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Abstract: This paper review the application of carbonation technology to the
environmental industry as a way of reducing carbon dioxide,\COgreen housgas,
including the presentatioof related projets of our researchgroup. An alternative
technology tovery slow natural carbonations the cocalled éaccelerated carbonatig
which completesits fast reaction within few hours by usingure CQ. Carbonation
technologyis widely applied to solidify or stabilize solid combustion residuefom
municipal solid wast papermill wastes, etc andcontaminated sa] and to manufacture
precipitated calcium carbonate (PCCarbonated products can be utilizglaggregasin

the concrete industry and as alkal fillers in the paper (or recycled paper) making
industry. The quantity ofcapturedCO, in carbonated products can be evaluated by
measuringmass ¢ss of heated sampgleby thermoegravimetric (TG) analysis The
industrial carbonatiotechnologycould conribute tobothreduction ofCO, emissions and
environmentatemediation

Keywords: carbon dioxide (Cg); acceleratecdtarbonation municipal solid wastepaper
mill waste precipitated calcium carbona{®CC) recycled paperthermagravimetric
(TG) analyss
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1. Introduction

The emissions of rgenhouse gases such as carbon diof@{®), methang(CH,), nitrous oxide
(N2O) and chlorofluorocarbongCFCs) haveincreased along with rapiehdustrialization so thatan
increase in the average surface tempeeatidirthe Earth over timbasresulted Rising temperatures
may, in turn,generatechanges in precipitation patterns, storm severity, andlesed, commonly
referred to aH. 6cli mate changebod

The U.S. Energy Information Administration hatatel that greenhouse ga&semissiongrimarily
comefrom the combustion of fossil fuels in energy usbe aergy use is largelpccompaniedy
economic growth witlshortterm fluctuations in its growth rate created by weather patterns affecting
heating and cooling nds, as well as changes in the fuel used in electricity generétsoshown in
Figure 1,energyrelatedCO, emissions, resulting from the combustion of petroleum, coal, and natural
gas, represented 82of total U.S. anthropogenic greenhouse gas emissio2806[2]. An annual
increase raten world CO, emissiors between 2004 and 203®expected b bel.8% (Figure 2). Much
of the increasén these emissions monsideredo occur in the developingiorld such as China and
India by fuel economic developmenmtith fossil energyThe anissions from the countries outside the
Organization for Economic Cooperation and Development (OECD) are expected to grow above the
world average annual2.6% between 2004 and 2038).

Figure 1. U.S. anthropogenicgreenhousegas Figure 2. World carbon dioxide
emissionsby gasin 2006 (million metric tons emissions by region, 20032030
of carbondioxide equivalent)(graphmodified (billion metric tons of carbondioxide)
from [2]). (graphmodified from[3]).
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For the Kyoto Protocol in 1997, 163 countriesroundthe world including South Korea have
agreedo reduceCO, emissiors and have beemaking an effort to develop technologies for its capture,
sequestratioand utilization as well asemission reduction [4JAccordingto the international tendency,
the Korean governmenthas recognizedhe need of more nationaupport for environmental
technologies and recently announced an industrial developstramegyincluding researclon CO,
reduction and utilization under the gimd_ow Carbon, Green Growdj5]. Therefore, more research
in SouthKorea wauld be focused onhe development oénvironmentaltechnologiessuch asCO,
fixation and utilization.
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As for CQ fixation and utilization, there are physical meth@tich as capre and sequestration
under the ocean, chemical metealich as catalysis/electrochemical reaction, inorganic chemical
reaction and carbonatiomnd biological method such as forestation/reforestation, plant/algae or
microbe usage. Among the prospectteehnologies for C®fixation, this paper will be focused on
carbonationwhich can be a method for both Gfixation and pollutanstabilization Carbonatiorcan
occur naturally by the reaction between alkaline materials atmdosphericCO,, but the natual
reaction is very slow6,7]. Thus as an alternative technology tiwe natural carbonation, accelerated
carbonation which can complete its reaction withimuirshas been proposed. The technology has been
applied to stabilizatiorof solid residue streamgenerated from coal fired power stations and other
types of combustion residues including-idking ash, papemill ash and municipal solid waste
ash[8,9]. As well as thestabilizationof the waste®y the carbonationa stabilization technologyor
heaw metals in contaminated soil kifie carbonation using COhas been also proposed and this
technologyhas revealed amiccessfuin pilot-scale field trials [10,1]1

