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Abstract: Xinjiang Zhundong coal has abundant reserves and contains a relatively high content of alkaline earth
metal elements. The high-calcium fly ash generated from its combustion serves as an excellent raw material for
CO; sequestration. By adopting the atmospheric pressure direct wet carbonation process, research and
optimization analysis were carried out on the carbonation of high-calcium fly ash, focusing on key parameters
such as flue gas flow rate, temperature, and solid-liquid ratio. A kinetic model was constructed to determine the
key factors and rate-controlling steps. Meanwhile, the performance of this process in chlorine removal and heavy
metal removal was evaluated. It was found that, increasing the flue gas flow rate and reducing the solid-liquid
ratio can effectively enhance the degree of carbonation per unit mass of fly ash. During the rapid carbonation
stage (0~20 min), low temperature is beneficial for increasing the degree of carbonation, but the effect is not
significant. In the rapid carbonation zone, the reaction of fly ash is mainly controlled by solid-film diffusion, with
a correlation coefficient of 0.917 37 and an activation energy of 10.36 kJ/mol. After optimization by the response

¥ %5 B H3: 2025-01-16

£ & W B: yEgE/RaRKERREITRITH (202203003

Supported by: Natural Science Program Project of Xinjiang Uygur Autonomous Region (202203003)
F—IEHEET: DE (1980, %, EmGTRIG, EHFFIT ARSI E], 987684121@qg.com.
BIEEHEE YT Wrm (1978), %, B, FEHAITE ARG, dengxr@nim.ac.cn.



5% 6 3

e S AR mE K IR T AR IRA IR L T R T 39

surface method, the optimal operating condition parameters are as follows: temperature of 57.1 °C, flue gas flow
rate of 2.86 L/min, and solid-liquid ratio of 200.0 g/L. Under these conditions, the average actual degree of
carbonation reaches 30.2%. The chlorine content of the fly ash processed according to these parameters meets the
requirements for reinforced products in the JC/T 409—2016 standard. For typical heavy metals such as arsenic
and copper, the removal rates reach 88.4% and 55.6% respectively, indicating that this process has a certain
detoxification ability. Therefore, the atmospheric wet carbonation of high calcium fly ash in Zhundong has great

potential for application.

Key words: fly ash; wet carbonation; kinetics; process optimization; heavy metals

B 2R TV AL BEREAS B AL REIR YT
Z MR EIR =S4k CO, CHy Z, fREA
FRJF 2023 4 11 HHOINEGE B, o2k 10 4,
CO2 T4 S iR e B R 1) TTRRIE 79%. S UBRIN, K
S CO2 AP E M TR T (£ 1750 ) 1)
278.3 pL/L #9K % 2022 4 417.9 pul/LIR,

EFRE GERIA R, BRI “ R a7
[ EE A B, LR RULR AR T AR REVR AL HL I
T o (1 T B 5 R B 1) . R SEBRL “XB 7 H b
W RS e i [ REVEAS JR 28 5% i i 4 R 5 3
17 (CCUS) HiAR N Ik,

FremuE AR H M EFE, 153 900 120, 24
ST SE AN 4 E R A B 17.8%F1 7.2%0), #EA MR
BIRK ARIR =R R, N3N 71
PR TR O B . SR, T U AR s 4
RIS &8 B B, AR ELAR AR 5 51 R e
PRI A S, YT, ) R EE RS
By ISR N LA R G B AT B IO AR S5 T 10, SR
TEZR AR O Fe e BRI, (B I2,  RedE
AR T P AR R K B A e R, IX R ]
JR AN CCUS At COL B R Ak i BB J5URE,
KRR FH T CO: [MiffE 5 1E, v CCUS HAR
18] S FH AR A B B B R AR

TERSNE [ A A AR, n AR SR A ot 73
RNTFEFNRIE 2 K0, TR Z PR R 456
SO R PRI N IR SR, R T Al S P
#iAE5h, CO2 WL EL I RE, XK Z A BAR
F o 52 s SRS 5 WRYFRH R AN TE IR ] % S Ak
BRI CO AR, HARRFNS TZ%
BEBAC, (HAHT T, TRV 23 Uk
AR PTG R T AR, IRy R, B3
$2Tt CO2 M i &0,

