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Table 2-1 Logalithmic Solubility of Calcium Carbonate

pK(at 25°C) Log K(T in K )
Amorphous 6.28 6.1987+0.0053369(T-273) +0.00T01096 (T-273)2
Vaterite 7.913 172.1295+0.077966T-3074.688/T-71.59510g(T)
Calcite 8.480 171.9065+0.077993T-2839.319/T-71.595log(T)

Fig.2-1 Crystal Structure of Calcite
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Fig.2-23 Crystal Structure of Vaterite

Fig.2-3Crystal Structure of Aragonite
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Fig.3-1 Experimental apparatus for synthesizing
hollow particles
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Fig.3-4 Distribution of micro bubbles(pm)
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Fig.3-4 Synthesizing prosess for Calcium carbonate hollow particles
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Fig.4-1 Schematic diagram of experimental apparatus
for synthesizing hollow particles

4.3. BHRLELE
4.3.1 PZERFAERICKIE T8 pH D%

ALV T DB 0.05~0.2 mol/l DK % FAV, ¥ pH 8.5~10.5,
JREE 28C, REEV AMEE 0.5~5.0 /min & L TRREIT - 7=,

REGHT A FLHE 0.51/min TiX, REEI NS U7 AHFHEEINELS . EEIZHE
THOV U TNERHERT DT 10 5B LEDOART Y o B0 EE 2 H
HUTRBEAINTY Y 5O 2REESEFTLTLEY., BIFRSERED
BABH/ONRPoTz, —F 5l/min D/NT Y > 7 Tld pH 25 b 38 B A3 5
TE TRV TNV EERET A ENTERD 2T, ZOEDARE
BT, ETERENHBHEECTAL, B2V LB LA,
2.51min Z LN TV VT EBEBE L TEREZITR - 2,
ZORBRICEY, O pHEL VDB NE AT Y 72 L5 pH
EENDRLF ORI X DB T,

HAeAH v 2y MREE 0.10 mol/L, #1#i pH 10.0 TiREEH X % 2.5 l/min.
DFLE TR EAATEEED pH ORFEAL % Fig.4-3 12K & A A8 6 min.
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Fig.4-2 2R T, COeHANT VU AT X0, B LI REEA AV BED
Bz, pHIZME T35, Fighio/RL7Z@Y . 5 min.E TiX pH IX
Reff st L CIRIFEBRUICET L, 5 minffiE CEOERTEENRILR
STWAEDNRRTEND, Fig.6 DRLEDMAORERERN?L ., EHHRF££ 2 pm
BEDHBHUSHOB R FRERTETND I BN D,

Fig.4-4 [Z41# pH 10.5 T 3 43 CO N7 U v 7 LIz DR F BB X
Ok 0 SEM B % %2 R T BDRONT T4 S ESLHFIRO IV
YA NOBHLERSTWVWDH I RSN D, YINmHE TIX, AERPE
B ITRB D R,

Fig.4-5 {2 RT3 pH 9.8, N7V 7 4 HMORFIE, CPRELL
BRRoABEFHEL, OMmHE LY PEMEPHE TE 5,

pH of reaction medium [-]

0 60 120 180 240 300
Elapsed time [s]
Fig.4-2 Change of pH with CO2 bubbling into solution
CaClz:0.1mol/l, initial pH: 10.0,CO2 :2.5 1/min, temp: 28°C
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Fig.4-3 Particle size distribution of synthesized hollow particles
by CO3z bubbling for 6min.
CaClz:0.1mol/l, initial pH: 10.0,CO2 :2.5 1/min, temp: 28°C

(a) (b)

Fig.4-4 SEM images of calcium carbonate particles by CO2 gas
bubbling under pH changing condition.
CaCl2:0.1mol/l, initial pH: 10.0,CO2 :2.5 I/minX3min, temp: 28°C
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Fig.4-4 SEM images of calcium carbonate particles by CO2

gas bubbling under pH changing condition.
CaClz:0.1mol/l, initial pH: 9.8,CO2 :2.5 I/minxX4min, temp: 28°C