In this paper, weantroduce thegeneralmecharmsm and proces®f carbonation and review the
application of the technology tenvironmentalremediationand the manufacture ofiseful products
such as carbon captured aggregatemedipitatedcalcium carbonate (PCQn addition to the review
on previous studies, we also performed a quantgatwaluationof captued CQ in carbonated
aggregate Lastly, the feasibility of the applicabn of carbon captured products real industry
wassuggested.

2. Carbonation Mechanism and Process
2.1.CarbonationMechanism

Carbonationis a stronty exohermtc reactionand calcium carbonate (CaGpis formedby the
reactionbetweerncementitiougnaterials and C&througheightsteps as shown in Figure BL1,12]. In
general, carbonation is a diffusi@ontrolling reaction in Wwich the outside surface ofi¢ solid is
firstly carbonated by the diffusion of G@nto the inner region of the solid and the carbonated area
then becomes larger and larger, as shown in Fig{i8]4

Figure 3. Schematic of accelerated carbonation in Figure 4. Schematic of carbonation showing a

eight stepsrfiodified fromMarie [12]). diffusion-controlling reaction rpodified from
BinZShafique13]).
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2.2 GeneralCarbonation Process
2.2.1 Natural carbonation

Natural carbonatiomccursby the reaction between atmospheric,@&@d alkaline materials, which
is called aveathering It is well known that thedveathering dependson the nitial chemical
compositionthe characteristiof minerak in alkaline materials and the amount of {UPtake Natural
carbonatiorgenerally progresses very slovdyera long term [8]

2.2.2 Accelerated carbonation

The new technology ofarbaation is widely used in many industrias an alternativenethodto
naturalcarbonationvhich proceedsrery slowly inNature. Inaccelerated carbonation, €@ a high
purity is artificially injected into solid wastes to make the reaction much faster ttatn by
atmosphericCO,, and the reaction can lhe@alized within a few minutesor hours This technology is
applied to the treatment of solid wastes in which toxic metals are stabilized by carbonated materials, sc
that the treated solid wastes carrédilized in other fields [8,11

2.3. Mineral Carbonation Applying the Accelerated Carbonation

Mineral carbonations one oftechnologieaitilizing CO, andis usedto form carbonated materials
by the reaction between G@nd Ca or Mgbound compounds su@s wollastonite (CaSkK), olivine
(Mg2SiOy), and serpentine (M&i.Os(OH),) [14,19. This technology can be also considered as an
accelerated carbonation in terms of making thaction shorte using high purity CO,. One of
advantages of this technologgmpared to other C{storage technologids that CO, is stably stord
in final products such as Ca@G@nd MgCQ. However, this technology needgrocess t@ressurize
Ca or Mgsilicates which do not actively react with €@ndernormal temperature andgssure and
also needs mining development and fragmenting presdasaddition, the carbonation depends on the
textural characteristics such as grain size, specific surface area and porosity of Ca or Mg in the sampile
undernormal temperature and pressuvkast of the carbonatiorates araunder about 55@g of CQ,
which is the highest valuemong thoseeported[16]. Thereforethis is currentlymore ofa research
level field rather thama real industryapplicationdue to its low economical efficiency coamed to
ground undergrond, and marine storage [4Equations (1X6) below present a direct carbonation
route [6]. The equationg1l) and (2) are processeés which wollastonite CaSiQ) and olivine
(Mg.SiOy) directly react with CQ and the equatian(3)}(6) are to increaseeaction efficiency by
converting those minerals into CaO, Ca(@HYigO, and Mg(OH). The carbonatiorof CaO and
Ca(OH) are as fasand arecompleted within a few minutesvhereas the carbonation of Mg(QH)
underdry conditiorsis velty slow forsequestrating€O,.

