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Usdowski®™# 47 7B 5% .
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NANERETREL- T HER. R, BEERABE LZ K AFXFGHER. X—ARE
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HE R K AMEERDNBEHETFHAN EHRER, KA KILEEIE, SR A0 EFH
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Gih H A KM BT A, Bk ,Dreybrodt fl Buhmann™& 14 5| A B-% 5 & M 8oL R
/& (DBL— Diffusion Boundary Layer) X # B # 47 TV 7. FHER(DBL EEDBEY AR
BEAKMBRERAIS TV BOMERMSIMB R TRBBENIOBFRX, ERTWERH,
FRABBRRAFANEEBR TV BARRNEE, ZEE T E eSS RERN e,
AXERFARBEEMKEREELBHRIBABERDI N ZIRBO T ENER., LB
HR i R TS B D 100 B /43 2 3500 B/ AN TV BAREEEM 5X107°em E 8.5X
107*cm; R4 CO, 4 /EH 0.001 atm £ 1 atm SR BA,DBL A G BAAFRIF—B . B
W EHANMRTHXRRETRAIZGT HBRABBRMTIRS HENHOER, R ELR
BREFNHARE ARBRESAENRRRAAERGEEARETHRRE T ERAAEERN.
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KEREITE, REXBTFENRE. REARERA 7on’, REENHE AHMASH, B
FERE<SUKRERABEAERRARGBEY, FRAITERN IIX.

X T CO, 183 % 3ty

MABHRERNEWR,.WETH 1
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RREWR o TR —F 8% L

RREFES (2 T & 30 1), %MD

F 4k CO, @ HEF#H KB CO, +

H,O=H* +HCO; U, g4k, K Mo g
Rt CO-N, BE&SEBEA 13
HBAKBIARGEHCO, 4 K co,
(atm) 4+ % % 0. 001, 0. 005, . Lis —d9 |
0.01,0.05.0.1.1 KR ML . [ R N2
1.2 XEEE = 5 | K& el15 WRX

B 1AZEEXERHE, R )
7 8% (16) 4 B 1200 mL, A % 1 #\AWE COHO0 REFHRABENE
1180 mL KB BB | (11D (S & MR EREERNA
BAK-CO, T8 WM 3 X107 Fig.1 Diagram of the rotating-disc experimental set up
mmol/em?® Ca**-CO, Y #5 ¥ ¥k ¥ to reveal the mechanism for calcite dissolution kinetics
M), ZIARBF_HEHAA®R in flowing CO,-H,O system
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1—Controller for rotating speed ; 2—motor and gear; 3—rotating shaft; 4—rotat-
3 A~
O F Coz ﬁ%‘% 12)41 ﬁ—ﬂ‘ ° ing disc; 5—computer for data acquisition; 6—conductometer; 7—conductivity
Eﬁ & ﬁg COZ ﬁB‘: Bg COZ‘N 2 bl cell; 8—thermometer; 9—temperature sensor; 10—thermostat; 11—H,0-CO,-
S5EQDELES B R BEF A Ca®* solution; 12—CO,-disperser; 1 3—CO; + N2-supply ; 14—supply tube; 15—
R R W, LR iE FF WESEW % water circulation from thermostat to waterbath cooling; 16— reactor vessel
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. RESHESWORFTREMKR, FEMTARPR., REMBMBIE@OKS, HiE#E
A R AR (1, 2) R, & E A5 4000 /4,
TROBARIBASERMUEOWEREBRER, FHTENG IERHEL, RKELR+,
BESHAREEFERECSDHAENMTREXER:
Ca®’* (mmol/L) =6.18X 10 %cond. (ps/cm)—1.38X 1072  Y=0.999
Rt , AEBERNAHICR, TRBERIBPER CI WL, XB, T ROGREEERN:
F=(V/A)(dCa®*" /dt) (2)
He . V—EREHR A REESREH.
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B 2REE 207C +Pco,=0. 001 atm., ¥ ff Ca’™ =3 X 107* mmol/cm?® %k {4 i By S K SL 36 &5
F BPARELKBEARAREEN KR . 7T, [ — 53 et ,Ca?* b i 8] 5 4 528 438 o
ARBEER , EERFRARF, REARERN TRABEREEEF, N ALK S0 & 45
TROEMBERNES. BB 2 WA, EEAKX BHEEA K, 03500 B/ AR HBEERYA
7100 B /5yt IR IRE RN 2.5 15,