HT O, ] P A Ak 2 2 3 X B P (] R D 3 2 Bk
FRALTTJE T EE. Ji A0 Jaschik 25 A\ [-1205%f % gy Y
K3 AR SR ()38 2 B TR A T 70 R 300 5% M I e A
Ft. Ukwattage 55 NI F2 30, 20~40 CHHEM,

http://rlfd.cbpt.cnki.net

CO, Wb B KIFIRTF: 40~60 CTHEN, #ibE
TR EA; 80 CH, Wik EmSHMIRD . Wang 5
NEURHL, R — e R EAR T8 )8
B2, B pH SR, AR TR R
Mayoral 55 ANBSURIL,  HL20 AT B 30 = M) 7E I
RERMUUR, BEFEEEEE 500~1 000 r/min B, B
L0 B2 I S 2R 38 KT 2 S 1 0 o PV 75 556
PRIC T PERETEE B A B 1) R ] L B B R 1L
SR AN E B R B . Miao 25 NIVIRIE 9 1 I
COz 7 & S MAIL BN S B A SRR LRI
i=Al

PLERFRFEN, KR (<90 C)H. fKJE (0~
1.0 MPa) MM N, BEERIEBERILIE NKEE
MR RRFA, B T ). SR, &b amE
IR A AR I — SR PR, HLAE AR AR AR
(1 e AR B A% AL L v AN B . Lk oh, T2
SR R K i SR VA AR . CO, Bk
[F] R 5 FE TR BRI P EH L TR AR -

BT, AW FUE OB SR AR m ok K, I8
T SR B e 2 T R A P A e IR A% o B[] 7 11 241
B 158, RN SRR R 3 S i B 3R . 4t
X i IRV ER A T2 R 0T, I &c R
(1 Bt ok e T B 4 R AT T A4S (R A e A ROR 34T
P
1REE5R*
1.1 KE R

SCIGHT, G R R JRURL 5 A S K o K
COz RN, ¥ E T 105 CHATHA T4
12 h, BlJEHRBZE TSR, D IREL
56 ARG WA FH o A IR TR A2 20 1« XRD W0AH 7347
LR SH IR MFI TR 1 B 1, %2
A 2. sebrgkbentfed, BB BE—e e
IR % A e RS 8 5 P o 5 T ), (ER JoE
JKH CaO+MgO )i =y =ik 34.1%, J& T 5
BRI, RINZERLR A R BT 71




40 P YL A 2025 4
Tab. fictr:ﬁéfltloar?ﬁ?lz ash MRS (STAHG, 3Rl J&, RE¥EH
P d FRSZIGURE (30~90 C) FRAGAHXTIEE 274 90%I7)

SiOZ A|203F6203 CaO MgO Na; O K0 Tizo SO3 Cl

# 5
FiEHI% 229 138 39 252 89 13 02 03 232 03
‘i%\)ﬁ As Cu Ni Mn Hg
i vl
(mokgl) OB 144 148 31 0.2
4
1 Ca(OH),
_ . 2 Cas0,
E : 350,
= 4 CaO
=
o 2 5 NaCl
6 CaCoO,
1 1 1 1 1 1 |

20/(°)
E 1 #ERE XRD Eif
Fig.1 XRD patterns of the fly ash

& 2 HEMEYFLBRRRIE
Tab.2 Pore characteristics of the samples

o BET LAY LAY SEXLARS
(m2g?) (X102cmé gl nm
AR SR 9.567 1.554 63.92
FHEHK (60 “C-20 min) 7.086 1.026 54.81
B (90 *C-20 min) 2.973 0.668 94.75

8 . _
—— B AR

7 —@— 60 C-20 min
—&— 90 'C-20 min

6 L
R IR R
X 5 FifE/um Fi 2/ pum
= —&— 9.15 73.74
& 4T —e— 1436 105.57
E 3 [ A 3246 143.72

21 [t 200 gL
(fiht: 3.0 g/L

0.01 0.1 1 10 100 1000
FiE/um
E 2 #mehiEofmthsk
Fig.2 Particle size distribution curves of the samples

