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Abstract : This study investigated the mineral carbonation and neutralization behavior of red mud (RM) using CO»
microbubbles (CO, MBs) under ambient temperature and pressure conditions, and further assessed the feasibility of
utilizing carbonated RM as a cement substitute. Batch experiments were conducted at various solid-to-liquid ratios
(S/L =0.001-1.0), monitoring pH, electrical conductivity (EC), and aqueous carbonic acid (H>CO;(aq)) concentrations.
In the RM—CO, MBs system, pH initially dropped sharply and then recovered to the buffering zone (pH 7-8.5),
while EC exhibited a rapid rise followed by gradual decline, indicating sequential ion release and carbonate
precipitation. The H>COs(sq) concentration decreased over time due to both carbonation consumption and
pH-induced speciation shift. In continuous experiments (reactor dimensions: D = 14.6 cm, H=34 cm, S/L = 0.025),
both powdered (RM-P) and sludge-type (RM-S) samples achieved neutralization (pH=7) within 4 minutes,
accompanied by a characteristic EC decrease-rebound pattern. The total inorganic carbon (TIC)-based CO, uptake
of RM-S reached 8.87 g-CO,/kg-RM, corresponding to approximately 84% of the theoretical maximum carbonation
potential (TMCP). Mortar specimens incorporating carbonated RM as a partial cement replacement (0-15 wt%)
exhibited decreasing compressive strength with increasing substitution ratio, yet 5 wt% replacement maintained
adequate strength for non-structural construction materials. These results demonstrate that CO, MBs enable rapid
(=2 min), high-efficiency carbonation and neutralization of RM under ambient conditions without pressurized
systems. The proposed process provides a low-energy, environmentally friendly pathway for simultaneous CO,
sequestration and red mud valorization, contributing to sustainable carbon-neutral technology.
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Table 1. Major oxide composition of red mud analyzed by
X-ray fluorescence spectrometer

Fe;0s 34,57
Al O3 23.23
SiO; 17.23
Na,O 14.20
TiO; 8.24
Cao 1.24
MgO 0.14
Other compounds 1.15
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38% 2 z;(ﬂ:,_]OJocq RM.J g}zﬂ—;ﬁ zzﬂ o XA—]
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Fig. 1. (a) Experimental setup showing the CO, microbubble
generation system, and (b) bubble size distribution of
the CO; microbubble solution.

2.2. O|MZIELA DlO[T 2HE 2 (CO, Microbubble
Solution)

B Aol A ARGt o]AkslEbA mlo] 22 W E(CO, MBs)
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MBs ¥PA719] 215 Qe S 35 MPa, WS 1] SIH SRl
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Table 2. Experimental conditions for batch and continuous
experiments of CO, microbubble-red mud system

(a) batch experiment

RM-DI p'(* :

ORP (mV.

RMCo, 027200 200 0.001~10 £C (wS/em)
MBs H2COs(aq) (mg/L)

(b) continuous experiment

RM-DI pH

RM-P 100 4,000 0.025 EC (mS/cm)
' ICP (mg/L)

RM-S 161 3.939 TIC (mg/L)

gsads 7 5 9l

z 70|t

fr
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2UNZE A 8 AT R AR T, S AR Hafstol
AT B AR Azsgiek o]F FFHFDI water)o}
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"2 F(parafilm) & 2 W53}l ch ¥Hg 7]7HS 7 0]m, 0,
0.5, 1, 6, 12, 24, 48, 72, 120, 168 h A& A|2E A F|5}o]
pH, ORP, EC, H;COseq 5 241513 TE ©]5 &3l Axt At
2 3 W gAks Bk AP =S Frskgich

AlS{ (Batch Experiments)

En?L rE

. ﬁ—’_-,‘—*_! Al (Continuous Flow Experiments)
A 33 A5 24 A St
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Chetatz 3stslx| #4728 & 115 20254 1120 751



Dong Jun Kim et al.

