- 06 -

v EAE &S

AL O, X 45 i B 28 200 B B0 T 5 30 2 1 2 i

RIH, LA
(PEEBEIFETEEARABFRAHR, JL3T 100038)
(f 2] #2223 BRERFEKE BTG, F AR RIS 0485 & R385 & Wl
A, A RIS EEBHIMBE TR A G EZ —, RBEB/KIEHEE % vl Ca0-Si0, -Mg0 & %
HhEBEEEGEARES ALO, K EMDILBAA AR, KLt & Ca0-Si0, -MgO = 7T 3% 344
ZPIANRRE A ALO, , RFIR LS R AKBRETREFNHDAZUH A, ERET, HAHEBR
TRETESRBEREEY 0 L ALO, A I5S% B ISR AETHMOBREEBRETRELIZK
18 M A AL O, &F 3 e 338 B AR TF I M AC R JE T AR AR T 46 AT 80 IR JE T, 32 85 4K, AT f B T A
M EEE EBHA S, MR EFHE(T) AR n AARR TN, SARERHA, ME

IR

AL O, &-F 0938 hn | 3% 38556 45 T8 ) FEAK , A7 dh T 38 e
Hhid ALO,; M HOE; RERE, BRERGE, R HP, BEmA; WA

[ Kbt ]
[thESMZES] TR03.1; X758 [ SCHkbR-ER )
DOI.:10. 19612/j. enki. cnl1-5066/tf. 2022. 01. 018

FEJER AR R 7= OB R,
B RS BRI SR R R AR A KRS
SIRICE GRS Fe 22% ~43% ) , A& KRR
AN 1 400 °C AT B AR DY 50 ke ARifESE ., H I
Ik 0 s 25 I 3 i A ok AR R 2 [ AT ok T R
AN, HLA R 4 v A 3 6 7S R Ay BB R R B A5 2
AR, 2 ™ IR B, T i Ak, BT
ISR AT X i AT A R 28 AR ek
BEGIRICRIT , I TG B4 U A B
B T BRI R SRR ) R S BIIR 4  T (Eh
FEAI A BGRR . SRR AT LA
7GR [R] A A ke 1 [ A B ), A
MHEK,

AR SCEF P Z A AR R I Bl B B o A T
PERE T A L TPOR ] AL O, B, 4% AL O, X
TR PSS PERE FIBT 5 30 ) 2 R s e, LAy Lt 38
B Lo PR AR B I A

[k B3] 2021-11-20

[VEH ] RSO (1986—) , 5B, DU, R R N T, TR,
WFFE T 1) SRy R Tl 6 R e 8 e AL T B

(BT RSO, TR, AL O, X455 i 88 28 1ol 5 3 B 1 RE A BT
s I [ T]. R E IR 4, 2022, 51(1): 96 - 101.

[CEHE ] 1672-6103(2022)01-0096-06

| W
1.1 REFE

BT U A 5 S B 3 i 22 D CaO - Sio, -
MgO =JCi#i £ (fajic CSMA) b FZ i A I fb I
W A%E T CSM AH B H s AR 3L b T (29 1350 °C L, 1%
SRR ILER 1 AT BUAS SR IF 98 3
PeEEH Ca0,Si0, \MgO BUS3 [ 5E Lh Bl £ Ay 2T
RIS

A UL TR B 2L R EE R A 2R
I, B A —CaO - Si0, (EEJK A7) + CaO - MgO -
2810, (IBEMEAT) +2Ca0 - MgO - 2Si0, (BEHE K A7),
P e i B 07 77 A B A AR AR, AR 2 A 45 ol A T T
BEES R H UL SR AR IS o B A LA TS
Tt JE ikt il M R A SRR AR B KA A LS AL
MPERE A RE RN SRR e AR
1.2 REHERTE

Sk > HAB A ORI 52, A Sk B8 Ak
SfiR) R B B Aok AR 1 S
BT EERIE 1 REeE L 1) A SRR TR A A [
ELAi] AL O, AR o 45 H s/ T 5K, fe )R 48 S At
BB AR, HETFST AL O, & 728 Ak Xt £ i B
PERERY I



