquids will generally be
25 superheated. The presence of such a liquid carrier may assist in the dehydroxylation of the
magnesium silicate hydroxide mineral feedstock and liberation of silica by providing
efficient heat transfer, turbulent flow and some dissolution of the magnesium and by
assisting disruption of silica layers. In the embodiments for transport of the feedstock via
fluid carriers, said carriers comprising either gases or liquids, the thermal energy supplied
30 to the heating vessel may be reduced via recycling of the carrier fluid through said heating
vessel. The solid mineral feedstock may be substantially separated from the carrier fluid

after exiting the heating vessel and said carrier fluid recycled to carry more mineral



The separation of silica and/or other valuable mnerals is effected prior
to the carbonation reaction. This separation may be achi eved via various
means known to the mneral processing industry including density or gravity
separation, centrifugal separation or filtration, flotation, nmagnetic or

el ectrost atwo 28mpaz4et | on or conbi nati ons thereof. DensiPgI/AB208%ariati on
provides a particularly suitable route. Density. separation may be achieved
t hrough the use of technol ogi es known to those skilled in the art such as
hi ndered settlers, cyclones, hydrocyclondd-spirals, jigs and the Iike.

Water may be added to enable efficient operation of these units. The free
silica and other |ow value netal oxides are renoved as a | ow density

fraction and feedeogk thrpugh jherhogting ¥essed. thuy mpingnipg B0 tb%theemive@arga@f fegh 20
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magnetic or electrostatic separation ere water 1s added to

oper at i ons, inmethedysush as densifeseparatiors genttigal spraration @r fittatibn.oxi de streams for
re-use in the process. The residual activated feedstock, constituting the
maj or fraction of internediate density, is then richer in magnesi um cont ent
renderi ng 3t Afer ¢heedifeet thexnml fagtivatine sepbaeqpiéansl scaoixbfing gindingatge omy ®5 The
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of water, vedWes B BPtRal Wi il s Xons Sah pl RS BPRSF Nubhe o
acetic acid, aqneahsl rﬁecﬁ&:io&nalﬂseﬁrchht:gr&ﬁiir@, pht halic acid, orthophosphoric

aci d, cit(fc acid, formc acid or salt solutions of such weak acids, saline
sol utions,” agueous saline and sodi um bi carbonate sol uti ons, potassium

bi carbonat e gaé sphi@fisn omlmwnaxwemesvalm&.ﬁi&@{a&awﬁaﬁ@;ﬁr&dzsa&/&%ﬁa:&m- 12
- and al cohol solutjons such as aqueous et hanol . nmet hanol sol uti ans,
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or any combi pakégmgt 1h&rs&?fmc16dm?ruea9@0% |gYav1t§1rbe§£}mU%e§tﬁlﬁYgﬁmse&Yaﬁoﬁn&r
conprising an aqueous saline solution wi th sodi um bi carbonate may
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resi dual actlvated eedst ock suspénded i n the sol vent hen cont act ed
with through the use of technologies known to those skilled in the art such as hindered settlers,
cyclones, hydrocyclones spirals, jigs and the like. Water may be added to enable efficient
operation of these units. The free silica and other low value metal oxides are removed as a
low density fraction and the iron other valuable metal oxides are be removed as high
20 density fractions. Further enrichment of iron oxides may be achieved via magnetic or
_ electrostatic separation. Where water is added to these operations, it may be recovered
from the separated metal oxide streams for re-use in the process. The residual activated
feedstock, constituting the major fraction of intermediate density, is then richer in
magnesium content rendering it more effective for the subsequent carbonation reaction.
25
The residual activated and finely ground feedstock is then suspended in the slurry solution
that is required for the carbonation reaction. The solvents are typically weakly acidic
aqueous or mixed aqueous and/or saline or other solvents miscible with carbon dioxide.
The solvents may be chosen from any of water, weak acids such as those known in the
30 prior art for example acetic acid, oxalic acid, ascorbic acid, phthalic acid, orthophosphoric
acid, citric acid, formic acid or salt solutions of such weak acids, saline solutions, aqueous

saline and sodium bicarbonate solutions, potassium bicarbonate solutions, mixed aqueous



carbon di oxi de to form nmagnesi um carbonate. Preferably, the said activated
f eedst ocks suspended in the solvents are contacted with supercritical,

| i quefied or high-pressure 10 gaseous carbon dioxide in highly turbul ent or
rapi dly dispersive or attritive reaction vessels to substantially convert

t he carbon gi‘b%??‘lﬂ‘gz‘i% carbonates. Preferably pressures PRTANPAHAE 10- 200
bar, nore preferably 50-160 bar and tenperatures in the range 10-250 ,
degrees Cel sius, nore preferably 10-175 dpgrees Cel sius are enployed in the
reaction vessels. 15 Suitable reaction vessels may conprise high-pressure
agitated vessels, pipeline reactors or the like, or nore preferably, high
vel ocity reacti,Q ssel.s to pronpte tuyrbulence, rapid.m xing.and attrition
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w thdrawn for final disposal, usually back to the serpentine mne or
gquarry. The recovered solvents and the unreacted feedstock are recycled to
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Plural such units nmay be enployed, either in series or parallel, in order
to provide the required process throughput for any particul ar m neral
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gigawatt-scale coal-fired electricity generation plant, abou
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reduce the coafesiudi Giticate into magnesium carbonate and silica. Thus, the recycle stream
incorporates a further separation stage that substantially separates silica and magnesium
carbonate from substantially unreacted feedstock to return said substantially unreacted
feedstock to the reactor.