# Levich!, B REOBLEF c SEARFE o FEUTXE.
e=1. 61D/} (w/w)'* (3)

. B HE DRSS FVBEHRCOCHMAT7.1
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o YEGHRERE, % 1 PR,
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/ g gggg 1238 E3#—4£4HTHEEN 20C.
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0t 28 A S 8 T S TENAEAREEETRRE

LI H] (h)
N MTBROBRERSRENXR. LB
E 2 Klﬁlﬁffiﬁﬂ‘fﬁﬁ Ca l‘ﬁﬂﬂ'l‘ﬁlﬂﬁkﬁﬁﬂﬂigﬁlﬁl?ﬁ ﬁm,{& CO2 ﬁﬂg(PCOzgo- 01 atm)ﬂif,

Fig. 2 Ca’"-concentration versus time for ML AR SRS LR,

a typical experiment .
P o B 4 7 L M R B RS DR I, R MR E Focor &)
B b T A UL AR MR R O 5 LR ANt TARL W L b 38 B R BE B 5 B 5 B SR Bk e
raE B, BUE K 0. 13~0. 25, %AE ik, 2k

The straight lines show a linear increase of the concentration at con-

stant rotating speeds. The numbers on the line denote rotating rates o T Xof ¥ il FRERNREHAE .
listed in the inset. The corresponding dissolution fluxes are also given PCO2 =0.05atm B, 5B AGEERJL
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FERERALR, ERERMER<0.1, XEARUWTRONEBRIBRERN. WRE-Y
BB RNEEHEN A BTEEEL, WREEHBEREN N 0.5 SEHE () ().

[13]
Dreybrodt % £1 FEEENGTEERELE. EERARS
EREMNT EBAR Table 1 The diffusion boundary layer thickness, Reynolds number and
# % (DBL # &)

flow regime at different rotating rates

#HL,BERF CO, [ﬁ e H (5% /45 100 150 300 600 2500 3500
BEE BT BE R Ch AR e(cm) 5.0X1073 | 4.1X1073}{2.9X107%]2.0X1073 [1.0X1073|8.5X107*

4 BEY 3155 4733 9465 18930 78875 110425
AR ROE R A3 wmE =3} B =3 B =33 B
B.EANRELRE

EERAR, HTELX L, HERAECO, 7 ELXGTREEHMZRHREFE,HEBE
AL CO, ¥ R AW B 4 TR BREEE G mg, 4 TR 30 ADMALBERAITE
B, KBHERME 4R, BEHHRREERMGT A S RMKRBE U CANTHAR
MERSCO, HEXRFE. ALUESD, K CO, 4K (Peo,<O. 01 atm) B , B B BT 58 &9 il A X 75 ##
AREERNEMAYRE;HE CO, 40K (Poo,>0. 01 atm) B , BREREFEENMA BZHIER T
FRAWGRBR. CREREN 10CHOCHMBERFET, HBH THUHRHR . £ 25
HTARA&GNEMEROEMETF. NZETH,ECO, 4 E,.CAXNTHAaRRERILY

-4.6 16
0 1.0~0.03 - ]
51 o 0.1~0.003 o t:10°C, [Ca®*] <0.5[Ca*eq) !
N t:20°C, Pco, (atm)~n: & 0.05~0.08 ‘e
E v 0.01~0.13 512 4
< o 0.005~0.12 S
g 67 o 0001~0.25 E
= ®
o —0 O o
g 6.1 5 w < 8
& g FIRARGE
e B
N Bl &
& 8| g 4-
R &
o0
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[Ca*]: 3x10*mmol ecm™®
'76 T T T T 0 =
2.0 24 2.8 3.2 36 10+ 10% 102 10 100
log %438 (¥%/47) Pco, (atm)