Table 3. Design of mix proportions

of red mud mortar (unit: kg/m3)

Mix proportion

W/(C+R) = 0.5

831.9

R/C=0, 0.05, 0.1, 0.15
Binder(C+R)/S =1

Water (W) Cement Red mud
©) (@] (R)
(9) ()
RO 831.9 0
R5 790.3 416
I — 415.95
R10 748.7 83.2
R15 7071 124.8

FoF fdREsto] A NS Felstal, 045 um HE |2l
Je 2 o7yt kol EAL IPC-OES (iCAP PRO,
Thermofisher, USA)E o]-83}o] R85} o1 TICE TOC &

A 7](TOC-L, Shimadzu, Japan)2] TIC mode& A&-3}o] A|&
W & F7IRA(TIC) =5 S4stict TIC #4] A=
Foll Algtel] whE ofAkstetar A EH(g-CO/kg-RM)E AHY
shglom, TMCP tie] x5 882 F7ksklch

25 gEHE 22El2 &S (Mortar Preparation and
Mechanical Testing)

RMO| AZAY = A Y] &8 7HsdE B71s7] fléll, CO,
MBs A 2|45 @R, RME AHE A2 AE-51o
REg 25 A &5t AHEE 15 BE 25WE Al
E(ordinary portland cement)E AM&3} o, A|HE =g
H] RM X ZELS 5%, 10%, 15% (Wt%)= A4}
(Table 3 #x).
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/44 HAE o]-gshlrh A2 217 10 em, $=0] 20 cm 9]
AEH =50 24 &, 2F Eﬂﬂ% W 307t 27]5k9
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= T
bR, v

s

==
o

2= AA F, 9= Y EA]E 7] (Universal
Testing Machine, UH-F500kNX, Shimadzu, Japan)E ©]-83}
AHAE AES FHstdt ot Ast e 1| mm/min2
5 7zt 2= 37H ABE /\]610]-01 BAGLS

w
foi
A
>
>
o
N
[

lBatch Experiment Results)
0, MBs =¢Jof| w2 pH, ORP, A7]%
8 A E(HC0s0q) H3HE Figs. 2, 30f A A]
shich Z} HRAE S YRt 27] 2AolA AJRE e, H]
Ao 2 FHRFE AR RM-DISH AF 02 CO, MBsE
2913t RM-CO, MBs2 A3t}

AE AEko A S/L H]7F e 2 ZA(0.001~0.05)0] A= RM-
CO; MBs®] 27| pHy= RM-DI thH] {-o|5HA] WA =3l
o, o= CO, MBs F=Yof ujg} §& CO7t =3 ¥h-5-5}o

=2
>~
@)

-200

-250

‘ 200 E

3 o]Z QB g ol9] ks X AFE7] 98 4= EFAKH,CO3) S Al SH= 4=3}4H-3(hydration reaction) & & Q1
12 100 1,400
1 : _l‘ 50 1,200
10 ¢ s 0 ’gmoo
T s (3 -50 . 800
s e : -100 = 600
(@) ! g %0 O a0 0.5 hr
¢ 200 \W& " o
%001 001 005 o1 0z 05 10 250 4 0 ¢ 24 hr
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Solid to fiquid ratio (w/w) Solid to liquid ratio (w/w) Solid to liquid ratio (w/w) +-48hr
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10 l ~ 0 'Emoo
2 o
T ° g o > 800 --168 hr
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E
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Fig. 2. Temporal variation in physicochemical parameters with different solid-to-liquid (S/L) ratios during batch experiments: (a)

RM-DI and (b) RM-CO, MBs.
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Fig. 3. Temporal variation in H,COs(aq) concentration with
different solid-to-liquid (S/L) ratios in RM-CO, MBs
system during batch experiments.
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wrol X WA 144} RMOZHE Na', Ca', Mg 59| 82|
X Aitg A Eh o] ¢ EC7F FRAH R sk
25 ool eEo] £ EMFEHCOy, COHTF A%

1002 FAATOZH F8N Y Zf o] 527t

_{

AL T 4 o (2. wh EC 7t 7S wHE
A A A (precipitation phase)Z A o]& 4~ St}

CO, MBs F={o] wet e HCOsaq) FEO AIZF Wt
£ Fig.30] Uepilith =& S/L 204 HyCOseg) ==
AZk Ahol] whek Hastonl, SIL M S4E gk SE
7h et ol 1A RMERE §3H ol 57t
942 elEale] ARLS] Bis] Aofiy] tEolc,
, BHS 2719 HiCOsuq 7t 8 BAIE o= A SHA|RE A
to] Zgof ket pH7F Aol wet HCOy, — COs™ %13t
AR webA, HyCOsg &9 Hrdve gt 4xH]
mul ol e} 3}elE 3 o]%(chemical equilibrium shift)] 2
2 o]sfE ojof s, o]= TICS] eHst 17t} UX|jich
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O NN