30
As used in the separation process after direct thermal activation, various separation means

such as gravity or density separation may again be advantageously used to effect



concentration in the atnosphere to mtigate the effects of gl obal warm ng
and climate 25 change. It will be apparent to those skilled in the art that
t he processes such as those disclosed in the current invention nay be
adapted and used for such absorption and solidification of carbon dioxide
fromthe atwosplwmmss Key aspects and the associ ated proR€EsUINpIOGUENENT S
and applications disclosed herein nmay be enployed in such processes. In
particular, the use of direct thermal activation processes via conbustion
of a 30 fuel disclosed herein and the suBéequent nmet al oxi de separations as
wel | as the solvent processes as described herein and the other vari.ous
process inprovenents and applications descri bed herein may be enployed in
such capt ur e serrratign fom the teydestrepmmThn siliga srgfplhereacted mnesxum carbonate may
2010/ 022468P¢ é%Hf\QQ A qu%enﬁtg “fral o GRS ¢ Q?thﬁiﬁgbﬂ’ea&% IQ§1 es?hcate
substantial ly excludi ng magnesi um oxi de an magnest um si |1 ca are
separ at ed fr genstitvting cthe vhiglay d@eldSStftﬁGkomn the evwhstaatialli senysled Mbkwt thet he
e o euar Lo MarbhtA B! RAOCAINRH SOL anfhGedSiuhOPREELAL dBLANE ] 0B

At nospheric car di oxi de may e concentrare to reaction, or be
sequest er éd Bwilchcdrbmlatefamdrsullqarreslldxm's e Withdtawme dar ﬁrehdtsmnal vustwtilyabanbstqn HEI’I c
car bon di oxi L.n the faor 0 0 I n| a
or dissol vedggﬂ%xﬁf a 18% 1 ‘H%H% stich %gveégrfﬁ%%vgnrtﬁt gé?t% na a‘# esag?%(

car bon di oxi ceyéledto the reasitor eArp;)rtpmsxff thregsikidar and gimghésurh oavbomtésyna;obwﬁrﬂwrng it
t o ammoni um bi car bpnat e. e car bon d@gm dﬁ ”g&é tlhen be 10 released in a
concent r at ed PEFFE Sé’ﬁﬁesf% oa‘?{ﬁ%‘*‘ffﬁ F HSAYE rF&Generat ed by application
of heat. The concentrated stream of carbon di OXI de is then processed in the

same procgss, as., descri bed att ase,

equent r alh off TibhPePBiEBEIsd horEose Bl it it et eyt o a0 BPeepLalit sush 2
vessel s, neveilds)@lrffss tiSothe HERGHPEs¢IS, SorhinGtien Bbbdés@é@ SépatatiBal poedses and
activated and subj ect ed to netal oxide_separatign as taught herel n. Metal

oxi des 15 of re¥Moysstelsgiered euin this sperfigen ot Suited g apy %aaﬁlel Iarmamben ofyy

val ue netal qyhdRsesaPiial dick Fﬁﬁﬁ@ﬁkap@@ 'émFJQ)y&h%ltH@gﬂ%&ﬁéémrﬁia}dllglakr?oﬂa}ﬁdfoox' de
mine. Systems of open vessels, ufry dams, absorption towers

aerated st ocRpVideghoreabeh pr%a%ﬁhrepgfmvg&wwaé&ﬁlaaﬂwnwgl eatbonatian dagiity-
acti vat ed; sTRgHESiak g glsld Sra&is s&Ycﬁg%H%%d&t&%%ht ffﬁ'ﬁﬁﬁ&?ﬁalﬁné? &%ﬁ%tdibxnde

sui tably seI ecte urr%/ sol vent In this application. Such
vessel s, fi epbwduced|apnuatlyoly dasmawaal:sg@ic p‘mﬂcﬁfe@ mltbrgeaeamnenlasts ebayhi40es or

heap | each 2 i 0:9 folik &to? 3@%&&% fngrﬁ%%llqg&ﬁld h&dWhi |c stePdtiifafy. - Rk %ﬁﬁﬂre‘égt ?ﬁ

m neral to car 1 OXI pre 1 rst di s as cdar boni c *aci
agueous nedi ﬁa,cxlmr arosgssmgmme:afesssqfrlé)fléqloanmoz” gerpentime pehdayna is .exddse of X6t ed

activated mperal. in the ar bonat
peri odi cal | y{})rmelerrsoeedh({ur llwlf il ?aﬁ% %gﬁ%fpr&egm%tmel g%’tlréa‘tr d g‘? et tsts‘(l)c(lzlk to
t he carb®@® dibextigputor car boni c

Another application of this invention may be in the sequestration of carbon dioxide drawn
from dilute streams or directly from the atmosphere in order to reduce the carbon dioxide
concentration in the atmosphere to mitigate the effects of global warming and climate
25 change. It will be apparent to those skilled in the art tﬁat the processes such as those
disclosed in the current invention may be adapted and used for such absorption and
solidification of carbon dioxide from the atmosphere. Key aspects and the associated
process improvements and applications disclosed herein may be employed in such
processes. In particular, the use of direct thermal activation processes via combustion of a
30 fuel disclosed herein and the subsequent metal oxide separations as well as the solvent
processes as described herein and the other various process improvements and applications

described herein may be employed in such capture of carbon dioxide from the atmosphere.