1.2 BEEHREmRRILEE
T R W R BB RV B R AN SR 3% B el itk R
ARG, BRI R N A AIRE B K2R 3 8 74H.
B, BARWE 3 . R RRAERERE
(CM-802LD, RYIIEZ L) myFz|~, wIEE A
T Hh 85%N, Al 15%CO; IR A< ZIRARE

http://rifd.cbpt.cnki.net

BRI, SEBUBRIE i) IR VR AR AR < 32 B
B RPE A  IROBLES 9 R R B B S
B =M SN 28, AR 1.5 Lo AU e B 28 JEE
WA, FERACKER T, AR5 B RCOK =,
SERMGCRES, AT IR IRAE IR S0 A 4514
NSRS . R AR AMEE LR AR AT, SEIN
IRIR PR SR R, RS #s b2 SR AR TSR, 2%
1 pH Rk (PHS-2F %Y, E-201F AU & Hik, b
WD PO, E TR BURE . U4 AR
KK LT 0.22 pm JE b8 S0 E VR 4 55, [
FE BB AL L2 T4 T 5 T E gl s
AR ermMESNEAN L L EE K,
A BB ARG RS R AR, fRERERE
Jii s PN TIE [ L R AR FE T I i

s
RS &7

J R T ‘

Jm’ g
é ‘ e f»n PRI

s pHit

Mk

E3 XREESRG
Fig.3 Experimental setup and system

13EEETERETKAZE

KK 4 JE R R (R IR Y W= i
R TE BERRGE A% (HIT 300—2007). A
EITEAN T W 1:20, IR PR SHHEKE T
ARG A, LLOS s kY 18 h FFE O EIEH
TNAS IR IR (b, 170 fe 8 B 5 25 3 TR
% (ICP-MS) il 534k, 4@ MIRAF A b
K SGEE ) BCR 20l s A Ak Hh o 4 s 1) 55 R 12
WA, ARJRAS. RS RE SR,
1.4 DA%

fix B 42 [ BRUKER Inc. 2 @ 4 7= ) M4
TORNADO HBFEREE X HERIGREIE{ (X-Ray
Fluorescence Spectrometry, u-XRF) & JAEAK 4H
Heo AT 2MA48% A\ (PANalytical B.V.) A7~
(¥} Empyrean B! X SFZATH1X (X-ray Diffraction,
XRD) # MK BERKWIAH . 25 9. Cu-Ka Hf 4k




5% 6 3

e S AR mE K IR T AR IRA IR L T R T 41

(A=0.154 2 nm), HZEN 4Fmin, HH 20 EHHA
15=80°, f& B35 [H Quantachrome 2 & 4 77 [
Autosorb iQ & bt R A K FLAE I, SRR
B3 B E X B i 1~100 nm Y8 ] A AL B &5 #4) i3k AT
Forill o e ik 9 [ B JR ST | A2 A Mastersize 2000
I3 B AR I RE oREAS 20 A7

SR FH #4253 VI 50k S 2K i 4 B A A
FITKERALSE, 423CPL Ca oo NFRRHURE T K 1
w22, EHL (3.020.1) g EA TS FIE AR,

B B 2D F HT A (STA 449 F3 24, 1 [F Netzsch),
£ 20 mL/min FGEGR R T VIR SEES . SRI0 TR
£ 30~1000 ‘C, FHEH% N 10 C/min,

eI AR A, e EE h 2 1) O B R R AR R £h 40

fE C, W (Q)FTR:
Am

C = 0 100% )
AH: A msoo-gso < AFEARTE 500~950 °C [ & 7%
Mios < NFEALLE 105 C NI &=
FE b IR AL i =0 (2) T 5 A5 3«
s5._C . My 2
100-C M (CO,)xw(Ca)
2 M(Ca) R M(CO,) 4 11 Ca il CO, MBS R it
g/mol; w(Ca) A K A H 1) Ca 11 & 5344, 9/g.
f A PerkinElmer 4= 7= ELAN DRC-e #!
ICP-MS S 43 SRS ity ()78 R B AT Rl o THEL S
MEEERMEREE R, WXG)Hs:
R = Featmmaion .. 10004 @3)

Raw

;th:‘; FCarbonation *D FRaW ﬁ%ﬂ?’ﬂﬁ?}’%@ﬁ?%)ﬁ*ﬁﬁﬁ(ﬂ@
FEGR I e ORUAA f5 A1) B bR 0 3% e &, mg/kg.