CaSiQ(s) + CQ(g) + 2O ( | )  Y3(s)GraSiOs(aq)cpH -75 kd/mol CQ 1)

2M@,SiOy(s) + CQ(g) + 2HO ( | ) 58L0sk0H)s(s) + MgCQ(s) pH -157 kd/mol CQ ()
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Mg(OH)(s) +CQ( g) Y :®)g &O0(l/g)pH -81 kJmol CO, 3
MgO(s)+ COl g) Y s8)go@ OH8 ki/mol CQ (4)
Ca(OH)(s) +CQ( g) V (€ & @@/g) pH -E.3 k/mol CQ (5)
CaO(s+CO g) Y s(@iE€78 kd/mol CQ (6)

3. Applications of Accelerated Carbonation inthe Environmental Industry and Useful Products
3.1 WasteTreatment by Accelerated Carbonation

The acceleratedarbonation of solidvastescontainingalkalineminerals such as Ca and Mgfore
their landfill treatmenis effective for decreasinthe moblity of heavy metals by adjusting pH to
below 9.5 at which theisolubility is lowest In general, aracidic conditionmay havethe risk of
causingeleass ofheavy metals foa long periodaccompanying the decreasebinffering capacitypy
the decreasen alkalinity, whereaghe carbonation at an acidic range can incretmebuffering
capacity. For instance, Polettifii7] reported that the buffering capacity bottom ash from solid
waste incinerationwas increased from 0.46~0.48 meg/g to 0.88 meygcarbonation Also, the
release potential of heavy metfilsm the ashis reduce by the carbonationwhich results in micre
structural changein the waste andhcreaseshe strength of the asfi8].

3.1.1 Municipal solid wasténcineration (MBWI) ash
Cases of other researchers

Among several solid wastes containing alkaline minerals, the batimfrom municipal solid
wasteincinerdion (MSWI) is one ofthe most suitable objextocompletethe carlonationwith CO,,
so several people arouttte world have studd the carbonation treatment of MSWI bottom ash using
CO,. Meimaaet al [19] studied the leachability of Cu and Mo in the interaction ot @{th MSWI
bottom ashaccording to changes in pH and bottom ash mineralbiggy found thathe carbonatiorat
pH 8.3 resulted in a reduction of more than 5@%u leachingandof less than 3% in Mo leaching.
They also reported thate reduction in Cu leaching is attributed to sorption to the neoformed
amorphous Alminerals[19]. Todorovicet al [20] also investigated the stabilizing effect of moderate
carbonation (pH 8.2& 0.03) on critical contaminants (Cr, Cu, Mo, Sb;, Gind S@) through
availability ard diffusion leaching protocoldn their study, it was found that moderate carbonation
decreased the release of Cr, Cu, Mo, and Sb from compacted bottom ash, whereas it was not effective
for demobilizing Cl and SQ* [20]. As a similar study, Gervenet al [21] revealed tha@a CO,
percentage of 10% carbonation temperature of 3G in the amosphere, and ash humidity between
13% and 25% were the best carbonation conditiom the other hand, Rendekal [22] studied he
biodegradation of organic matter in MSWbttom ashregardingthe interaction between the GO
produced by microbial regption and bottom askn the study, they address#gk factthatthe organic
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matter found in bottonash can provide a substrate for microbial actjwiyd alsahe CQ produced
by microbial respiration was directly dissolved in bottom ash paterto be mineralized in carbonate
form [22].

A casefromour research grop (Combustion Ash MultiProcessing Lab iiKIGAM, South Korea)

1. Carbonation oheavy metals

In the worldwide trend towasdencouraging carbonation treatment MSWI bottom ashas
descibed aboveour research groupas also performed carbonation studies using MSWI bottom ash
and CQ in order toincrease the recyclingercentageof the ash and reduce the concentration of
atmospheric C@in Korea [23-25]. In addition, we have establishedsuccessfulpilot plant for
multi-processing oMSWI ashat theKorea Institute of Gascience and Mineral Resources (KIGAM),
Daejeon, South Koreas shown in Figure SChis pilot plant was the first one in the waste recycling
field in Koreaand even thnaghoutthe Asiancountries and includes muHprocesses oparticle
separation, heavy metal stabilization, chloride removal, and green aggregate/coaargteture