25 aci d/aqueous flows. In the case of stockpiles for exanple, reacted

| ayers may be periodically scraped off the exposed surfaces of said
stockpiles. The renoved material conprising carbonates may then be
transported_for disposal, such disposal being advantageously back in

ni ned- out aM@1UR4%e nagnesi um silicate hydroxi de fee8STAURIMIHAIS
quarry. 30 WD 2010/ 022468PCT/ AU2009/ 001118 - 15 - way of exanple only,
with reference to the acconpanying drawings. Figures 1 to 4 are flow
diagranms illustrating the process of the present invention. Figure 1
illustrates a generalised flow diagramof the invention. It shows a process
for 5 activat} Ser i re,. usi | o] of. this.
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fraction (13jelected slurry solvents may be employed in this application. Such vessels, fields, slurry

20 dams, absorption towers or aerated stockpiles or heap leach arrangements may be designed
to optimally expose the activated mineral to carbon dioxide, preferably first dissolved as
carbonic acid in aqueous media, via systems of sprays, atomizers, or channels. The reacted
activated mineral, in the form of magnesium carbonates, should be periodically removed to
allow exposure of unreacted activated feedstock to the carbon dioxide or carbonic

25 acid/aqueous flows. In the case of stockpiles for example, reacted layers may be
periodically scraped off the exposed surfaces of said stockpiles. The removed material
comprising carbonates may then be transported for disposal, such disposal being
advantageously back in mined-out areas of the magnesium silicate hydroxide feedstock
mine or quarry.

30
Various embodiments of a method for long-term sequestration of carbon dioxide into solid

magnesium carbonates in accordance with the present invention will now be described, by



conprises netal oxides such as silica which are of | ow econom c val ue and
may be 30 di sposed (18) back to the mne (1) after recovery (26) of the
solvent which is recycled into the process, for exanple at(19) as shown
here. The high density fraction (14) conprises netal oxides of high

econon ¢ vawoeonwehsts i ron oxi des and which are furthePCpAGOE®eHS WO
2010/ 022468PCT/ AU2009/ 001118 - 16 - for sale after recovery of aqueous
solvents which are re-used in the process, The residual activated feedstock
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ack to the peactor (8). e . densi eparati on prqQcess 7) In i S
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has been found to be economn ca vi‘abl ec.f or the permanent solidification
of 14 M peran#finm f). cBrnlral @ndrssensiabhdating yesself(pbeamprisene dyrngcgrized by a

pul ver | sed ThfkodahBAidehd i, MR ool rdfird? BB, 18 pfd Rk delinerkPadRONR,
station has r%rsgiur 660 MN genér at orcs tnﬁatr ;mm?’t Bbout gggge ? per élnorgum to
t he el ectri ctheypre raising its temperature to at least around 580°C. Water of dehydroxylation is
recovered from the flue gases in a condenser (9), separated from the remaining flue gases
20 (27) and used in the process, for example as shown here in making up the final aqueous

slurry (16) prior to the carbonation reactor (8).

After cooling, the activated ore is further ground to the desired final particle size of less

than 75 microns, here in a wet milling process (11). Further water may be added (25) for

25 operation of the separation stage (12), where metal oxides (14) and (13) are substantially
separated from the residual activated magnesium silicate feedstock (15) using density

* separation. In this example the metal oxide separation stage (12) comprises a series of
hindered settling tanks in combination with hydrocyclones. The low density fraction (13)
comprises metal oxides such as silica which are of low economic value and may be

30 disposed (18) back to the mine (1) after récovery (26) of the solvent which is recycled into
the process, for example at (19) as shown here. The high density fraction (14) comprises

metal oxides of high economic value such as iron oxides and which are further processed



grid and consunes 6.4 M per annum of black coal. The process shown in
Figure 1 30 achi eves over 80% pernmanent carbon di oxi de sequestration
consum ng about 32 M per annum of serpentine and 0.85 M per annum of
natural gas in the fuel-fired furnaces that activate the serpentine.