2 BRI
FER IRy e BRI AL 8 [ -1

—[E = MR RN AF(E CO2 AR BRI LS
AR R, @) —RO) .

bl

CO,  — CO, 4)
CO, +H,0 = H,CO, (5)
H,CO, = H' +HCO, (6)
HCO, =H"+CO,” @)

Ca0 +H,0 —> Ca(OH), + CO,> —CaCO, (8)
MgO +H,0 —> Mg(OH), + CO,2 —>MgCO,  (9)
TERRIRAGIE R, BR TR RN AR L, W

http://rlfd.cbpt.cnki.net

[iE e i e L (B NS ¥ N Rl ST 3
JRHESN J7, TR BB AT SRR AL Ak e 0], Jk
TUCIREE, AWFFE IR TE AR E . B
bU R B S R B S R R AR FT
21 KBTI ZSHBIEM
211 ARE

AL B A S VR U R U e A H BN 1 1L
MEZEZH A 30 C. [ EL 200 g/L NIRRT,
R 4 Fos.

40 ¢
W 30°C

3T e 200 gL

w

30F
25F

20

8/%

3.0 L/min
15F h —%— 2.5 L/min
10 F 1 - —— 2.0 L/min
—&— 1.5 L/min

5 —&— |.0 L/min

0 20 40 60 80 100 120
I 7] /min

4 SFEXREER LRI NE
Fig.4 Effect of gas flow rate on carbonation degree

ME 4 w75, SRR E SHIRILEI R
EM. YSHEN 1.0 L/min 5, 30 min f5RER
U EEA A 17.6%, 17 3.0 L/min FUBRERAL N 27.2%,
JFHZ) 545%. UbAh, EAHFESIRET, BRI
05 I [A] SIS e s T i e T AR E i .
CRIR B A B R A S S G TR SR 1T, B TR WA
WiRile, RDEHHRANFLBR R, B2
B, RBLZE k. RS A SRR 1 AT LA
18 5 B — AR P B Ah, 38 BE BRI A N B 43t
COz2 [fE /1, R M IE M2 30, SR,
B RIS R AL COs? RE /18055, 1ELR | BRER SRS
M REIRFLBRIIREZE, Pt LATE B f5 B (60~120 min),
1.0 L/min N BRRALEE TS AT $2 7+ 3.9%, 1M 3.0 L/min
1R 1.8%. 2% &SRR Jo A Tk R A0 5 55 DR 3%
SRR 3.0 Limin JTJ& 5 2271 5T .

2.1.2 Bt

BETARREMIGL R, E0E 3.0 Umin,
30 CHIZAM FIF BRI T, S5 R 5 fr
Ro HIE 5 ATAL, FHFEIES AT, BRER 1L EERR 1 7E [
7Lk 100 g/L A1 200 g/L 18] [ 22 BEAS B SR 4, FoAth [
W EL TR B Z2 K. W 60 min B, BRERTLE A
100 g/L 17 31.3%7%> 7 F#IK % 300, 400, 500 g/L 1




42 kA%

2025 4F

26.1%. 21.3%. 15.5%. #4b, ML 500 g/L
I, T 120 min A BEAERRIR {0 FEILE] 20.7%; M
300. 400 g/L 4 MY 75 30+ 60 min R AL F] 22.2%.
21.3%. LA AR e [ LGk 2 2 BRI IR AL
B, DR, R R LG 200 g/L FF R R S 9T .