Figure 5. A pilot plant equippedwith multi-processes for the recycle ofunicipal solid
waste incineration (MSWI) asim Korea Institute of Geoscience and Mineral Resources
(KIGAM), SouthKorea(unpublished photos).

plementation of Fixation of Metals & Removal of Chlorine for MSWI Bottom Ash
R =,

(b) Removal process model of heavy metals ant
chlorides from MSWI bottom ash

(a) MSWI bottom ash muHprocess devices

As for our studies on the carbonatione wivestigated the daonation of MSWI bottom ash at
different water conterst and the stabilization of Cu and Pb in the ash by the carbon@8nThe
resultshowed that the leaching concentration of Cu and/@xlecreasd by the carbonation treatmgent
as shown in Table 1n particular, in the casef ahe carbonation performed #te ratio of 5(L/S)
which is calleddvet carbonatiod Cu and Pb ions weradsorbed into calcium alunum conpounds
whereadn the cae of thatat the ratio of 0.2 (L/Swhichis calleddry carbonatiod particle surfaces
areonly covered with calcium aluminum compounds of the[@Sh
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Table 1. Comparison ofdaching concentrationsng/L) of heavy metalsand pH values
betweenraw and carbonated bottom astt wet (L/S= 5) and dry(L/S = 0.2) condition
(modifiedfrom Ahnet al. [23] with permission oKSGB.

Raw bottom ash Carbonated bottom ash
Parameter , .
Wet carbonation Dry carbonation
Heavy metal (mg/L) Cu 1.89 0.05 0.01
Pb 1.54 <0.01 <0.01
pH 11.74 7.96 9.02

2. Carbonation of@luble (KCIl and NaCl)and insoluble chloride@-riedets salt)

It is reportedthat South Korean MSWI bottom ashgenerally contains ahigh concentratiorof
solubleandinsoluble chloride and showdifferent concentrationsaccording to its particle z¢ (see
Table 2 [26]. Chloride released to thenvironmentin high concentratiohihas negativeffectson the
growth of plant and aquatiorganismsSoil microorganismdiversity may be decreased blgloride in
the soil environmentSoil organic matter (humic substancesah also react with soil inorganic chloride
through mediaton of microorganisms and exoenzymegoreover, mobility of toxic heavy metals
from the soil may increadey forming strong compxeswith chloride It is, therefore necessaryo
understad environmental impacts by chlorided to develoghloride removatechnology [2T.

Table 2. Chloride concentratiorimg/kg) of municipal solid waste incineration (MSWI)
bottom ash produced iBouth Korea according to particle size (mriodified from
Joet al [26]).

Particle size mm +4.75 2.364.75 1.182.36 0.61.18 0.30.6 0.150.3 -0.15

Chloride mg/kg 22,499 4,088 7,392 10,412 16,706 25,458 37,859

From the study omthe removalbf chloride from MSWI bottom ashye found that the chloride in
MSWI bottom ash consists of both soluble farsuch as KCl andNaCl and insoluble orsesuch as
Fri edel 0s Al 0baCbAQHDL a[Z#A Chloride forms a tri-chloro-complex
( 3 Ca OAARIEADH,0) by hydration of trcalcium aluminatg(CsA) in a solution containing
23% chloride. It also forms a complex consisting of GaCa(OH)», andCaCQ in a solutionof more
than 15% calcium chloride (Caflat a temperature of less than ZD [28]. On the other hand, &
andtetracalcium aluminoferritC,AF) form Fr i ede |l 6 s OalaCbAqHDCaaddtA ferric
form (3CaOFe0; CaCh 10H,0), respetively, by the reaction with chloride [29,B0

For the removal of chloridgom MSWI bottom ash, & couldeffectivelyremove soluble chlorides
by a washing proess with water, but thprocess wasneffective for insolublechloride removal, a
shown in Figue 6(a) [26. However, the accelerated carbonation process was very effégative
removingboth soluble and insoluble chlorides, as shown in Figure. &Qyation (7) expresses the
carbonatiorprocesof Fr i escsaltl[2g-

3CaOAl,0; CaCl 10H,0(s) + 3CQ(g)f 3CaCQ(s) + ALO5(s) + CaCy(s) + 10HO(l) (7)
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Figure 6. XRD patterrs of thebottom ash from municipal solid waste incineration (M$WI
before and after washing (a) and carbonation (b) pro(fessy Jo et al [26] and
Ahn et al [24] with permission oKSGB.
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(@) Chloride removal by washing process (b) Chloride removal by carbonation process:
soluble choride (KCI and NaCl) was removed both soluble (KCI and NaCl) anthsolwble
but insoluble one (Fried& salt) was not. (Friedebs salt) chloride were removed.