B4 MARBERGIRAERER

B3 ARCO,AETHRABMRERSIREXR WIS CO, #EMEE

Fig. 3 Log of the experimental dissolution fluxes

for various Pco, as function of the log

of the rotating rate in rpm
FAEXRTEMABRAYM, BHFEXER Feo; P
ARCO. AEHK nEHHEA LARANB IS H
All curves exhibit straight lines. Therefore a relation Fecw™ is
valid. The corresponding values of » are listed in the last col-

umn in the inset

Fig.4 Dissolution flux versus Pco, for rotating

rates at 100 rpm (squares) and 3000 rpm (circles)
ErhELHRARBRMCAGER 100 /SR HERER;
LT RARMEE 100 ¥#/4 . BMAT CATFTREBEH
TRER; B0 KO0 HE A REE 3000 #F/ 4R MHER
tofinA 3 mg CASHERER
The open symbols represent the rates in the solution without
CA ;the full symbols those with addition of CA(0. 1 pm)
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. 3 c BEEW.EMEFEE L R
£2 FRACOFE.FRAKEFHETHARRERCAR i, B CO, 4 (Peo, =1 atm).

FRESREARNNET ‘ ‘

Table 2 Factors of CA enhancement of calcite dissolution fluxes BB 510 BB X EE R

AR CO, 4 K Bf B %5 f# HL 38

= AR, HEERXETEREMR
co, (atm) 1 0.1 0.01 | 0.005 | 0.001 | 0.0003

10C | 10.14 | 12.18 | 3.37 | 2.97 | 1.12 | 1.05 BRF (ﬁ'gﬁ CO, 4 K & 1)

30C | 896 | 7.21 | 1.77 | 1.12 | 1.00 | 1.00 FRANBEIS%ENE, BA

100 3/4 IO:C 7.60 8.84 6.53 3.79 1.79 1.10 ﬁE '@ X @5 w % £B #[16] a m m —'%
30C | 4.47 | 6.01 | 2.75 | 1.99 | 1.01 | 1.02

CO, T EHKMHEHHEBLER.

at differing Pco, and rotating rates

3000 ¥ /4

3 LRERHIME

7 R A W R -UUBRBE 5 9 , Dreybrodt £ DBL Bt AR B SAHEB. HX R
E-RAERYT BAFEREW. B, EVTATELRERSN. DTFAMEBTEHER,

Al 5 2y DBL SR A AR Y, 76 SO RY o, P B 4 IR A K I8R 5 B O A A 2 T DI
Ry 8L F 2 (DBL, B E O KRMEMENYIBRX (EE ., BBREHIBRBRR ELE
B HAEAFERESE X—RETUEIHHIBFERREMRRAT HARERAT BOLRE
AT BARK I Z1C°FEMULR. FRAXRESETERF & PWP 7 RAH ., #iE
REERER,F LHAETHEBR S CO, HEGER, B .

F = Fcoz = JRcoz(Z)dZ (6)
)

F o Roo, J9 CO, ¥ BE B I8 (078 4L , B AL 18 F F 91 I A 6 70 AL 2% IR I
) CO,+H,;0=H,CO;=H" +HCO;
CO,+OH~=HCO;
N - / F LB AR o X0 R A 7 R AT B R A,
J \ | =) B 64T RERAHT A MERRERS
R ] TRARBEEXRERME, N THE, XRE

~ ) /L /L_Cf‘}" BRI T 2,3 b R AR, X
| FrURSTARKAR.