Del i vered eVOXHR2468 fromthe el ectricity generation p?‘é?{tmgﬂgﬂ?‘ﬂnﬁe WO
2010/ 022468PCT/ AU2009/ 001118 - 17 - reduced to 98% of the original supply
W t hout sequestration due to the requirengnt to supply electricity for the
comm nution of the serpentine. The process will avoid over 11 M per annum
of carbon dioxide at a cost, of less than Australian dollars A$9 per tonne
of carbon di gxide, i ' sak e | I Lde.
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generatiogs pl ant (2) whose 10 carbon di oxi de em ssions are to be ‘
sequestered and a stream (3) containing the said carbon dioxide entering a
m neral car b@hatcatongtoantaction (8hesésg atlaypadantpamsiyoutilise apidtion dmd ogtritieh, t hi s
invention. In this ex | e, the soci, at c& conbust i on, (gasi ficati og,
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this case greater than 20% This allows for an overall 15 net w_thdrawal of
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plant (2) are sequestered In this process and the regrow h of the bionass
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poi nts inc| ugaﬁb&n%&):l riezpc%og BFoducts (25) which are withdrawn from the second separation process

(17) comprising density separation. The higher density fraction comprises largely

unreacted feedstock with a high content of magnesium silicate which is recycled (19) back

to the reactor (8). The density separation process (17) in this example is a series of

20 hydrocyclones. The low density stream (25) is substantially dewatered in settling tanks

and filters (26) and the substantially solid carbonate and silica residues (18) are withdrawn

for final disposal back to the mine or quarry (1) ahd the recovered solvent is reused in the

process, here at (19).

25 The process illustrated in Figure 1 has been found to be economically viable for the
permanent solidification of 14 Mt per annum of carbon dioxide emissions from a
conventional pulverised fuel electricity generation plant in Australia. The power station
has four 660 MW generators that export about 15500 GWh' per annum to the electricity
grid and consumes 6.4 Mt per annum of black coal. The process shown in Figure 1

30 achieves over 80% permanent carbon dioxide sequestration consuming about 32 Mt per
annum of serpentine and 0.85 Mt per annum of natural gas in the fuel-fired furnaces that

activate the serpentine. Delivered electricity from the electricity generation plant would be



25 carbonation reactor products (22), cooling the conpressed carbon di oxide
gas (21) and cooling the activated feedstock after thermal activation (10).
In this exanple, |ow grade or waste heat (28) drawn fromthe associ ated
conmbustion, gasification, reformng or electricity generation plant (2) is
utilised i nwprehwaiss$g (24) the mneral feedstock. The ge¢matosndiassenti al
heating vessel (6) conprises a rotary kiln or simlar conbustion 30 chanber
fired by a hydrocarbonaceous fuel in.this case pulverised coal supplenented
by renewabl e bi omass fuel (7), to providé’direct thermal activation of the
ore raising its tenperature to at |east around 580C. The use of renewabl e
bi omass fuel here reduces the WO 2010/022468PCT/ A1J2009/001118 - 18 -

addi tion of eeduprsintod?&xiodéher eriginal suppip Jyithentesernastratidneducoiobibs tre@tirementt foe
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the activadted ore is further ground to the desired final particle size of

|l ess than 75 . mcrpns, in a further mlLing. process. (11 Wat er..ma
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activated magnesi um si IIi cat e feedstock g’ﬁ% sin densi.t% separatiop. In
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hydr ocycl gnes. 1?W density fraction 3)., conpri %es metal oxi des such as

The I, (13)
silica whilchcaben gexifeginissonsqis to h?éﬁwstaﬁé‘ andg SRS 4 FNAIRIng ) salcapbopy ¢ he
mne (1) aftgioxideemylig/a mifral Qhrbbii@oNBlaf (SYMNsfeed according to the methodology of

this invention. In this example, the associated combustion, gasification, reforming or

electricity generation plant (2) utilises a substantial proportion of renewable biomass (16)
as hydrocarbonaceous feedstock, in this case greater than 20%. This allows for an overall
15 net withdraWal of carbon dioxide from the atmosphere, since most of the emissions from
the associated combustion, gasification, reforming or electricity generation plant (2) are
sequestered in this process and the regrowth of the biomass feedstock 916) to sustain this

process withdraws carbon dioxide from the atmosphere.

20 The serpentine ore is crushed and ground in comminution circuits (4) to a particle size of
less than 500 microns and fed into a series of heat exchangers (24) to preheat the mineral
feedstock and a final heating vessel (6) which in this example comprises a rotary kiln for
direct thermal activation. The series of optional heat exchangers (24) utilise heat drawn
from other points in the process where cooling is effected. Such points include cooling the

25 carbonation reactor products (22), cooling the compressed carbon dioxide gas (21) and
cooling the activated feedstock after thermal activation (10). In this example, low grade or
waste heat (28) drawn from the associated combustion, gasification, reforming or
electricity generation plant (2) is utilised in preheating (24) the mineral feedstock. The
final and essential heating vessel (6) comprises a rotary kiln or similar combustion

30 chamber fired by a hydrocarbonaceous fuel in this case pulverised coal supplemented by
renewable biomass fuel (7), to provide direct thermal activation of the ore raising its

temperature to at least around 580°C. The use of renewable biomass fuel here reduces the



15 is recycled into the process, for exanple at (16) as shown here. The

hi gh density fraction (14) conprises netal oxides of high econom c val ue
such as iron oxides which are further processed for sale after recovery of
aqueous sol vents which are re-used in the process. The residual activated
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carbonation reactor vessel (8) after nmake-up with the desired sol vent
system and other 20 reagents (16) and aftgy heating (23) to the desired
reaction tenperature, in this case 155 degrees Cel sius. The carbonation
reaction (8) vessel may advantageously utilise agitation and attrition,
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reused int h%al% %fr%gy behcggp%seadt (1 é)]b%)ck to the mine (1) after recovery (26) of the water which
15 isrecycled into the process, for example at (16) as shown here. The high density fraction
(14) comprises metal oxides of high economic value such as iron oxides which are further
processed for sale after recovery of aqueous solvents which are re-used in the process. The
residual activated feedstock (15), comprising largely magnesium silicate then enters the
carbonation reactor vessel (8) after make-up with the desired solvent system and other
20 reagents (16) and after heating (23) to the desired reaction temperature, in this case 155

degrees Celsius.