INETCOMBERENOFERFIINATIA MHEZAELTWSZ LB
B LT3 14, Fig.4.4 DEFICIX, HFosLrH4 MMESBA S
TW3,

CaA AL EELKBE~ADRBT AT L ZIZBWTIiIK, AT 74 b
RO HIX pHI.5~8.5 TEEMICRZ LI Z LABMESNLTWVWS S, 0D
Fe R FOAERRBRORM L& BEICHYIpHIS L LTHANRT Y 7
L. I ERFREONDLNE I hER, Figdb TR FHAEEB
LUK FHEE SEMICEVBBLERBREZTRT, 22T, ATV VI
MR FORNREMEZK 570 6 o e Lz, BORIRFIX,
NRTFESAL FNERERY, DOZELWVWHERTFAREORENBO b,
U EDORENSL, DHEBSEBTICBWTHERFRERT D) L OH
ENE Lol ENERMICIYIEENT-,

Fig4-6 Il bDRED N T LRFO XRD NF — 2 &7-T, F#H
pH10.3 TiZ. AT A4 PTIRLY AAH A PE—ZBRREBSATNDHO
IRt L., PR FOHBENED LM pHI.8 D& TiE, AT A
FE— 22 BETFLTWEDORSN5,
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28R F 23 REFICAERR S 7= 918 pHO.5 TiX,. It 4 FE— 7 12145k
LERICAT IS FPEBELRSTWARZ NS5, 2hb XRD /34—
¥ DEALIX Figi~Fig.9 ® SEMBERK R L <L T35,

—F ., 91# pH9.0 DHF AL Figd-TIZ T T L HICELIC AT 54 FEH
TIE®HLHB, ZORFZE2INLEFTFIa b—AIZX 08Il L, SEMIZ L
DR FEHEZBEELL-HER,. Fig4 8 Il -t BV ERICHER T LT
Wo, - T, PERFERICIIATIZA4 MEOERDBLESLETIED
DB, ENTHHEHELIEIEZAT., PERFERICIE. RIXATY &
THRIICB T 50 pHORE L pHELEEOBEERBENBD CHEET
HHEZ EBRENT,

pH L EEN P ER T OERICAEEERZE 2 R-THITHOVTIE
KIBIZBWTEET A,

Fig.4-5 SEM images of calcium carbonate particles by CO2 gas
bubbling under pH changing condition.
(a) : SEM, (b) SEM image of cross sectional of particles
CaClz:0.1mol/1, initial pH: 9.50,CO2 :2.5 I/minx6min, temp: 28°C
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Fig.4-7 XRD patterns of synthesized particles at different pH levels.
CaClz:0.1mol/1,CO2 :2.5 l/min, temp: 28°C

1000

Intensity [a.u.]
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Fig.4-8 SEM images of calcium carbonate particles by CO2 gas
bubbling under pH changing condition.
(a) : SEM (b) : Cross sectional SEM image.
CaCl::0.1mol/l, pH:9.0,CO2 :2.5 I/minx8min, temp: 28C
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4.3.2 2RI F O A Bk PE

HIEDERNOIRBHT AT ) VO pH EEREET ALET L
RTHZEICEVPERFRIBEONDIZ EARERTX,
COOPERFOEMRSNHHEHEHZFMICHERT 572D, 0.1 mol/l
DFALT N T AKREFEREZ V., 91 pH 8.5~10.5, 1B 28°C., /e
A% 0.5~5.0 /min & L TRBRZITWVWEONREFEZIZ 0 F—A4
WXLV U Lk A OBl E8E 21T - 72, Fig.4-9. Fig4-10 12 FDfER %
7Y, Figd- 9 Z#H pH & THO pH DBETRLE., EFICBEA
PR F I FH pHI.5~9.8, & TH pH6.0~7.0 DICEF L TELA
DIEBGPVATEORRLEBLIHFIEL TS,

© : Excellent
O : good

- A : poor

X

: bulk

Initial pH
>
%
o
>
>

9 8 7 7 6
pH at the ending point of bubbling

Fig.4-9 Result of judgment of hollow particles by
SEM images of calcium carbonate particles by CO2 gas
bubbling under pH changing condition.
CaClz:0.1mol/l, COz :1~5 I/minx8min, temp: 28°C

Fig.4-10 i%, ATE TR 72 BONIRFN AT I FEE LR B4
e LT, I8 pHIS 2BEL CHFAKEIToL L X DR FHERK R
ERTYV U TRTEPH EAT ) U /R LOBFRETELDELDOTH
5. TORER., EFICBRFRPLERFIX, K TH pHE.0~7.0ICEF L,
N7V VR 4min BX R 6min ICEF L TWA Z LRS-,
COBRIZSOVWTIE, ES5ETHLMNTIT S,
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Fig.4-9 Result of judgment of hollow particles by
SEM images of calcium carbonate particles by CO2 gas
bubbling under pH changing condition.