T (; 'j Z (DREWEH B RE AL ITEBBEE, EE
‘ FLEEERAT, RNERRFGE. B, %

s ife giii‘iﬁifi_mml A R BT S BRI AL R A, XA,
DBL KB H 8 Zo0 % Zo oty mmm f 70 TEILITRE BB 15 B E BB
Z=—&DBL AWk A EFF WEEH COF, (2)PWP FBFHERE R TS FFERKN
HCOs M Ca** B R F i Z=c LA RBERA RRMBIA L, 53 %0 3 % 5 B0 hn w9 45 T (8 96 4R
PWP R 14 i . 8 Bt 3 hn P45 C . Compton 407130 22 ] 7] — &

The DBL extends from Z=0 to Z=¢. The well mixed

core extends from Z=0 to Z= —4. The arrows denote ?&ﬂgﬁ$ﬁ'§f{, Eﬂ%ﬁﬁﬁ&x¢ﬁ$ﬁ’ﬁ K,
fluxes of CO§{~, HCO3; and Ca?* from the mineral sur- ﬁiggnﬂ ° ﬁﬂm 4 p %ﬁiﬁi@é{u?ﬁlﬁ(igﬁ) ng(
face. Note that F is given by the PWP-eqn. (eqn. 1) em- Wha SCE B, f ﬂ‘] B K;=2X10""mol/cm? s,
ploying the activities of the species at Z=¢ i}(‘ ﬁ £ PWP 75‘@ th ﬁ =1 # & B‘J 2 'f% .
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B, 3 THEEBHME, TRER
BoHRESHEN, A6 XPELNLRAR
BRI —B k., FaT, B85 BN E R 8 R
H RAEREMKCO, A ELHBT . TRABE
BEABEMKBTYBALURAZEE, M
Pco,=>0. 05 atm H €>5X10"*cm B, T &

BRERSTVHAREREILELXR.

R T HEBEX—ME UL, A DBL #
BEAMYTBAREANE ETBHRKERN
SABRATTHE . EXECO, FEHEHTH
— T B 7@ %W T Peo,=0.001 atm.¢
=5X107° e (A & F & 100 ¥ /5 B ¥~
i &2 W HY JHCO; ,COi™ # Peo, &l i .
X EHE UE S HY M CO, AYSIER
X |5 5 %A £ EEH, W COT™ f1 HCO; M
Rz, MAFMAEZEHELBY BARE Y
SBBRET . XEHSHT BOER T B R

105

Pco, (atm):
1: 0.001 2:0.005 3:0.01
4:0.05 5:01 6:1.0

go U
-Mﬂ;n

]

-
o
&

ek
<
Q

F AR VA #RE B (mmol cm'zs_1 )

o——D &

106 1620°C: [Ca®]: 3x10™*mmol em™®

0 1 2 3 4 5
BRI (107em)
Be6 AEACO, #EAGTHFRAERER
5V #HARBRERRE
Fig. 6 Dissolution flux versus the DBL-thickness

¢ for various Pco,

HEHeRETRER(EH 2R, FEERE), MK KN DBL
i &

The symbols represent the experimental points from Fig. 4 divid-
ed by two (see text). The full lines are obtained from the DBL-

B —-FRERN.

F=—D(3c/3z) (N
b o WHRBASWRE,D AATYHER.
B, 5808 8 AR R R Ry o
ATV AR, 3R 7 T BOE RO X DR S RS R R
FIREEE . FRMER,FE HCO; M CO MARBRKWER. T 67 %A Mmn
BORIE, LM B I GkeE,CO B S HY RRIERHCO; i 7 AL, H A REE
517 kX, HCO; 38 B W6 38 1, 3% — 7 H £ COY 53k @ ¥4 W W IX i HY |2 B 4 At HCOx 5
BN, EHRE R, E A RRK 8 CO, K74 i HY 3 COT ## 7= 4 HCOy , B
G, NS K COr BREANSEEK, 4 A% FIRGRE K COI REY
AP X 52 HCOT M54k . Btk , 4 K B84 9 CO, Bt b MR B AETE R S B WX, WU
fit COZ~ 1 HCO; B4z HT .

