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Abstract — In the present paper, we investigated the development status of precipitated calcium carbonate (PCC) pro-
duction using steel slag, which is one of mineral carbonation (MC) technologies, from the standpoint of CO, utilization.
Principle, feature, and global and domestic development status of the mineral carbonation technology were discussed
together with the overview of the production method and market of PCC. Mineral carbonation is known as stable and
environmentally-friendly technology enabling economical treatment of industrials wastes. Typically, PCC is produced
by the reaction of CO, with supernatant solution after Ca extraction from steel slag followed by the separation of solid
and liquid. The development status of MC using steel slag is at the pilot stage (Slag2PCC at Aalto University), and there
remains the process economics improvement for commercialization. Key technologies for the further development are
efficient extraction of Ca ions from steel slag including impurities removal, valorization of PCC via shape and size con-
trol, usage development and value-addition of residual slag, and optimization of reaction conditions for continuous pro-
cess setup, etc.
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Table 1. CO, demand and carbon mitigation potential of shortlisted technologies [6]

Existing Uses Current CO, Demand [Mt/yr]  Future CO, Demand [Mt/yr] Permanent ~ Carbon Mitigation Potential
Enhanced oil recovery (EOR) 75 to 300 > 600 Yes 40 to 129% Median: 51%
UREA yield boosting 30to 70 70to 110 No No
Food treatment ca. 18 c.a30 No No
Emerging uses
Enhanced coal bed methane 30 to 300 Yes 56%
Enhanced geothermal systems 5t030 Yes 42%
Polymer processing <30 No Vs. Traditional
Algae cultivation >300 No 58%
Mineralization Unlimited Yes 68%
CO, concrete curing 30 to 300 Yes Vs. Traditional
Liquid Fuels
Renewable methanol >300 No Biogenic CO,
Formic acid >300 No No
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Fig. 1. Classification of CO, utilization [7].
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Table 2. Estimated market overview of CO,-derived chemicals

Chemical CO, content [%]  World market [Mt/yr] ~ Ref.
CaCO;4 44 >100 [11]
NaHCO, 52 45 [12]
Urea 47 146 [12]
Polyolefins <40 131 [13]
Acetic acid 73 12 [14]
Formic acid 96 0.6 [12]
Dimethyl carbonate 49 0.5 [12]
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Fig. 2. A schematic of mineral carbonation process [18].
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Table 4. Summary of global development status of mineral carbonation technology

Country of Organization Characteristics and status of technology Ref.

development

Production of NaHCO; by injection of CO, into NaOH from bauxite residue, a by-product of alumnia refining process
Australia Alcoa  Applied to construction material or soil conditioner [22]
High potential of CO, reduction, c.a. 70 million tonnes of bauxite residue production around the world

NaHCOj; production by reaction of CO, and NaOH from brine electrolysis
USA Skyonic  Production of HCI using H, and Cl, from electrolysis [23]
The first facility opened for potential reduction of CO, emission by 15%, 83,000 tonnes of CO, annually

Building materials manufacturing by calcium carbonate production, mineralization by aqueous precipitation: reaction
of CO, with alkalinity and Ca

Calera Source of alkalinity and Ca: industrial waste stream such as Ca(OH), or separate streams such caustic soda (NaOH) [24]
and CaCl,
Netherlands Twence Production of NaHCOj; by reaction of waste exhaust gas and NaOH, reused for exhaust gas cleaning [22.25]

Expected to reduce 6,000 tonnes CO, and produce 8,000 tonnes of NaHCO; by construction of commercial plant
NaHCO; (or Na,CO;) and CaCl, (by-product) production from the overall reaction between brine(NaCl) and limestone
Belgium Solvay  (CaCOs,): intermediate reactants are NaOH, water and CO, from limestone, ammonium chloride (NH,Cl), ammonia, CaO [26]
Known as ammonia-soda process and commercially operational (—=70% of global NaHCO; supply)

Finland Aalto Univ. Slag2PCC process to produce PCC using NH,CI based Ca extraction from steel slag and carbonation [27]

Korean Chem. Eng. Res., Vol. 55, No. 2, April, 2017



146

b

glo} - 3

pul

0

)

ol - gl

Table 5. Summary of domestic development status of mineral carbonation technology

Organization

Characteristics of technology Ref.