2022 42 HEE 1 RSO . AL O RS IERE RISV RE AT Fh 3 ) 2 O 2 - 97 -
F 1 EARE L L %
G AL O, Ca0 Si0, MgO €a0/5i0, Mg0/Si0, AL, 0,/8i0,
A 0 36.8 51.4 11.8 0.72 0.23 0.00
A 3 35.7 49.9 11.5 0.72 0.23 0.06
A, 6 34.6 48.3 11.1 0.72 0.23 0.12
A, 9 33.5 46.8 10.7 0.72 0.23 0.19
A, 12 32.4 45.2 10. 4 0.72 0.23 0.27
As 15 31.3 43.7 10.0 0.72 0.23 0.34
Ag 18 30.2 42.2 9.7 0.72 0.23 0.43

¥ Ca0 .Si0, MgO FlI AL O, 54k 2f 4l 5 $5 %
1 188 G X o B 43 e R £, SR 200 g, IR G 1
A1JE T R aiA S (RSF @50 mm x 100 mm x
10 mm) P ; FRAE A SR 330 B A P, B 10 ¢/
min BRTHEZE 1570 CAREIR 15 min J&, EIEMAPH
U A7 BRI K 2 308 P 0 e B A K T VRV
B R B e R 2 M BRI RN 4y ) 15 2
BiAE/NT 0. 074 mm FFEREBE BERY AR FRELZ 100 ¢
AR AL 15% K, T M RE PR A5 )5,
e AN s L v e il R SE SR 100 x50 x (6 ~8)
mm? (IERIA | FE 55 24 18 MPa; HRIAZME T )5 Pk
T Ot (5, KSL1400X , & AERH A FRA 7))
PEATHEAE A AL AL B 75 3 o T B B R

P il B S S B B I O i R e g TR T Ik
PRIE SRR DTA B o 76 90 3 38 A4k 23X
B, PRI B BB IR R E AT DTA I ([ A%
RIS WCT-2C, bt e U A R A A ), 23R
A, THE B 10 °C/min, a-ALO, X, AR
DTA HHZE, T 338 PR A DA 3% 38 e 4 B 0 R
50 CHE B 4s iR Be 4RI 1 h, FHE # R K
7 °C/min,, AT UG BE Ry AL TR EE PR 1 b, FHIR
HE K 5 °C/min,

130 o5 s 1) 81 2 2 R v NG [ U R =2 N N
R BOB R AL THR B2 s 22 5 PR T 3%
IERESIEI AL 35 x5 x (6 ~8) mm® B KI5 Rk A
&, FIUHEUE B ik Hdr ik 8 HL (5. TZS - 6000,
TR AU ZT e il ) b S a8 B 5 R M21X
RN X GRS ( HARBEBRH AR A7)
BT B B A 5 11 it AR G

2 ZER 5
2.1 B-BEHETEE
REBIRIREY , A BA F e W) 1AL ol B IR

JE 38 H DLE AR AL TR (fRTiC T.) FIRAR T 46
M AR TRE (0 7)) o S W 28 0 4 8 19 Je 1/ 5 11
W T 2 2500 AT =T, — T Sz i 1 765 4 i [
TP A A IR X T

FIH FactSage #4722 844 Equilib BEH AT X 5% 1
R BEES RY T R T 04T 25 SR i 1 By
R 1 RW BEE SIS T ALO, & B, T,
SRR FEARE /R T a3 in 7, 00 i 2 5 i 2k
PEREES, BT ALO, &HEh 6% I, AT {H
K, T B B A7 20 0 P R VP A e T X[
AR TR RS e 2s it B8 3 b ALO, HiA T
6% ~12% I, T 5 AR, Ui W] 1 3208 o B il 3 0 B A
SARIB AT | IR Be 2 ) T S5AIK

1350} % ilT 1120
Z 7 .
%1300- % % //% I S

1250} ) % % % '

1200 2 %IV/ ,IV/,% 0

B 1 ARSI Ah e A IR B A aa AT

LA

2.2 E#HFHE

B2 by 45 ik ik B 38 25 A M £ Bl 5 B 3
AL O, i Tk, B AR A BT A BE (T,) FUAT ik
PRIGIREE (T,) Wi . HPEE T ALO, TRk
T 12% W, T M T AEEEA G TR E , BEHIIHT AL O,
i AR AU BB BT il TR T 128 Tk /N