R, MTEHRENEEALE— R EN, FRERERE NIRRT EAREESE,
W4 EAERE AT AR BN EESRE, URTRE LSRN AL RENET.H
L, AHHETARY BN RAREEHBARBRE MY M REAK CO, HHER, LRI
B 8(a) fiiR . AL, ME CO, 4T, K A7 I R €=0. 013 cm B AWK AT BAREA
i CO, S AR Y, MY 80n R R EE/NF XIS RN (N%KR), 9B R K CO, ¥

BRERBATHOARE. WOBFBRXK CO, HEERWH TS

dCO,
ar (8)

MEHSBREEE O RBK, ATLOR CO, BT HELKM Foo,=F. HI,CO, %
BHNEELBHER. EXHFLT, RV HARBANS T BREREN GRERLT

FC02=6
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@ £:20°C, Pco, 0. 001 atm (b) 1:20°C, Pco,: 0. 1atm BAOBRERBR T 8%
[Ca*}: 3x10*mmol/cm® [Ca**]: 3x10*mmoticm? REEF(MESRERE). X

97 13 58 1.51.0737 4 181 60 X
r ] WERET A 4K CO, 4
EXm+T T BAFEEE
- 5.8 MNFIERE), EMAGES
E# 4 CO, X M KK
BREBEFROBBERR
FREHMHOEE., £5%
X—KE KB THEAHE
- 54 BRMRATBARBEAE

g 8o
ol i ®CO, M E.VBAR
57- 0 1085~ 0 ————" - 0-52

0123 45 0123 45 BEEE>8X10*cm, 1§ i
7 (10%cm) Z (107%m) ZEARE, B 7(b)BA Peo,

B 7 (a) Pco,=0.001 atm #(b) Peo, =0.1 atm B WA RARB 3
2 2 =0.1 atm,e=5X10"°cm

# Pco,» H", CO}~ 1 HCO; | (e=5X10"*cm) PR R N LA R E
Fig. 7 Profiles of Peo, s H*,CO%, HCOj across the diffusion boundary 6. 5% CO, #ERF M

1.0717

©
D
1
)

H* )10 molL) o

- 56

Peo,(10™*atm)
Pco, (1 0‘1atm)
{1 nowy 0L)[ ;500]

T

©
o
!
]

[H+I](1(.)'8mo!IL)
(1110w,.01) [ *00H]
(/0w 01)[,*00]
{1now, 04) [ f0oH]

1.067

-
.

layer for e=5X10"3cm at (a) Peo,=0. 001 atm, (b) Peo,=0.1 atm B, EFRBREEEY 1X

107%em AEMEN,COl BFBARTANAFRRX R ERENERER H a5
BRXEAFHAOREOHBERRETER, WA RER N .CO” + H"=HCO; , §% HCO; %
WHEEANEFRARAANIBFRXERAR. EFBARE H BREMNT, %L CO, A
H™#1 HCOy 18 HF # (RBRTE Poo, BRMEM) BN T RABBINARE. EHIBRK COL-
TEBUVH COI™ [ HCO; H#MAT, RBEXKXBA HCO; EE N EH,

Ktk —H B E CO, 4 E& M4 CO, HFHEHMMER, B 8(b)4#| Po,=0.1 atm B ¥4
BREMTBOARBACO, RABRSTHARBREEXRMK. 51 CO, 4 & (A 8 FF
B, CO, o it ,CO, HEM SR N EMEEERERT MU RBEEAN 8X107
cm, JFH HETE /D — T RER. M TH CO, 4K ,e<<8X 10 ‘em, e A1 ¥ 3 F LUK 31 1 88
0 FE ;T e>8X 107 em, FERFT WA REN CO, iz, £ —&M4,. BRREFBMAR
R RO RER, XHEE 4 RN ERIARBE T HIE - WRRE,

4 48

RAREEIBRERENBARKRREFENK CO, A EFRRMARAR KB ME CO,
SEFRFETTRAEFER . XBRENETREAE-BAAENYT BAREN FRARBERE
WHEMERER T BOARBREBERK T RO NERER, LB PRI FEEASE, T8
ARBARE, BRERED, ME,ERAESRBHFEHIE L BNBE CO, HE L CO,
+H,O=H"+HCO; N RABMEBERNEH T HAERERH. TREAWHXR.