3.2. A&Al Mlsio| 0|5)et™ X|H 2 (Physicochemical
indicators in continuous CO, MBs - RM system)

- A2 204 Y WA E W AL
g71st7] 918l =33 =] ik S/ B] 0.025 =719
Al RM-DI(t)2+t), RM-P(EEE), RM-S(&8 X F)<] A7t
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/4% 95 fregt Aoty AMA o8 pHE §43] 5
J F2pH = 7.0)0 =FA|ZIcKFig.4(a)). o] gh ThAIZE W
Z % Y(neutral buffer zone) Z1¢]-& CO, MBs2] i &
o =2 7A-AA FFHA | 7]Q1ghc} EFF pH 517 o]
sl Fy AR ZYdk= 72 o] P o](ionic
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A ol FAlel doju= E3t v TAlS AlAREiTE
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o, Z3t 45 A T3 o (A= ASR YERT o]
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ik oA ZIA-AA-TA 7F FARFAY A (mass
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Fig. 4. Temporal variation in physicochemical parameters
during continuous experiments: (a) pH and (b) EC.

i, o= &R Y| -ZF<(interstitial water) ZF-E] x|<&2] oF
0]-& 8-Z(sustained leaching)o] EHAFS} W3- S-X|A17]1 24
Bz HaEt
RM-DI9] EC+= ©F 3.0 mS/em =Fo)| A AA3HA A =3
o, o= RM W &8l 753t 4z Aie] 27] HFol
Tosl 27421 WgkE HolA] %?3 ZAxto|tt. §HH, RM-P
°} RM-8of| A= CO, MBs ¢ 25 EC7} 443 4
— 2.0 mS/em)3FTt} o] & A A o7 A f5ohs -
o] & (rebound) IE1-S H G chFig.4(b)). o]2|3t Mal= Al T
A ¥-g I o2 s E ], 27] @A (0~2 min)oli= o]
T & 9 43 EC 49| F8 %12 CO, 4] &
pH F735t2 RM A4 Al Na', Ca™', Mg™" 52| %o]&o]
w2 8ZE, FAlo §&% Folo] =8N Y gHikE
(HCOs, COM)I ¥Hg3ste] &84 (3)EAHIMCOs),
MHCOs) JAES Bkl A ol =7t S35 A
7

g8 W Mol
A Bk o] mAIdAF P = ZA s, pH 2ol
w2} R 7} &3l (re-dissolution) E o] HCO; Hef= A3k
5o} o2 57} thA] Z7F5he] EC7} ehuts] st o)
Aetom B T min olF)= AR FIHoR RCE
OF 2.3~2.4 mS/cm $=Zo| A FFS §X|5hH, o] 11 A-H

754 1. Korean Soc. Environ. Eng. Vol.47, No.11 November, 2025

AF 7+2] 318l & (chemical equilibrium)o] &A1 E 1SS 9|n]
gheh o] 7S TIC HE9 By k)t A A|5h, ehitks}
Hh3-o] FHE JHE warlch

A
ol23t BC W3l sele 712 AT (17, 181014 2 RM
5} A% o] ATje} As}v, BCO)

r O =
s HP% AP = ,-4 A A o:]l%—‘é— 3 7}s}
7

Horrooyd o2

2 :lo
9
§

S o4 FUT SRS HE TS 22

A= “H}% pH Z-2HF 4 min olu)e} F2tet EC s} ofE
< Ho|u, o]= RM &ts} Hh-g-o] Y Uee A

3.3. G144l MBo| Q0|2 mE W5t 24 (Cafion
dynamics during continuous CO, MBs injection)
RM-P @ RM-S A|AHo]A 28 oFo]2(Na', Mg™, Ca™,
APY9] A)7P8 = WskE Fig.50) AAlstich BE 27
2 FYgt S/L 1)(0.025) Y A2 A 204 NS
1, CO, MBs F=¢jof wh& pH W3} 9 EC W53o] 4%
AAGE v o= sfAlskeitE RM-PoF RM-S RIFofA]
Na', Ca¥', Mg” 5= AF g HAR7 2712 gl
th. o]= CO, MBs 5%} 7)ol §A% pH a7 (pH > 11 —
N Qs RM W aze] a&/97e] Ea49] &) vh&
o] £7% ANz 4t
FQ ol B2 27] §& F ©AEHHCOs, COM)T} Bt
23] (et FHHE(MHCO;, MCO3)S FAFHo 24
EC 74 2 HAE Ao 7|3ttt B3] Na'= v ZAA
©]-&(non-precipitating cation) & 2 A =& o] =& HCOy
o} A3 NaHCOxwq FERE EAJ5IH, Z7] 4 2 2= COs™
x@oﬂ ket NaCOs 0, Wel] A Aol B2 4 sick
[33]. Ca**o} Mg™ = BhAle 2 4ol g2 o= slojat
<= o]%gg’ z7]o& HCOy et ZAEslo] Ca(HCO3)xwg),
Mg(HCOs)oag) 521 SEATE AP e 2 EA) 5k, pHF 4
S5l oot B84 ik wAN R HolHrh
AP 22l A 270 A3 TAAC = 90%)E Ko
1k