KEPCO / Korea-
East-West Power

Production of NaHCO;, HCI and NaOCl by the reaction of CO, from thermal power plant with NaOH from electrolysis of brine [22,28]

CO, electrolysis at ambient temperature to minimize energy consumption

KEPCO Recycling of HCI, by-product, to extract metal ions from industrial wastes [29]
Hybridization of carbonic anhydrase use and electrolysis to maximize CO, dissolution
Carbonation of Ca/Mg-containing materials using alkali solution to promote conversion and CO, dissolution
Daewoo E&C . . . [30]
Use of carbonated slurry as construction materials (cement substitute, etc.)
KIST PCC production from wastes such as waste cement and slag adopting low-power consuming NaCl electrolysis [2231]
Production and utilization of HCI (used for Ca extraction) and NaHCOj; (used for PCC precipitation) in the process ’
RIST Co-production of CaCO; and NaHCO; using industrial wastes (steel slag) and CO,
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Fig. 4. CaCO; production procedure with different morphologies [33].
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YERAITH33]. 23, HSC Chemistry 8 (Outotec Technologies)s:
o] &3t ek 7+ A77de] AHrellUAE Fig. 5ol eRlgi o,
RN B k) o], Gibbs AHIIA7E 7P e e 2
AJO|ER t)FHE-o] odshz] olAARS ZhrJol E 7 =43k

=171 71
o) 2~ o
al“ )J]\]:]—

RG-S A A, FeaE, FH, AF T rheFsh kY Fobe
2ol Edolv, £, AATx, 9474 Tl wet 7H4 o] tieksiet.
S A A3 B E sl A e T %’L"EL{E\F
(ground calcium carbonate, GCC)¥} 3}8}24] W © 2 A| %3t 4= Q&=

H73d §AFE % (precipitated calcium carbonate, PCC) °7 s

] &
Ao R %W]E ?‘&E} A 'k A el 5
35 Table 60114 7FFs] v]w3lQlth. GCCE A 3]4] 55 w4lAE
wato] AlzsE A 7toln, 7R do] 9-sk 210 R A Qlrk
sk AlA], EEkaY A T S 57) vhekab, 'k Al
ok 80% ©]’4-S A gttt PCCE 3F8hH 0 2 A Zz8lo] Hlw A 11
7tolm], 317}e] sletAlE-& thAleh= A4 SXIA = Wol 28511
Atk AR E = ARG, B E2k8 AR, PET (polyethylene
terephthalate) film, M| E T 7 Ak, 2]-2]ok&8 2433} 8HE 4t
doll AFgHH, Al oM 2A TN 3498 A=

Table 6. Brief comparision of PCC and GCC. Data from a market survey report, InnoThink Consulting

Characteristic PCC

GCC (powder) GCC (slurry)

Paper, sealant, ink, plastic, rubber,

Application food additives, paper coatings

Paper, plastic, rubber, filler of coatings, paint,
extender pigment of coatings

Mainly paper filler/coatings,
extender filler of paint

Particle size [um] 0.04~3(domestic standard)

1~30(domestic standard)
0.9~1(international standard)

Whiteness [%] 94~99.5(domestic standard)

80~97(domestic standard)
> 96(international standard)

91.5~93(domestic standard)
> 94(international standard)

Oil absorption 24~130%(domestic standard)

11~40 ml/100g(domestic standard)
30~40 ml/100g(international standard)

CaCO; purity [%] - -

60~77.5(domestic standard)
75~80(international standard)

Domestic market [ton/yr] 150,000

1,500,000

No major change recently

Price trend Steadily increase (domestic)

Slight decrease on fine, surface treated GCC

(0.4~1 pm) in USA
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Fig. 7. An overview of the global CaCO; industry markets [35].