CaClz2:0.1mol/1, COz :1~5 1I/minX8min, temp: 28°C
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BaxDIN—TE, RECLDRBIN YT LFERTOAERET VL
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X 5z BRI T O v = AHLER ORI S Fig.4.10 IR TEEE T L 12
BLTWS S,
“hiE, KARAEICRE—4ERLEZICE SRy =V & R TE
FRLUEREBAINS T LACLDBEBLICRHRERRICEY = VERHHE
TEVWIETALTH D,

—%. Fig.d.11 TR T, A7 0¥ RIZ X 01557 hF 0 5k R
B> SEM & T, 3 = /LA 1 12 F S PN 2 T 13 C 1 0Bz 7 o0 4 ik 28
BTHhY, ZOZLEPLEAREIILLAAANLARRAICEI> TWVD
rHicBbh3,
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Fig.4-10 A proposed model for formation of hollow
particles by bubble template method.

Fig.4-11 SEM image of cross-section of hollow particle
Broken after freeze-dried
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770
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Fig.5-1 Schematic diagram of experimental apparus for

Synthesizing hollow oarticles
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Fig5-2 Change of pH by CO2 bubbling into CaCl2 solution.
pH 9.5, Initial NH3:5ml/I(solution), COgz : 0.61/min/l

n

d )GOsec

{

Figh-3 SEM images of calcium carbonate particles synthesized at
various elapse time. pH 9.5, Initial NH3:5ml/l(solution),

COs : 0.61/min/l 44
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Fig5-4 XRD pectrum of calcium carbonate hollow particlessynthesize
d at various elapsed time of CO2 bubbling.
patterns 9.5, Initial NH3:5ml/l1(solution), CO2 : 0.61/min/l
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Figh-5 Shapes of calcium carbonate particles at various bubbling
time during CO2 gas bubbling into CaCLZ2 solution.
pH 9.5, Initial NH3:5ml/l(solution), CO2 : 0.61/min/l
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Table 5-1 Logarithmic ion product of calcium carbonate 15
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Fig.5-7 Enlarged Cross-sectional SEM images of hollow
particles at the point of Fig.5-3 240sec.
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Fig.5-8 Change of pH by CO: bubbling into CaCls solution
in accelerated condition..

Initial : pH9.5. NHj : 5ml/l(solution), COgz : 1.251/min/l (solution)
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240sec

Fig.5-9 SEM images(Cmpo) of calcium carbonate hollow particles
synthesize at high flow rate CO2 gas bubbling into solution.
Initial : pH9.5, NHj3 : 5ml/l(solution). CO2 : 1.251/min/l (solution)
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Fig.6-1 Experimental apparatus for Calcium carbonate hollow particles
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Fig.6-2 Effect of additional NH3 on induction time.
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Fig.6-4 XRD spectrum of calcium carbonate particles
synthesized by CO2 gas bubbling condition in Fig.2
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Fig.6-5 SEM images of Calcium carbonate hollow particles synthesize
by CO2 gas bubbling condition in Fig.2.

Fig.6-6 Cross sectional SEM images of Calcium carbonate hollow
particles synthesize by CO2 gas bubbling condition in Fig.2.
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Fig.6-6 Change of pH by CO2 gas bubbling into CaCl2 solution.
Initial pH:9.5,NH3:3.5ml/1(solution),C02:0.61/min/1(solution)
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pH=A-exp(-Bt)--------- (4.5)

pH= C-exp(-Dt2)---------- (4.6)
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Fig.6-7 Relation between pH changing rate with shell thickness of
calcium carbonate particles by CO gas bubbling method.
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Fig.6-8 SEM image of CaCO3 hollow particle synthesized
by CO gas bubbling method (Bubbling condition :Fig.6-7 &)