3 by 25 ok 35 AR B3 XRD AT 5 L



. 98 - T E A E LA

IR

ALO.=18% T T,
£
2
ALO=9% 7

DTA

T" N
AL =6% ~ -7
w

g
ALO,=3% r T
ALO,=0% T
- T
400 500 600 700 800 900 1000
R BEIC

B2 SRR AY 222

1/CPS

T o 23 2 ,
)

6% ;jggzﬁJ W3 2 32 5 o
A

3% 1119
) - e
0% AR T 11517)—(5 - KA

plui2 11

1 Il 1 Il 1 Il 1
10 20 30 40 S0 60 70 80 90
200)

3 ARBIEERY XRD K

Kl 3 R BEE ALO, & Tk, Sl B 3 A
W & AL RO RE IR A - B R A B A —
B TR S A BN BE R A FB A, RS
T FEA 7] Ca0 - Si0, —MgO — AL O, & AH & A%
S TR B SO A R L B (TR R A A B K
A AL R EREE ALO, & Tk, O B
W AP B WG 2 R AR S B T A R A
2.3 WHEERMMEEE

] 4 Al i B B B A i B AR AR R, B’ 4 R
W1 Bl AL O, & i a7, ot B B T 2 i 2 2 I
E— R TR - BEAER, BIK AL, &
KT 9% HT B BE BT A o B 530 22 5 1 AL O, &
HANT 9% BB, Y ALO, & 4k
6% Fl 15% W}, H1 25 5k B 38 B KA, B2
AL O, il 9% I T2 s FE WA B /IME . X T
AT B I WA AR e, ELA [ 25 B AR R A8 A IR |
T B 5 AT 400 2 A KO, B A o B Ok B e K(E
79 MPa; 45 2 fie /N B, B8 B Gk B i /ME
41 MPa, Ui B T JEAE B 58 (0 be 2 PERE S f ma % 1 o

TR B TS AU R A4 35 22 PR 3, AT abe 42 1 Bl
PHSHUBMERE | 30 75 MO B RS R A T RE

16
80r  —a—prdsam iy
75k e R 14
. 7or .
S o5t - §_
%P( 60- & 10 =
ns R
55t =
® 50 /‘ 18
n
451+ 46
40t
1 1 1 I L I 4
0 3 6 9 12 15 18

ALOY%

B4 ALO, FiXPUITmEE WA R AR

3 Mrémsh it

T 2 1 BT AR A T AR RE RS i
S HA mMKRE A AR S BT fha ., SR,
FESN 2% b TR S N B A AR K, tha
A S AN AR 218 5T CSM
FRIRSHBRERE AL O, 5 Y38 N BE b7 5 3h 1124 0
AT 3E AT HEST R N Bl 2 O R SR B 4 i
MIAE OGS 5 S50, I S AL RE £, B d el
$k(T)) , iifbda%n %,

PEEEMT AN IE AL BE B, SO T B 5 1) i A AR
T B e IR RE A2  E BN M7 & 5 R0 BE = B
SRR, B B & AT RN, E, ] 3
Kissinger 77 sk 18 L= (1)

lnﬁ=ln2—lnA+£ (1)
v R RT,

Aoy TR T, AT AR R A R AR
T E AP IEAGRE s R AR E R,

B In(T2/v) - 1/T L WWE S, FIHE S Hil
A EL AR, 7T LA A B E A AT
TEALAE E BRI T A 25 R K 6, 8l 6 21,24
BeEg b ALO, ¥ ECH 0% W, E, &/, UH
312 kJ/mol, LA B B BT M BB L 22 /N, X2
FHIE T CaO I MO F I fem (2 1), Wil + 4
LW BERE AR [ Si0, ] 48 B 1 R E , el MY i 1 o
BEL A3, R AT R ATCHIT A R H 422 AELAT HH 1) b A At 25
Sy B b s i R (i B R b A M R A 22

M ALO, &8N 3% ~ 12% B, E, 1£397 ~
421 kJ/mol Z IR 31, 156 I 12230 1L PN 1Y) 3% 365 B A AH



2022 4E2 A1 M

FROCHAT . AL O, XS RESE 28 B B ML RE R it 31 1 2 i R i - 99 -

mal " ALO,=0%

s
®ALO,=3%
124F AA |2()3=(1%
vALO,=9%
12.2¢ *®ALO=12%
B <«ALO=15%

»ALO,=18%

i

0.84 0.85 0.86

In(T 2/v)

11.8
11.6

11.4

11:2

081 o 0.83
1 000/T.