The carbonation reaction (8) vessel may advantageously utilise agitation and attrition,
either via mechanical means or flow-induced. In this example the solvent system (16) is an
25 aqueous mixture of water with sodium chloride and sodium bicarbonate. The carbon
dioxide-containing stream (3) from the associated combustion, gasification, reforming or
electricity generation plant (2) is compressed via a system, of compressors (20) to a liquid
form or to a pressure in excess of 115 bar prior to entering said carbonation reactor vessel
(8). Heat may be recovered (21) from the system of compressors and utilisedlin other parts
30 of the process requiring heat input, for example at heat exchangers (24). A recycle stream
(19) circulates substantially unreacted material back to the reacfor, after separation of a

low density fraction substantially comprising silica and magnesium carbonate reaction



Figure 3 illustrates another flow diagram of a particul ar enbodi nent of the
invention. In 10 this exanple the mneral carbonation plant (5) is simlar
to that shown in Figure 1 however in this case it is used to sequester
carbon di oxi de drawn fromthe atnosphere. The carbon dioxide is drawn from
t he at nospheoeoion2sscgeneri c capture plant (2) that usespar/aegenenaised
capture nedi um such as ammoni a or sol utions of ammobni a conpounds such as
ammoni um carbonate to react with the-carbon di oxide to form carbonates or

bi car bonates. The generic 15 capture pladP-(2) then concentrates the carbon
di oxi de (29) and regenerates and recycles the capture nedium (28) back to
the capture plant (2). The concentrated stream of carbon dioxide (3) is
then fed to pheduets () athichzard withdrawn fiohathe s¢cohd seperstionprogess €1 Brusingidensityr t o

t hose of Fig . an | i fi.ed ' ' N
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vessel . I nst BAEOAR S Kooeies B Phe CHIERTAL 10D AP B o THPayst erms
of open vessgudry (1) &1ddRe rebdverdd)solVaiiEs re@sed o Pheipftedsphiee a1, (16)r at ed st ockpi | es
or heap | each arrangenents containing the residual activated feedstock and
exposed to the atnosphere to provide contact with carbon dioxide. 30 Figure
4 shows a M RRuRY3 dldirdtds dnbihe¥NEWRliddhin GRE PSICUA Shbddedé of Y i@¥értien "ner al
is extracted. The mneral is crushed and _ground in comm nution circuits (4)
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here in mkip@}ﬂ%ﬂ 10 a slurry (19) for wet mlling (11) to a final particle

size of |ess 75 mcrons after cooling (10) the mneral. Further
aqueous 0l vents may optionally be added (16) for operation of the

separation stage (12), wher tal, oxides (14) and 3) are substantially
separ at ed fr%‘ﬁgﬁeﬁ‘e'ﬁf‘%‘@i‘ed@a?‘%ir oyt tiaguameef %@gﬁ@qrambéi}ln{eea?fethf HERIBe K ( 15)
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(12) conprises a series of hindered settling tanks in conbination with
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30 Figure 4 shows a mine or quarry (1) where the magnesium silicate hydroxide mineral is
extracted. The mineral is crushed and ground in comminution circuits (4) to a particle size

of less than 500 microns and fed into a series of heat exchangers (20) to preheat the



25 like after recovery (3) of the aqueous solvents and re-use of said
solvents in the process, for exanple as shown here at (16). In Figure 4,
the activated feedstock is mxed with suitably selected slurry solvents and
reagents (16) that may assist in dissolution of atnospheric carbon dioxide
in the syst ®i@204702308 aer at ed or open fields, dans, vessBCHAUNWPI1IBach
arrangenents or the |i ke and conversion of the carbon di oxide to nagnesium
carbonates. The said systens of aerated 9J, open fields, dans, vessels, heap
| each arrangenents or the |ike are desi gned to opti mally expose WO

2010/ 022468PCT/ ALT2009/ 001118 - 21 - the residual activated mneral to

contact with carb i oxi de L.n.the. at nos e.,. Arrangenents, fo enhanc
T T oy atal Brleak at s e oS ERR R o di s f R e traiong T vetes of
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quarry (1) where the nagnesiumsiljcate hydroxi de m nefal I's extracted. 10
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conpounds r efceslmgdl@)sheominemtli cated in this specification, i nd| vidually or
collectively, and any and all conbinations of any two or nore of said steps
or features. Throughout this specification and the clains which follow,
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oxides such as silica which are of low economic value and may be disposed (18) back to
the mine (1) after recovery (22) of the aqueous solvents which are recycled into the
20 process, for example at (16) as shown here. The high density fraction (14) comprises
metal oxides of high economic value such as iron oxides and which are further processed
for sale after recovery of aqueous solvents which are re-used in the process, for example at
(16). The residual activated feedstock (15) comprising largely magnesium silicate is then
used in systems of aerated or open fields, dams, vessels, heap leach arrangements or the
25  like after recovery (3) of the aqueous solvents and re-use of said solvents in the process,

for example as shown here at (16).