633 BI1AT—VONRGA—F—BLBE2AT—VDONRFA—F—|C
YN

BiET, V= VERELAT—VOEENTA—F—BTarir—
LNAREE R AR, B2RTF—TVDNRT A —F— T = VEIZBEED 2
WDEAD 2

HER FEA D= ENEEZIE, TENALT 7 AHOER L
ENRTFSA NOBIHIZ, E2AT—VTOHRBTHHAINH, R
WXL BAAKRELRERBYREITLEZOND,

TOBEIIBITABRIZ. F2AT VO pHELLEEIX, F1AT—
COERLLY BNEWVWIRTRIZIL > TV,

AR, BART—VDNRFTA—F—IZERLEEPoTZDIX, RAHFET
TR RETANRT ) 73, DI pHELZHAE LR, —ERHOK
B A &P LEEIT TEREI T TS,

T iiR, BI1RF—PONRGA—F—BERELTLERIEIE 2
AT =D PR F—R =P = PFoCLEI LN LTHS,
“hix, R4.2), (4.3), (4.4) BT HARIEOFEHEREE 2 T FEREE
BB LPDOEILEZ T TCEDLLREVWRY BROZLTHD, ER,
BIRAT—CONRFTA—F—BLEBEBLRAT—VONT-A—F—DDH
BELoTHDE Figb8DEIICERBEMRERY, LRROHEENIEL
WENHERTE T,

67



045

0.40
0.35
0.30 | .
0.25
0.20

0.15

Parameter D

0.10

.30 0.40 0.50 0.60 0.70

Parameter B
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Fig.6-10 TEM image (a) and electron diffraction pattern(b) of hollow particle
synthesized by CO2 gas bubbling method at the time occurred turbidity.
The inset of (a) shows high magnified TEM image of primary particle.
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(a) (b)

Fig.6-11 TEM image (a) and electron diffraction pattern(b) of hollow part
synthesized by CO2 gas bubbling method at the point pHS8.0
['he inset of (a) shows high magnified TEM image of primary particle.

(b)
(a)

Fig.6-12 TEM image (a) and electron diffraction pattern(b) of hollow
particle synthesized by CO2 gas bubbling method at the point pH6.8pH8.0
The inset of (a) :A,B,C show 3 different primary particles and can see al
particles aggregate in parallel with the same lattice

REEHTANT Vo TETERLERERFOY = VEIZE X

%5 pH &1k
EEOERBIZIOWTHELTTo, PERNTFOL = VEIZRIET pHE
L DEERZFMT D720,

REEH AT Y > 7D pH AL dhiR &
EEBEHIZL AR TRL, ZOMBOEHEEZ pHELEED S
A—H— L LTHWS 2 VE~DODEE L7,

2k TSRO T at AL, REEHT AT Y v 7|

ST EN
2T Zd)f}{'uﬁ]}ﬁ%‘?ﬂ‘b U:‘{\" T U)f”H—_] u{)/ﬁ‘/\'? 74 k TB“‘//E lLI:-L

e ol P



Ty NVEERTAETCODEIAT UV ERBIANT Y 7280 pH
B S AT B HUBEO, ZRELFHREO T ENT 7 A TR
BT X0 AT T4 FEFHT BEOKS BT D EEINHEIC X
DR ZERENTER S NEBRRERICESETOEIN AT — Y LIlmiT
TEZDIENTED,

hZehi F DY = VER, TOBABEEN D PEBERK T 0 & X I2BIF
HZE1IAT—VOpHELEEICHRIIEKFETDLEZONS, ZDID,
w1 A7 —0 pH Mg ORI SEBHRE LT pH=A-exp(-Bt)
EE LD pHEEELBHHE ST HRTA—F—LLTBEZ LY,
Ve NVEEDOEBRERDEZ, TO/BR, NTA—F—B LI NVELIX
MW A2 R L. B=0.36~0.63 THZER FHELND T &Bmhol,
ZOMTY = NVER B OHEIMIENTELS 255, 2 ORI ZBITITIER
MR TP TEDZ ENgnoTc, BB, RFRTORBRILT AT Y
VI, ATV TP ORTETC—ERTHRLULET TWA D, 5
[ AF—DNRFGA—FZ—BLE2RAT—VDORTA—F—DII, —F
DEBRIZH AT