3. Conversion of MSW!I bottom ash to cemdraised material

In addition to the above studigswe also performedn experimenton recyclingthe ashas a
cementbased materiddy addinga binder[25]. The bottomashwaseitherwashedoy wateror reacted
with CO, bubblesto remove soluble chloridesfter those treatments, the bottom ash was mixed with
water anda binder(Portland cement)Then,the mass content of the binder wia 30% for the ash
and the ratio b&veenwater and the binder w@s485.

Table 3. Compressie strength of mortars (mixturesf the ash, Portland cement, and
water) d@ending on pretreatments of tHsttom ashfrom municipal solid waste
incineration (MSWI)modifiedfrom Ahnet al. [25] with permission oKSGB.

Compressive strength (kgf/crf)

Sample Pretreatment 3 days 7 days
MSWI bottom ash A Untreated 170.3 221.3
Washing 193.8 241.8
Carbonation 184.8 238.7
MSWI bottom ash B Untreated 119.5 146.5
Washing 158.2 184.7
Carbonatbn 152.0 173.4
MSWI bottom ash C Untreated 119.6 160.2
Washing 153.2 196.8

Carbonation 149.5 182.4
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As shown in Table 3, compressigs&#engths othe mixtures (mortars) using washed or carbonated
bottom ash were higher than those using untreatedrbaish, so that removing chloride in the ash
was veryeffectivefor its recycling as cemeittased material. Based on our formal researches, we are
still performing a national researgirojecton the carbonation of MSWI bottom ash and expect to
presenturthernovelresultssoon

3.1.2 Alkaline paper mill waste

Besides MSWI bottom ash, a study on carbonation using alkaline paper mill iwdsgsh Ca
contentwas perfornred by Perezopez et al [31]. They investigat® the aqueous carbonation
mechanisms ofin alkaline paper mill waste containing aboutVvé8o portlandite Ca(OH}], as a
possiblemineralogical CQ sequestration proces§hey revealed thatcaording to the experimental
protocol, the system would capture approx. 218%k@g0O; into stable calcitgper oneton d paper
waste, independentfyom initial CO, pressureand thefinal product from the carbonation process is a
calcite (ca. 100 wt%)water dispersior{31]. Figure 7(a) () shove aggregates manufactured from
various industrial waesincluding paper mill ashy the carbonation procef3?].

Figure 7. Aggregates manufactured from various industrial wastes by the carbonation
processffom Carbon8 Systems Ltd [30] with permission Bf Carey).

L oot
“ * ;_' * YR
‘1\""\ »ai < " Xt\j“*' .. Y
$ on on A o -8
(a) Paper ash (b) Coal fly ash (c) Rack crushing (d) Kiln dust (e) Silt pond residues

fines
3.2. Wastewatefreatment by Accelerated Carbonation

The formation of solid carbonatbstweeragqueous solutions containing divalent cations andi€O
a compicatedandimportart processn Natureandindustrial areasComparedo the aforementioned
studies on the carbonation of MSWI bottom astwever,aqueous carbonation using wastewater is
still poorly known and rarely reported in the literaturethis section, we reviewwo representative
studies which hae reported orthe carbonation of cations or anions in wastewateng CQ.

As an earlystudy, Enicket al [33] performed théreatmenbf metalbearingaqueousvastestreams
by direct carbonationIn their study, excess liquid GGvascontacted with golating bath wastewater
stream containing66 mg/L Al and40 mg/L Zn for 5 min.As a resulthe concentrationsf Al and Zn
decreasethy 89% and 90%, respectiye(see Table land the metal carbonate precipitate was easily
filtered [33]. They also announced that the potentialtbé combined sequestration of thaste is
small, but the capacityof the effective treatment ofwaste streams coulcdontribute toan industrial
interest in the development direct carbonation technolog$3].
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Table 4. Removal efficieng of metalsfrom aqueous waste streams by the carbonation
treatmeni{modified fromEnick et al [33]).