In Figure 4, the activated feedstock is mixed with suitably selected slurry solvents and
reagents (16) that may assist in dissolution of atmospheric carbon dioxide in the systems of
30 aerated or open fields, dams, vessels, heap leach arrangements or the like and conversion
of the carbon dioxide to magnesium carbonates. The said systems of aerated or open

fields, dams, vessels, heap leach arrangements or the like are designed to optimally expose



- 22 - THE CLAI M5 DEFI NI NG THE | NVENTI ON ARE AS FOLLOWS: A process for
converting carbon dioxide into solid material, which process 5 conprises
the steps of: (a) direct thermal activation of nmagnesiumsilicate
hydr oxi de m neral feedstock by conbustion of fuel to produce an activated

f eedst ock; wo 20101024489 separation fromthe activated feepst/acioondorst al

oxi des at | east substantially excluding nmagnesi um oxi de and nmagnesi um
silicate to produce a residual activated 10 feedstock; (c) suspension of
the activated feedstock in a solvent to-fbrma sl urry, before or after said
separation step; and (d) contacting the slurry of residual activated
feedstock with carbon dioxide to convert the carbon dioxide into nmagnesi um
carbonate. 1%he2resupl getagiedagunardli iy cersact| Wit carbaph diogide it dhemagmespherm

i1 icate by duguh @ndfl1EE BhnahERUSE A0 (6 SR EATI 156G HBE. SEERERLLAE O
talc. 3. A process according to claiml or claim?2 ern t

oxi des separ awdbasfsysemoof aihehannels wad sddveneeptaxsouil asgstpn ithrecanhdndten plocessie or

more of irong ﬁﬂédngx%nana%ﬁ%ﬂé 4 mﬁp?gﬁ%@p&?m%%Rahgskeggwaxw ol M

copper, potassium orus, - carci um an ss “accor di ng
to any oné oﬂeacthmg ppew@ahs dg slwnhecownemdi typthialle bt etﬂpkxyn@.l Exposmct of freshon of
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where the magnesium silicate hydroxide mineral is extracted.

10
It will be apparent to those skilled in the art that various modifications, omissions or
additions may be made without departing from the scope of the invention which is not
limited to the specific embodiments and examples described herein. It is to be understood
that the invention includes all such variations and modifications that fall within the spirit

15 and scope. The invention also includes all of the steps, features, compositions and

compounds referred to or indicated in this specification, individually or collectively, and

any and all combinations of any two or more of said steps or features.

Throughout this specification and the claims which follow, unless the context requires
20 otherwise, the word “comprise”, and variations such as “comprises” and “comprising”,
will be understood to imply the inclusion of a stated integer or step or group of integers or

steps but not the exclusion of any other integer or step or group of integers or steps.

The reference to any prior art in this specification is not, and should not be taken as, an
25 acknowledgement or any form of suggestion that prior art forms part of the common

general knowledge of the countries in which this application is filed.



30 silicate hydroxide mneral feedstock is pre-heated prior to direct
thermal activation by application of the heat rel eased by conbustion of
fuel using heat liberated fromthe reaction of carbon dioxide with the
activated feedstock and/or | ow grade or waste heat WO

2010/ 022468PCT/ AU2009/ 001118 - 23 - drawn from an associ ated car bonaceous
or hydrocarbonaceous fuel conbustion, gasification, reformng or

el ectricity generation process and/or heat drawn from cooling the products
froma fu el-fired heating vessel and/ or - eat dr awn from cool i ng carbon

di oxi de after conpression. 5 6. A process accordi ng any one of the preceding
clains, wherein direct thermal activation of the feedstock takes place by
rai sing and mai ntaining the tenperature of said feedstock to a tenperature

of at | east : (e of the preceding
cl ai ns, mhergﬁﬁg%ﬁéggégﬁé%§@ﬁéﬁ§hﬁ%ﬁ@%ﬁ?ﬁﬁg£S§2$§22M%$ﬂﬁ%ht exchangers and

heating vessels in an essentially dry state such that the feedstock is
transported through madesk S@r t@senhg hesioredhitegens ehid heatialngrhids ped@ss

w t hout the addition of any liquid to said feedstock thereby decreasing the
t her mal reﬁuﬁP5W§ﬁF§h?%ﬁ”P e heating process. 15 8. A process accordi ng any
one of the precediflg chRédiernhigtiation bemhgedisiodkeaishykeaddedninarah fdedaddkng