40

W 30°C
C (it 3.0 L/min

O/%

—=— 100 g/L

—e— 200 g/L

—A— 300 gL

—¥— 400 g/L
500 g/L

0 200 40 60 80 100 120

B 7] /min

[l 5 [Eif&k b RRER 1L B 8200
Fig.5 Effect of solid-liquid ratio on carbonation degree

213 8K

KGR R &t bra . i TR E, H
TR A A 55~90 C, [R5 R B
. RVERA K . R E, KRN
TR VS Y K& 30~90 C. AR EREN
3.0 L/min. [EEL 200 o/L & HF R PR S, &5
FUpE 6 iR,

40r o
[Etk: 200 g/L
35F A{ifitit: 3.0 L/min
30 i I
25
= 30
< H —a—30C
15 F 20 —e—457C
10 —a&— 60 C
% —%—75C
5 10 20 ——90 C

0 20 40 60 80 100 120
i (7] /min

6 REXIRER LRI

Fig.6 Effect of temperature on carbonation degree

M 6 B AL, AFENRE T, BRI S A AE
AR AL, #RPGE EF ST .
HART] 43 0~20 min FIHGEBERLIX . 20~120 min
ISR TFIX 2 AN BB

HAFE R, 71X 2 ANX APy, A7 FE R,
R T RIR A 55 B AR R G R, TR A7AE
UEEAE o AP BRIR AL IX /Y 10 min K, 30, 45, 60 C
(KIBRERAL B 20 i 22.3%. 23.9%. 24.3%, SIEA
Xy (HIREAGTEE 75, 90 Cla, WRILE S

http://rifd.cbpt.cnki.net

PR 21.7%. 18.4%, LA, Aok, HE5EE
T X AL AFTE A LA .

iR ERILR MR K E A LUR LA 1R
FEJT T, iR BT 2 ] CO2 fE /K H R AR,
EE TR 4B IR M RCR s R4 2 U8 7 1T
5L T i 0 R R AR L B8 R S 55, H R T4
JERBR BRI N FECHA T R BN o pl e Al
TEFE ST Y BERBRER A FE s R 2%, AR MM — 2
T [ R 1% T 2 S HOMBRBRACFE IR p L. DALk,
A B EAE BB 1 IR FL
2.2 MR IRBRER 1L O = M BN hF 4

R IR IR () i PR B BR A 05 T B2 4 1) A Joi AR
2L, fFERIZIR R, XERLE T 225
WRER AL 22 F) I B AT B A 2R SR R o

AR 52 WS A A% A B R P T IR T R
RPN AT N . A8 R A B e R ) B 08
FHECER, MM ZmI T 22380 EHD%Es
bR O N A2 AN ) e (G M S S
71507 FE R WS 1k BE 42X (10)— = (13) R :

5=k -t (10)
1-(1-6)" =k, -t (11)
1-26/3-(1-8)" =k, -t (12)
Ink=-E/RT +C, (13)

e t RERE, ming ke ke A ke 23 SRR
FrH FHIA RS ] 5 M 2 4
Umin; T AR, K R ONVHEASAEE, W
8.314 J/(mol K); E MiHtkAE, kd/mol; Cs AT
FRIFS T H
2.2.1 8 B AL pH A8 1 )

HH AT SCOCHE T 2250 sz i 7l 51, SRR AL
P R P2 T 2 AR AE 60 min AT . T Sebr Tk
TER, B BEIRIERIRIGE, TRERACREARIL
TERRIR AL S (A% OB TR) T 3 o BRI, XS
AFRN) pH AT RIS, AR W& 7 fros.

—a—307C

s . /
[ 200 g/L 150

Aifihi: 3.0 L/min

—a— 60 C
——757C

pHH
=

0 20 40 60 80 100 120
I 7] /min
7 FRBRIL 232 pH ELE
Fig.7 pH value monitoring throughout the carbonation




5% 6 3

DGt 55 AR A BRI T EEIRVA BRI AL T 2T 7T 43

M 7 AT £E 30, 75. 90 CZ%M T, pHE
FEPUE BRI X (0~20 min) s FEA%, 78 30 min
TR 45, 60 CHF, pH A K F&IE 25 30,
75, 90 CHAL, (HBEHGRE, pH AR ALk
tHE 40 min Bl .