B1AT—VDNRNT A—H—B THMENFAETH S,

F7-. pHEMBRICBIT AR FOMBENEZ TEMBE T2 LICX
0. pHZBILDEITIZCE S TTELT 7 ANLNAT T4 MEANEREL TT
SBEFARMERTHZENTE, pHEEEDN, V= VEIZEZDEEIC
DWW THEBMEOBRP L DOIFITE2ITI TN TEL,

71



References

1) Hadiko.G.,Y.S.Han, M.Fuji and.Takahashi

"Synthesis of hollow calcium carbonate particles by the bubble
templateing method”, Mat, letters,
59,2519-2522(2005)
2). Tomioka.T,H.Watanabe,M.Fuji,M.Takahashi,M.Utsuno,
"Effect of pH Variation during CO2 Gas Bubbling on
Formation of Calcium Carbonate Hollow Particles
”J.Soc.Powder Technol.Japan,47, 177-183(2010)
3). Tomioka.T, M.Fuji,M.Takahashi,M.Utsuno,“Forming Mechanism of
Hollow Structure into Calcium Carbonate Hollow Particles
Synfhesized by CO2 Gas Bubbling Method“ (2011Cryst.Growth Des.)
4)W.E.Stephan,J.Leiterer,M.Kappl,F.Emmerling and W.Tremel”’Early
Homogeneous Precursor Stages of
Calcium Carbonate and Subsequent Crystal Growth in Levitated
roplet”. Am.chem.Soc,130,1243-1247(2008)
5) EmilieP.,P.Bomans,J.Goos,P.Frederic,G.With,
Nico.Sommerdij“The initial Stages of
Template-Controlled CaCO3 Formation Revealed by Cryo TEM”
Science 323, 1455(2009)
6)Gebauer D., A.Voelkel, H.Coelfen., “Stable
Prenucleation of Calcium carbonate Clusters”Science

,vol.322,19, (2008)

72



T)Tsukamoto K.,M.Sorai,T.Kakegawa,

”Crystallization Mechanism of Calcium Carbonate by Nano-Scale
In-Situ Observation”, J. Am. Chem.Soc, 2001,28,61.

8).Nehrke G.,P.V.Cappellen”Framboidal vaterite aggregates and
their transformation into calcite:

A morphologikcal study”/. Crystal growth,

287,528-530(2006)

9).Rodriguez-Blanco J.D.,S.Shaw,L..G.Benning

’The Kinetic and Mechanismof Amorphous Calcium Carbonate(ACC)
Crystallization to Calcite vza Vaterite”

Nanoscale,3,265-271(2011)

73



1.

FTEINVYA RIS 7 OB 3

1. ¥

i

EEDLIX, INETITRBIART Y VI OHLTERT HHEE,HE
WFORET v X OBMBARLHEE L TERLS, S HICEDETHN
TEEDICHERFDOEEA = XL\ LI L LIc L VA% RE
LI KRERIEHEB/BD LN TEE, LML, THNETICEBIT AT
VY ZHEICE VBB SNERER T, AT T4 METORESLFLTY
Boe NTTA MADRBEA LY T ARERF X, F VA XO— KT
FUOHRENTEY, REIZIISKEDORA Y BT BNEET LD, LER
BARES TR LR, MMEBEOLLN LT . 20BN 5
BEGTHEREDT SNIHMN DB —F AT 54 ML, Bk
WCREETHY, KODFEETTRHEERINY A PA~BlERRE T T+7-
DBKMEDORTNEE ORISR AT = & BUEALORE LA LT
Do REEANY T LADLHEEE LTIZ, BREMDI VYA b, HEREH
DT TIAFA FBLONT T4 NEREET BB, T T4 Mz
FORRESORMBEEBET 2101, IAY A NIOPERFRTE 3
TEMNLEEL, UL, IAT Y AEARBERICHREBEY X527 o
T BHFETIE, WAV A MEORTFIE, BERANFEE LTRELT
LEISH, TNETEHRRPZER FOERIZELN ST, LV A
FUORZERFOERKEE LT, ZhETICH AMEER, TmINFNICE 5
FiE%, PIRESNTVS PREAICEES TV AVLD L EbR 3,
—H. BRAT T4 MEIZ, BOMOBFEICE W CMEGETE TR % £
STEEAINYA MIERET I ERMEN TN 1,