(1) Pco,<<0. 01 atm, H €<C0. 0lem Bf,CO” HEMEBEL T HARBH# AN ABERK,
CO5™ i HCO; W%k E BN WM X HAT, B S WM IX ) CO, a4t HY RN T
E—Ffh, X —RKEA,CO, HRHNYPMERETROBBERBRB THIBRRRHEE.
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HTXENNYYBEBRXE
ER®EX,BAE4 CO, %
BRI EEEEREE, AT
FERTVBARAERANERE
HRANBREMER. RBR
EERFEHIKCO, o E
B RERAR.TEARARR
B, R anRERRRT
nARE B E Ak CO, i
REMEYED T HRAR
(BBREE S RAnRE
BEHARERERR.

(2) Poo,=>0. 05 atm, B
e>8X 10 *cm Bf,CO, ¥ #%
FEREEFBAORENE
MRENTBAREN, XK
B E A8 COF™ JLFFEMTE
BRe#s Co, B &E
B HY &4 i HCO; , i A
FERYTEARBHAYS
BRX  EXMERLT, I #
NABRHEHAECO B
REEBMERSE, BT
BABHERILTEFAKET

(a) 10°®

£:20°C, Pcoy:0. 001 atm
1Ca2*} 3x10 * mmolicm®
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10" ~ T T l T T T

0 5 10 15 20 25 30
T EGLR SRR (10 5cm)
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£:20°C, Pcoy: 0. latm
) [Ca2+]z 3x1 ()"‘mmollz:m3
~ |—- s msamas
T 107 4 N |
a
£
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£ i
E !
t
i} |
8 ]
wg 10 : E
S
1 1 |- 938X
S/ CO#thd ¥
b dsARER
| CO##il ¥
|
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0 1 2 3 4 5
FEHRREE (10cm)

B 8 (a) Pco,=0.001 atm 1 (b)Peo,=0.1 atm NERABEREER

(B2 BABRE (@/T#H A EX(CO, REEE
5V HaFRREENXE
Fig. 8 - Calcite dissolution flux (dashed curve) and CO, conversion fluxes
in the bulk (@) and in the layer (M) as a function of
eat (a) Pco,=0. 001 atm and (b) Peo,=0.1 atm
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Dissolution Kinetics of Calcite in COZ—H;(:) Solutions in Turbulent
Flow : The Role of the Diffusion Boundary Layer
and the Slow Reaction CO,+H,0<=H"+HCO;

.Liu Zaihua Wolfgang Dreybrodt
(Institute of Karst Geology, CAGS, Guilin, Guangzi,541004 ,China (Untversity of Bremen, Germany)

Abstract -

By making use of the rotating disc apparatus and macromolecular biocatalyst, the authors
have studied the kinetics of calcite dissolution in COZ—Hzo Sol;tltions ‘with turbulent motion. It was
found that calcite dissolution was controlled not only by theidiffusion boundary layer (DBL) at
the solid-solution interface, but also by the slow CO, conversion reaction (CO,+H,O<=H" +
HCO; ) in the layer. At high Pco, (Pco,>0. 01 atm ) showevet ,conversion of CO, occurs mainly in
the DBL and therefore becomes rate-limiting. On the other;hand,theavdif‘fusion boundary layer
controls the kinetics of calcite dissolution at low Pco, (Pcozio. 01 atm). These findings are ex-

plained by use of the DBL, model successfully.

Key words: CO,-H,0 system;calcite dissolution kinetics;diffusion boundary layer ; CO, con-

version
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