o, o]% P}l F1to] =dstgickFig. 5). ol2fgt AE
pH F745} 0] $-2] Aketd-Fu]E(AI(OH);) A vl 7121
st} ESE QB APYS Ca', Mg?'etke] 2 F(co-precipitation)
F = S ZKsurface complexation) FEfZ ALY AXE EH

o 1A PR EAC B4, ol B By 1A
& WAl RREF S7HeE 8 W Al B 53] S A9
g,

olEigt AT 8o U ol wEst 8 WA AR
(nucleation threshold)ol] =E&3}A] &} A Y, pHZ} Atj& o
& WoKCO, MBs A& Yoz QIgh eilsh FAH (et
Arlo] $ ez 9AE9] gRoR BekE). 5] pH
6.5 °]3} F7tol A= Ca™'o} COs™ 7+ Ago] Ca(HCOs)aug
P = EAstH, ol:= -84 CaCOyy) Al 484 T4t
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Fig. 6o LEhlTh. TIC 24 ¥
5, o 52 % givksl /ML ESEE WP 7
(steady-state plateau)ol] =23} tHFig. 6(a)). o]2)3 A%
5 ebASK(mineral carbonation)2] A&z o] 3thA =7 7
oz A Erh

Z7] ¥hg b (02 min)> F< §oi-AY W3- (rapid
dissolution—complexation) 2 CO, MBs F{jof wz} &&
€Ok B8] Z7F5HA] 4890 Y] HaCOxw @ HCO; A1
o] $4siEITh. FAIo] RMOZHE Na', Ca¥, M7} h2
A S50, o] ol eo] WEI AT §27 (D)t
ArS FAJSkT) o] A|H oA TICS] F438F Z7|(steep rise)
= F2 82F carbonate complex?] &2 o 7]olgtc}. F7+
Hhs 7H2~5 min)e o2 gk 9 W o] ©@A(ion
exchange—precipitation transition)2 BHAFE = U pHO| 4
A Arom dd, AR & (HEAo] ¥ w4
(nucleation) & ## w©]A| %% (microprecipitate) © 2 7 o] %
o} o] Aol AL G287 TIC 277 e, sjshe 3
Zl o] (chemical equilibrium shift)7} A At} vpx|al H3H
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F7H> 5 min)2 wHe F4-gHAFE Qb3S (steady-state
equilibrium) 702 Ok 5E 0|5 TIC %7} YAT =30
Zershe, ol 489 ) HHES] AT WA 2uv}
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2 B ARAE 84w THE 5 A& AU

ok
£

p

rL

ol
o — xR
Hoe Lop

ﬂ3

-111

3.5.  EHE B2EI29| AFAUT EM (Compressive
strength analysis of red mud - cement mortars
with CO, MBs mixing water)
= AYE A= 2-gsto] A2t R=E2 9] FY

7170 ASE(T, 14, 289) 57 A1HE Fig. 70 AA8H
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9wz U= Ast2 AAE FF A7 Wd SR
= 984 43 (alkali activator)Lt 312 H-go] Q.
o= AlARRIER

4.2 2
2 Aol A= CO, Hho| A2 HE(CO; MBs)& ©]-8-510]
A2t 20l EHEMERM)Q] FE TS (mineral
carbonation) 2! Z3HKneutralization) ¥+ 542 435}, &
Abshsl RMO) AIRIE A B8 7Hs RS Bkt F
2 ATs e P
CO; MBsi= %2 714-014] &A= 323} §2 CO,

w AZE Aol meh gastgon], ol Bl kg
oJ5t AH|} pH Aol W& gk Z3to] FAlof 285t
AT st d&54] A= RM-P(EUE)d} RM-
S(EHAE) BF 4 48 ool F/3KpH = 7)7F SE =
Qo ECE 27 54 ¥ Adsstes d4-35 fdS
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