vessel that is designed to rotate and/or ggiégt ‘the feedstock during
heati ng t her égfcomgy @§P§ﬁwfﬁiﬂ%%§%Wb¥§W§F TeaRdSact i vati on. 20 9. A process
accordi ng any one®f t L RAGCHE UL £kidhiss feetdiorkad Mndidl @xfdee aidtae subsantidbt ed

in isolation fromthe conbustion gases of the.fuel via,radiatipn .
conduct i on oRXEEHIE RIESRSIFR oPifhatd (eAZnewB LBt @ HARSY 4 ﬁeséfpugh PSS
desi gned hpatddgomessel . 10. A process according to any one of clainms 1-8,
wherein direct thermal activation of 25 the feedstock takes place in an
oxygen-| ean conbugé) on Ripesien osthehctitatd fdaestonly@arnsobant enformfa diney, before

conmbustion gas is | r ichi ometric requirement for conplete
conmbusti on of theoégrxﬁﬁ&g%ﬁ?%ﬂﬁng%gtﬁg'hydrocarbonaceous,fuel to carbon

di oxi de. {d) contacting the slurry of residual activated feedstock with carbon dioxide to
convert the carbon dioxide into magnesium carbonate.
15
‘ 2. A process according to claim 1, wherein the magnesium silicate hydroxide mineral

feedstock is mostly comprised of serpentine or talc.

3. A process according to claim 1 or claim 2, wherein the metal oxides separated from
20 the activated feedstock comprise oxides of one or more of iron, silicon, aluminium,

manganese, chromium, nickel, titanium, copper, potassium, phosphorus, calcium and

sodium.

4. A process according to any one of the preceding claims, wherein direct thermal
25 activation of the magnesium silicate hydroxide mineral feedstock occurs by application of
the heat released by combustion of hydrocarbonaceous fuel in a furnace, kiln, fluidised bed

furnace or similar combustion chamber or heating vessel.

5. A process according to any one of the preceding claims, wherein the magnesium
30  silicate hydroxide mineral feedstock is pre-heated prior to direct thermal activation by
application of the heat released by combustion of fuel using heat liberated from the

reaction of carbon dioxide with the activated feedstock and/or low grade or waste heat



11. A process according to any one of the preceding clainms, wherein water
rel eased by 30 dehydroxylation reaction in the direct thermal activation
step is recovered for re-use in the process in a condenser provided on an
out put gaseous streamfromthe said direct thernmal activation step. WO
2010/ 022468W0ROWI02A60O/ 001118 - 24 - 12. A process accOorRITU20e/@mms one of
the preceding clainms, wherein the feedstock is subjected to conmnnution to
reduce the feedstock average particle size to | ess than about 500 nicrons.
13. A process according to any one of th@3pr eceding c¢lains, wherein the
activated feedstock is m xed with an aqueous sol vent and subjected to
further comm nution after the direct thernmal activation step but before the
separ ati on stdéapvnt draae hire\assesiagy topghopacgpuse opf hydgacarbopaggouss fhglc cambustions A
process accol ﬁ&u&? 2ft¥mfil g)rc@(lectrrbﬁ Fgeﬁ&gmnn&o&k@mm w@a@a&m 818 cooling
separation of oxtdes at 12ast substanti al excludin magne5| um
oxi de and rra@lmesnocjmtsfnonbafleeltfuecbmwwgevqsei @sdleltumat awy drogy coalingstaneda | s
achi eved usi Y ensity separation process. 15. A process
accordi ng torag)ﬁ(?degﬁgdoﬁﬁ%gewgr eceding clains, wherein the separation of the
netal oxi des at |east substantially excluding nagnesi um oxi de and nagnesi um
silicate to produge_a residu agt 1 vat e i

conbi nati on §f degril‘s?rtO f/esgeaﬁ%{)rr (glfl #oh” porngc(gfgtgéej)(?&g%gggldlrﬁf a\%ﬂér& arc%? e}

el ectrost at i actbafpar aft the feedstocketabesplack by réisipg @odsaintgiing meng:naerytumxﬁ“ sefd t he

precedi ng cl ai erein the activated gdstock is suspended in a weakly
aci di c aqueozeseg%f”%%%“%&adlé%lﬂ’ at&ﬁa& %qug%fﬁ% ﬁe or other solvent miscible

wi t h carbon di oxi de before contact vvlth t he carbon dioxide. 25 17. A process
according to_claim116, where.the sol v IS cg‘gg%zaéfro m one

"
water, welk dcids?A Rafess axeilingAY ghe Eh? Rgse Pne es‘%‘fltfg‘f 5%gsm%lfeous
saline and s@eltedinki Seried 6NEdaE etchhnierO4Hl, heﬁ@igaﬁe‘ésewnnmn%%ﬁdﬁﬂﬂl@t grySeddtel khdhns,,

m xed aqueous and al cohol solutions, mxed aqueous a sol uti ops,
m xed aqueoud2hifg fepdsteek s trargporied trcugh S%S?ﬂﬁf 2’8‘3?’@%%&5‘%(5’6@)‘@0‘?1?&
without the addition of any liquid to said feedstock thereby decreasing the thermal

requirements for the heating process.

15
8. A process according any one of the preceding claims, wherein the feedstock is
heated in a heating vessel that is designed to rotate and/or agitate the feedstock during
heating thereof to assist in dehydroxylation and activation.