. Metals
Unit Al Cr Fe Pb Zn
Feed wastewater mg/L 666 0.43 5.29 0.28 40
Treated wastewater  mg/L 38 0.20 0.83 0.10 4.27
Removalefficiency % 94 53 84 64 89

The carbonatiorprocess an be als@ppliedto theremoal of toxic axyanions by incorporation and
adsorptionnto asolid peciese.g., CaC@). It has beemeportedthat the dissolve@€O, concentration,
pressureand temperéure havea greateffect on the average particle size, specific surface areh,
initial rate of precipitatiorof the final produc{34-36]. MontesHernandezt al [34] recentlystudied
the remo\al of various oxyanions(selenite, selenate, arsenate, piade and nitrate) during calcite
formation using aqueouscarbonation ofCa(OH) under moderate pressuf@co» 20 bar) and
temperature (30C). They also investigateché effects of Ca(OH)dose (10 and 20g), Ca(OH)
source (commercial pure matetisor akaline paper mill waste)and the initial concentrationof
oxyanion (from 0 to 70 mg atom/L) for the gag liquidi solid system.There, they found thathé
carbonation reactiorf Ca(OH) successfullyachievedfor eliminating selenite (>90%), arsenate
(>78%) and phosphate (100%) from gnthetic solutionsas shown in Figure. 8owever nitrate and
selenatalid not showanyphysical ancchemicalaffinity or effecton thecalcite formatior{34].

Figure 8. Removal efficiency of selemt arsenate and phosphbieCa(OH) carboration
with compressed Cffrom MontesHernandezt al [34] with permission oElsevie).
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3.3. SoilTreatment by Accelerated Carbonation

Heavy metals in antaminated soitan be treated b traditional stabilization/solidification (S/S)
processIn general,Portlandcement is addeds a bindeto improve physical and handlimpyoperties
of the material and to decreaséhe mobility of heavy metals. Accelerated carbonatiorbesng
currently used aa further proces$o enhance the traditional St&ctnology by achieving the reaction
within a few minute$11,37].

Figure 9. Construction of four pilescale cells inthe  Figure 10. Accelerated carbonation treatmien
site. Cell 1: untreatedoil; Cell 2: EnvirOceM sail; equipmen (from Jiangying et al [38] with
Cell 3: OPC soil; Cell 4: ACT soflfrom Jiangying permission oElsevie).

et al [38] with permission bElsevie).

Figure 11.Plastic limit (%) of the soils according to  Figure 12. Degrees of carbonation of the soils
the depth in the four cells: untreated soil > ACT sc  according to the deptin the four cells ACT

> OPC soil> EnvirOceM soil(from Jiangyinget al. soil > EnvirOceM soil > OPC soil > Untreated
[38] with permission oElsevie). soil (from Jiangyinget al [38] with permission
of Elsevie).
—&— Untreated —&— QPC —%— EnvirOceM —¢— ACT
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Accelerated carbonatiomassuccessfully appliedh pilot-scale fieldtrials in Dartford (Kent, U.K.)
in September 20Q(s shown in Figuee9 and 10 [11,37]Heavy metals in thead on the sitewere
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highly remediatedvith isolaing contaminarg throughouthe site As a further study performed on the
same siteJiangyingand his coworkers [38] investigated on the remediation of contaminated soils in
southeast U.K. by comparing traditional S/S andelerategtarbonated/S process.

Four cell types of soil sample were used: untreated BawvjirOceM (proprietary environmental
cemeny soil, OPC(ordinaryPortland cementsoil, andACT (accelerated carbonation technolpgwil.
Compared with the tditional cemenbased soils, ACTgreatly increasedhe plastic limit Pl (%):
potential water content range which the soil becomes plastic) or densityhe treated soéind made
Pl more stable in the loagerm weathering. The increasequence of Pdccording to the soil depth is
shown in Figure 1luntreated soil > ACT soil > OPC soil EnvirOceM soi] and also the degree of
carbonationn Figure 12:ACT soil >EnvirOceMsoil > OPCsolil > Untreated soil [38].