BHH(~150 kg/t-pig iron).
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ot

AAIR o2 eibd4 Az 71952 A A galA| 1 9loH,
FH T AEA 3785 28 sk o) oA SiTt. Fig. 8
off 2 ALY 'S AARES ekl 01, GCC AJA>
Omya, Imerys, J]M Huber, Cameuse, Lhoist 5 °l| 4], PCC A4k
Mineral Technologies, Omya 5 2] =4 3|A7} =8t A
o AUATH36].

AR AZAF A} ] BB AR 9171 2,0009] 9 FRE
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w2z ZA AofslTH43]. PCC Az F AVAEEE 6
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Fig. 9. Slag production processes in iron and steel industry [47].
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Table 7. An example of major chemical composion of steel slags: units in wt% [49]

Classification SiO, CaO ALO; T-Fe MgO SO,
BF slag 33.80 41.81 11.77 0.49 6.86 0.50
Converter slag 13.80 44.30 1.50 17.50 6.40

extraction agent recycling

extraction

agent Ca2+
+ ions

slag + molecules

SiO,, FeOx recovery

Fig. 10. Typical mineral carbonation process.
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Table 81| Q.9F5}5It}[52-59].

Table 8|4 H.i= nfe} o] gl 21 A 2= 2AHCH,COOH)
T At TR A3t FRENH,C)ol Hol ARE-EQITE o] gle®
Song ‘5 [601 1 M2] &1H(H,S0,)= ©l-8-8te] A=Y Sa 17
FH uvles 5%, BV ERS S50 Yol FAkst
uvlEE A, AEdlel CoE 7hdete] eakekvlg-S A4
sh= A5 RSt o] W] H4] & 588 76%= YR
on, H2UA &£ 15 o83t Co,& 1y set] 2lg 4
& =E% | 227} 9tk Baek G611 o8] &+<] At ¢
5 9 olgste] Sul1 B A 3] #3)(dust) 5 Ca
! ebslE Al E3k3ick HCL CH;COOH, H,80, 5 AFe] &
Zh= SEAE A £ 288 Fulst & 5 ol vk,

ksl SA el A pHZE Yol Ca?'o} CO,2) BEE/do] Wo#] CO2
137} o] Hrt. ek pH 245 A3l F38k o] FUhE 1
A1) AAFgo] o A, ke ME . mgk ghaksle] e 2.l
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Table 8. Comparison of previous studies on indirect mineral carbonation using steel slag

Ca extraction Carbonation
CaO CaCO
Slagtype  content  Stirring Particle S/L ratio Reaction Temp. @ pHadjusting Temp.  CO, 5 Ref.
[%]  rate [rpm] Extractant size[um] [g/mL] time [hr] [°C] extraction ™y mical [°C] injection conversion/
[%0] purity [%]
NaHCO,/
BF slag 41 1000 2MCH,COOH 1383 100/731 1 30 90 Neop. 907120 6-40bar  96-99  [52]
BF sla 406 600700 20V 10 40 2 70 - SOW%NaOH 30~70 1L/min 100 [53]
& : CH,COOH °
Steeg‘;zkmg 449 600 1MNHNO;, <I25  1/200 1 30 73 - 30 1L/min - [54]
Steel slag 16 - 029 MHCI 250~425  1/50 05 25 85 NaOH  ambient I mL/min 98(purity) [55]
Converterslag 445 300  INNH,CI <64 251740 1  60~80 60 40 17 scem 80 [56]
Steelmaking 28wt% .
slog 40 400 2MNH,Cl 38250  1/10 2 60 - NHoH 0 10bar 96(purity) [57]
0.1MCH,COOH <200 ambien . .
BF slag 472 400 +0.1 wi% EDTA  mesh 1/10 1 ¢ 1 M NaOH ambient 1.5 ml/min - [58]
BF slagreducing - 42.22/ 5 IM HCI <300 1/10 4 15 70/57 NaOH 15  latm 92/88  [59]

steel slag 46.98
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Fig. 11. A conceptual figure depicting the formation of carbonate layer
on slag surface during Ca ions extraction and carbonation.
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