20 9. A process according any one of the preceding claims, wherein the feedstock is

heated in isolation from the combustion gases of the fuel via radiation, conduction or

convection from the fuel combustion chamber in a suitably designed heating vessel.

10. A process according to any one of claims 1-8, wherein direct thermal activation of
25 the feedstock takes place in an oxygen-lean combustion mixture, such that the oxygen
content of the combustion gas is lower than the stoichiometric requirement for complete

combustion of the carbon content of the hydrocarbonaceous fuel to carbon dioxide.

11. A process according to any one of the preceding claims, wherein water released by
30 dehydroxylation reaction in the direct thermal activation step is recovered for re-use in the
process in a condenser provided on an output gaseous stream from the said direct thermal

activation step.



- 25 - 19. A process according any one of the preceding clains, wherein the
carbon dioxide is contacted with the activated feedstock in a system of
open fields, slurry dams, stockpiles or simlar aerated structures or heap
| each arrangenents containing the activated feedstock. 5 20.A process
accordi ng aWp 2000268 cl ai ns 1- 17, wherein the activat edP¢EAHZ0YI118s
contacted with supercritical, liquefied or high-pressure gaseous carbon

di oxi de to substantially convert the car qn di oxi de to magnesi um

car bonat es. 21. A process according td"claim20 , where the carbon

di oxi de and residual activated 10 feedstock are contacted in a reaction
vessel that is designed to provide highly turbulent or rapidly dispersive
or attritive conditions to rapidly and substantially convert the carbon

di oxi de to nggnesialifERs RRBAERSto any o€ of &e%&%&%@ cREAQ WeHeRGn e fedddiolk 2l
where the reaction vessel is provided with a 15 fecycl'e stream whi ch

circul at es arfBbigded forrommipuiontte gedusoths tf@f‘éRtOdS BYeyagstPagicle Bterierless dbageaboyt t o
the carbonatisgppfig@ast i on vessel. 23. A process according the claim 22,
where the recycle streamincorporates a further separation stage that
substantially separates silica and nmagnesi um car bonate from 20

substant | al | faunr faghed, LeRighP Rk ol bHER Sal U ishATbhathynlEeagied

feedstock to the re ocess accor to cl
separ ati on stieegstoek is Imisaslswigh anvaquyovs isoldem snd subgestedrta firther catBmindton teptlecess

according tog dfty tl%’r‘x%aloacn{alf‘gn dtef&ﬁg’ef&% ik ?ér?p%?auo%("‘s‘t‘é‘%?o ARV pdHEL ¥R §fhely OM :

cooling operatiron 1s npress'
of the car bomad|76>nlnclens

10
14. A process according to any one of the preceding claims, wherein the separation of
the metal oxides at least substantially excluding magnesium oxide and magnesium silicate
to produce a residual activated feedstock is achieved using a gravity or density separation
process.

15
15. A process according to any one of the preceding claims, wherein the separation of
the metal oxides at least substantially excluding magnesium oxide and magnesium silicate
to produce a residual activated feedstock is achieved usinga combination of density
separation processes and magnetic and/or electrostatic separation processes.

20
16. A process according any one of the preceding claims, wherein the activated

~ feedstock is suspended in a weakly acidic aqueous or mixed aqueous and/or saline or other

solvent miscible with carbon dioxide before contact with the carbon dioxide.

25 17. A process according to claim 16, where the solvent is chosen from one or more of
water, weak acids, salt solutions of weak acids, saline solutions, aqueous saline and sodium
bicarbonate solutions, potassium bicarbonate solutions, mixed aqueous and alcohol

solutions, mixed aqueous and glycol solutions, mixed aqueous and glycerol solutions.

30 18. A process according to any one of the preceding claims, wherein the carbon

dioxide is in dilute streams or is drawn directly from the atmosphere.
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19. A process according any one of the preceding claims, wherein the carbon dioxide is
contacted with the activated feedstock in a system of open fields, slurry dams, stockpiles or

similar aerated structures or heap leach arrangements containing the activated feedstock.

20. A process according any one of claims 1-17, wherein the activated feedstock is
contacted with supercritical, liquefied or high-pressure gaseous carbon dioxide to

substantially convert the carbon dioxide to magnesium carbonates.

21. A process according to claim 20 , where the carbon dioxide and residual activated
feedstock are contacted in a reaction vessel that is designed to provide highly turbulent or
rapidly dispersive or attritive conditions to rapidly and substantially convert the carbon

dioxide to magnesium carbonates.

22. A process according to claim 21, where the reaction vessel is provided with a
recycle stream which circulates and returns unreacted feedstock, solvent and other reagents

to the carbonation reaction vessel.

23. A process according the claim 22, where the recycle stream incorporates a further
separation stage that substantially separates silica and magnesium carbonate from
substantially unreacted feedstock to return said substantially unreacted feedstock to the

reactor,

24. A process according to claim 23, where the separation stage utilises gravity or

density separation.

25. A process according to any one of the preceding claims, where energy recovered
from a cooling operation is employed to drive pumps or compressors for compression of

the carbon dioxide.