TR RON (75, 90 C) 5, H pH BRI
T30 C. f£ 40 min I, 75. 90 ‘CHYJ pH i 55N
7.4, 7.6, 1fi 30 ‘CpH R 7.8, X2 K A ER Lt
Bt G m i, AR Eh b A B BH ZE LR,
FIHPAR K P ATV — P, SRR R
NFEARLGERE, W pH ESTEMRSER T K.
H % (45, 60 C) 7E 30 min #, H pH {E1
T 30 C, &R A ZE K, pH {E PR IFES L 30 C
HES YRS N U . v I/ -2 19513 e o R o
1) 5 Ak A% AR FH 5 I8 36 A B ) BELRS R FH 22 1) A7
TERACHITREE X ] . A 6 2 T IRERILE 1)
SEIG A5 AR AR S FIGUE: X EE 30 min A1 120 min 2
5] OB R AL P FR T L, 90 CHIX N 0.7%, T
60 CHI N 4.3%.

VE RS- 2 AR AR R, ST, A
IR BRSBTS e S CO #HTRRIR 1L
N, Bl A R R I s ST T (1) 384 ) S22 i A5 Y 100,
SR, BlE BHEAT, AR O BRIER Bh P ) 7E kL
REERBEERE, Ay RLE, SEUXMN
R IFIREE T . R, SRR R N
V) PR ORI P4 20 R 78 43 e A, [ kR o e
5| RS RERERG N SR & ROR R, i — D8 S
FTSEIG A TR, BRSO 1 R O T B T
SSEETHA, B 0~20 min (PGEBRERILIX . Kk, Xt
AHY ST ] A PR 05 2 e B L L i) T e 2 W 3 ) 2 T
FUR BT X
2.2.2 BN F o

EHIP RS IENRR T RS R K 8 . |
i K 8a)— & 8c)mI A, 7 3 sl b BRI M S R?
S AT, RIS BOR A S R NAE 45 CIEUE
A%, 23R A 0.887 21 1 0.893 59. i — i
Avrrhenius 7 FEFA 4> T H R WG RE E H5E AT
HEHEEE (E 8d)—E 8f).

B RN E N 11,62 kdimol, AN &%
A BEIX [A] (40~200 kd/mol) . R4 B A [
JE B E 43909 11.87 . 10.36 kd/mol, 7544k
YEFITEE (8~20 k/mol), {EIRIEY i R AN N
0.821 26, AKX T~ [ JEH HLH 0.917 37. BEHHEZ L

http://rlfd.cbpt.cnki.net

I B I, S S [ Hds i
0.40 )
W 30°C R=0.947 70
0351 ® 45°C R=0.88721
A 60 °C R'=0.933 84
030F ¥ 75°C E=093707
90 'C R*=0.995 44

5 10 15 20
[} 18] /min
a) W o i) 25 3R
0.14 .
m 30°C R=0.95217
® 45°C R'=0.893 59
0121 4 60°C R=0.939 60
v 75 °C R=0.93693
= 0.10F 90 C R*=0.995 92 )
“© _:::::=
= K e
L 0.08F o
] o
0.06 | &
0.04 L . :
10 15 20
I [A]/min
b) F 1A SR ] A B
0.014

30 °C R=097230
0.012F ® 45T R=092151
A 60 C R™=0.96230
0.010F ¥ 75°C R=0.92370

B \ B
L 90 C R=0.97532 Qs
T 0.008
o
S 0.006 .’:::::;;::::::_.
0.004f
0.002f.~
1 1 ]
5 10 15 20
] 7] /min
c) [ LA Hok i) L R
4.5
|
—4.8}
E -S1f
-54} E=11.87 kJ/mol i
R=0.82126
y=-1.428 09x—0.807 99
-5.7