In addition, a study on producing artititiaggregatefrom contaminated soil by the accelerated
carbonation was performed in U$37]. In the study, e artificial aggregatesvere createthy mixing
soil, water and Portland cement @O, rich atmospheresimilar to the case using alkaline wastes
mentionedin the sectionfi3.10. Then, around 9695 % aggregates fall under gravehtegory
(G4 . 7 5asmshoyn in Figure 13. The study also reported than@ease in diameter @fggregate
resulted in a decrease in tthiéfusion of CO; in the core (see Figureil[37].

Figure 13. Artificial aggregate in min  Figure 14. Percentage (%) of carbonateépth in core and
concrete mixerfrom Melton et al [37] cover ofthe atificial aggregatefrom the soil from Melton et

with permission 08.S. Melton. al. [37] with permission 08.S.Melton).
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3.4. Synthesis dtrecipitated Calcium Carbona (PCC) by Accelerated Carbonation
Cases of other researchers

Carbonabn technologyutilizing CO,is an industrial platform for transforming G@missions into
high-value carbonatbasedproducts. This technologlgas been introducetb produce aigh value
chemical compoundorecipitatedcalcium carbonatg PCC) currently used in the production of paper,
paint, rubber, anglastics[39]. The multibillion dollar global market for PCC is projectedgmw to
10 million tons by 201Q40]. This growthis mainly attributed to thencreasein worldwide paper
consumption and constrien. Approx 75% of theproducedPCC is expected to be uskdthe paper
industry asabrightness coating and fill¢40,41].
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Expensive raw materialand a large amount of energyere consumed in the traditional PCC
manufacture process, and lamgmounts ofCO, gas verealso producedFigure 15(a)] On the other
hand, a new PCC production processwhich is called €CO,-to-Carbonate technolo@y,uses
inexpensive raw materialsuch @ waste materials from industtiaperations andemitted CO,,
consumes less energyand decreasesCO, by converting it into PCC [Figure 15(b)]
Kakizawaet al [42] suggestedraalternativemethodto CaCQ for CO, sequestrationyhich isbased
on extraction of calcium from wollastonite (CaSgPmineral using acetic acidpplying this concept
to PCC,Teir et al [40] showed thatmanufacturing?CCthroughthe traditional methodvill emit CO,
as much a$®.21 kg/kg PCCwhich assunesoil combustion forlime cdcinations whereaghe acetic
acid methodusing wollastonitéCaSiQ) will give a net fixation of 0.34 kg Cikg PCC[41]. A paper
mill plantintegratedwith CO,-to-Carbonatgrocessantransform itsCO, emissiors into PCCusel in
papemanufacturgso hat the process can bae step closer to carbon nelity [Figure 15(C)]

Figure 15.Schematic of PCC manufacture process and applicatithe paper industry

PCC

(a) Traditional PCC process (b) CO,-to-cabonate process (C) Carbonneutralpaperindustryusing PCC

A casefromour research grougeco-PCC Labin KIGAM, South Korea)

Based on the fact that Soloreahas40 billion tons of the sedimentary rqakur research group
was led to develop limestone ore andeesglly focus orthe study ofPCC as another research field
alongwith theaforementionedarbonation of MSWI astWe have published several scientific articles
on PCC crystallizationntil recently[39,4351].

For instancewe researchethe synthess of CaCQ by carbonatiornin a pue ethanol and aqueous
ethanol solutiorj46], andinvestigatedhe effects on magnesium chloride and organic additives on the
syntesis of aragonite PCC [A8n addition, westudiedfor the effect of pH and basadditives on the
precipitation of CaC®@ during the carbonéion reaction [49. In the study it wasfound thatin the
addition ofNH,OH, one of applied basic additives, the particle size of PCC grew with a decrease in
pH and a increase ireaction time [4B as shown in Figure 1@hose studis wold contribute to
determiningoptimal conditions of manufacturirmpmmercialPCC in a large scale industry.