AHFETIE, T TICREFEWLIMILTWAAT S 4 MNMEDO R R F 4
BRL. ZTHICBREAMIZZLICEY . KSEETICB W CEER
ANV A NOERFERF 2155 2 L% BICHEEHELRIT - 72,

7.2. ERFGE

7.2.1 RAEo i

74



ANH A FER ek FORE MR BEM IO Fig. L TRTEEZH
W, REETANRT VU ZHEICEI VAT T MEOHRERF %2 &K LR
i B

NTFF A4 MMEOPZEHFIZ. 0. 1mol/]l LA N T LAKBERE AW,
F# pHI. 5., RIS THEDOpH 2 6.8 L L, RET AT 7IEIZXD
BRRLE Y5, KEEIZ, HIEI AL ARERFAMETE, R B L
A F oK ERAWTO. Imol /1 ICFAE L CTHW, fIfipHix, 7T F
=7k (FnyesisE T2, A 25%) B L OUHEE (BR{LFE. BE 35% & H
WTHB LKL, BEIX28CE L, BT, BREAZIZLY 0.8MPa,
21/min/1 (BHE) TiToTzc B LEF U TINIZ, ATV U7 4 NVE—
(7 Ry F oy 78l R7H A X0.1um) ZHVWTHEABL, BER
g ERICHE L,

CO, Gas mas: Valy
flow-controller

Temperature
controlles

CO, gas nozzle

Fig.7-1 Experimental apparatus for Synthesizing Calcium

carbonate hollow particles.
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Fig.7-2 SEM images of mother materials with vaterite phase
for investigating of Calcite hollow particles.
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Fig.7-3 XRD spectrum of mother material for investigating of

Calcite hollow particles.
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Fig.7-4 TG-DTA curve of CaCO, synthesized by CO, bubbling
method.
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Fig.7-5 DTA curves of CaCOj; synthesized by CO2 bubbling
method at different heating rates.
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Fig7-.6 Arrhenius plot of In(¢/RTm?)-1/Tm obtained from the
data of Fig. 5.
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Fig.7-7 Appearance SEM images of Calcium Carbonate hollow particles after
heat treated at various temperatures.
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Fig.7-8 XRD spectrum of Calcium Carbonate hollow particles after
heat treated at various temperatures .
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Fig.7-9 Cross sectional SEM images of Calcium Carbonate hollow particles after
heat treated at various temperature.
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Fig.7-10 TEM 1umages of Calcium Carbonate hollow particles
after heat treated at various temperatures
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Fig.7-11 Adsorption/Desorption data of calcium carbonate

hollow particles after heat treatment
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Fig7-11 Change of distribution of meso-pores after heat
treatment(BHJ)

Fig7-11 7° 6, BABEAR LOBE (ARREM) Tik 60~80nm ® A VK
THEL ALNTN, 00CAECIZRBZLIFLALBREBENRRLS ST
W3,

CHOZ LR FigTTDRRLBIHMIELTWARZ LRG0 B,
ORERNPSANY A NERIPZERF ClE, NT T A MBI ZER T IR
THAYRT L, B> THBBOPERTFICASZ LRS- T2,

7.5 HNYA MR OMEL EM
3. 2, 3. 3OKERNL, REBIVANRT )V FIETERLIPLERF

., BAUBEBTAIZLICEIVERKROI ALY A bR FICEREXRE A L
DAETHA I LVFERTE, ZOHNLY A FhERFH, EEIZK

86



P CRETHINEHRLE, TOKE% Fig.11, Fig.12 IR,

NRT T4 PRIFIE,24hr KFICRIBEBH RIS AT A MEL A, INBL
XY IAd a4 MeELZRFIE,1 8RB (Fig.12a), 3L W01 4 A (Fig.12b)
KFPIZRIELTHLE2SEERERP 2T,

a) Vaterite Hollow particles (byimmersed in water(24hr)

Fig.11 SEM images of Vaterite phase hollow particles synthesized by
CO, bubbling method before and after immersed underwater.

(a) immersed after 1 week (b) immersed after 1 month

Fig.12 SEM 1mages of Calcite phase hollow particles obtained
after heat treatment at 600°C before and after immersed

underwater.
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