1 1 1 1 Il J
2.7 2.8 29 3.0 3.1 3.2 33

1 000/T
d) R O L e




44 kA% e

2025 4F

-5.6F
5.8

6.0

Ink

“6.2F E=11.62kl/mol ™
R=0.836 67
~6.4F y=-1.3973x1.82754 -

27 28 29 30 3.1 32 33
1000/T
) P s MG kit

-7.6

7.8 F

Ink

8.0

E=10.36 kJ/mol
“82r R=0.91737
y=-1.24632x-4.179 75

-8.4 1
2.7 2.8 2,9

30 31 32 33
1 000/T
f) [ O AL fE

8 IXHITREENRENE
Fig.8 Control steps and activation energy fitting

B2, SEEFEMIGFLBERRE (R 2) Akifzsy
ik (B 2) mJ%0: 60 "C-20 min i, BHEKAIEL
FIFMIEFER) 9.567 mPy Pk 445 7.086 mAy, 1L
ZFUH 1.554>102 cmPy 4E 42 1.026102 cmy,
INFLBRBE R IR A =ik Bt 3, SECEIFLAEMN
63.92 nm [%% 54.81 nm; FEAEEEF S, 90 C-
20 min B, BB LR TR — P BRF% 22 2.973 m3,
FLA R F 0.668x102 cmPy, VI FL4% e 1 &
94.75 nm, IX 1k B K FLE5 A4 4 O B L FL I 0% 3 1k
HZ SRR, R A7 2R SR [R] 2E K5
RATH A RIORE A SR OB AEAZ ol 1) B 1) P e
T, FREAFEIRAR M 9.15 um B 5 32.46 um, 14
HUPIRARIA 143.72 pm, JE AR B33 38 (1) B0% ik
i S AT A o] A B 2 5 L S 1 2 L (R ) R A% ot
B, A R B . X RE SR, R
IR I AR i L < R e VR4 2 SR COs2 7
IORE P33R (T B 1% R N R B 2 I D B
23 MBI T EIM

FETRISCHB) T AFLBR S kAR o B e L, 7R
A% 0o BT TR T 11 30 P 470 K T IR A, S . = 282 52 [ i
sl B, SRR R T E A

Tk b B A A T B A 4 SR i
() R BE o TUAR B DA K T (R sh i 4
[E LA AR B Ha i) S5 . bl TR BREK R R A% 5

ANF 1.0 mm, JEURL G TRAGEE (1 BRAS 3 TR
PAHSSHBOR R R RA, Bk TERE.
DRI, 7 52 2% PA) 30830 S 4 4 i P 1 i e
., RS S04 SRR sh s g i R 5L
DA AT Ak T B AR v B A7 JoR 8K 8 K 1) ik AL,
fE, RENZFAATHTR. T, @i T
A8 i 5 U B P A DR ok T 2 S B R A
Tk A E

TEASBURIRE AT, 5 s AL R 1 X A 78
21111 2.1.2 5 A AL T A R Xk
FRAGFE T RE N, 45 S R P SR 2 IEA G
KF, HEAESHENR, IRE RIaIUE b
THE A A S . BAh, 7 2.1.3 Tirh R
Filn (75, 90 C) Mtk M Acm i, HAER 2
H190 ‘C-20 min Z A T IR ER ML R, %
R . BT, KSR I E Y 1~3 Limin;
[ 7% L Y e 2 4 200~500 g/L; I6L T R SE N
30~60 CH 54T . Bl Design Expert #4441
ft] BBD HHIT RIS . =2 =K Rszih it
ASLEGAH W 3 MR 4.

# 3 ZER=KFEXEEIT

Tab.3 Experimental design with three factors
and three levels

HFE KT
S e 7 5 ")
SREI(L min) 1 2 3
B [ e/ (g LY 200 350 500
HEIC 30 45 60

F 4 FWHMBRRLE
Tab.4 Carbonation degrees of the experimental group

fFE AEALmInY  BERQLY  REIC 5%
1 1 350 30 15.05
2 1 200 45 22.67
3 1 350 60 15.75
4 1 500 45 7.96
5 2 350 45 21.05
6 2 350 45 21.21
7 2 500 60 14.25
8 2 350 45 2137
9 2 200 30 27.24

10 2 200 60 28.93
11 2 350 45 21.97
12 2 350 45 22.08
13 2 500 30 12.52
14 3 350 60 2455
15 3 350 30 23.71
16 3 200 45 31.40
17 3 500 45 16.71
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Fig.9 Response surfaces and interactions between factors
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Fig.10 Removal of chlorine and typical heavy metal
elements
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