B5 AFFERBESH In(T2/v) - 1/T &

450l 4784

440 420.7

411.0 434.7
400+ D/D\zuz.z

396.6
360

E /kJ - mol™

320+
312.2
1

280

| 1 | 1 1 1
o 3 6 9 12 15 18
ALO /%

B 6 A [FELRNBC AT LRE (B, ) B

AT A 71, 4 ALO, KT 12% B, E, Bl
AL O B s 38 ISz v ey, 10 3 8 A O 2
PRAS K A F K (Ca0 - ALO, - 2Si0,) , 368 AL0,
T X8 P A it A 85 A 7 A B R i A A e
FARE) T HABGI S B 35 o Bt DA n] e T B v
T I 28 AIMA S AL B (0 CaO  MgO) & BHER RS L AL O,
T R DU BC AL [ ALO, ] P T A X[ Si0, ] 2% ik 1] #b
MEIEH . BEE AL O, & iy T, X Fh R X 5%
T ) 52 e e AT B 0 B RS A R B 2 T e,
P2 il AR b Y BT R B 3 O A O AR RE
o,

BT B 1258 k(T,) Fik XKW (2) .
FeaE P 5 TR R BT R IR A AT AR TS L RE
EARAZR(2) , AT A5 2] 45 56 il B 338 78 A [) iR
HORTAY E(T) M, 25 E 7 FiR, k(T,) Rk
TYEESAE TR AR AR IS FREE k(T (HAK,
VR FAT f R B PR BE 3 Ak R v e s s . T
UL, ALO, &1 0% WIBE 3, k (T,) fE /N, X T
3% <Al0,<15% MBI k(T,) FATE R —[F 52 E

BE ISR s (E TR R (T, (e, 187
BARULI, 16 3% < AL O, <15% I}, B I8 M7 i ok 5%
5% AL O, 51 2 IR B /IN, 52 P b P T I 7 3 1 52
MR

K =exp (= ) 2)
0.7+
Nl A/\/\‘/A
05} /N__._//.
T; 04l
e

0.1

L L L 1 1 1
3 6 9 12 13 18

ok

ALOJ%
B7 SRR IR E R T A s
SR k(T H

13 O R |2 B TR A T B u ] B B Ul b O |
DTA FZ M E Augis-Bennett J57 2 (2 (3)) "), it
BN R RS R T 1) i85 n, 2 AT,
i DTA 4 AT i R i 9, TS B 1 1E
n XAmZz & 8 iR,

2.5R-T*
T AT -E,

n

(3)

1.8
1.7+
1.6
% 1.5¢
~ l4r
g 13-

1.27{

1.1F

W3 6 9 12 15 18
ALO /%

B8 JLAlSEES IR R 21

Pl 8 R, T HE Al B B 1) AL TR 8 n B/ T
1.8, B& ALO, &N 15% I REREBE RS o (HA0K
SNZY1.6) , HARFEmh B n (HIEEAHEREE 1.3 LIF,
AL UL AL O, FIIAKT 3 588 & AR A K T 1l s e R K,
Horpr 24 o (HKF 3 B, FoR B Y R DL R 4G




- 100 -

v EH A E &S

IR

Al = AETT [ 44T O 3 BT LA A B
TR —ER e BRSO, B8
TR FH R WORL B 25 1k T 25, BRI B TE Ay f J7 =X
JOE S AT i

4 Z5ip

A SRR WG A s ) A8 TR B R R | i A
ol A s PR R AL O, &, 5K AL O, W
A % I I BE AT & 8l 1 s e AR B A0 R 258

1) X TR R4S T. 28 Ca0 -Si0, — MgO —
AL O, PUTTHRL BB, FLHT 25 50 i 3 B2 B B R 45
PERESZ I, Horh AL O, & 5 KT 9% 1 Tl B B bt
0RO T ALO, &N T 9% B IR
eI

2) Bifi AL O, 53 h, 54 3 5 rh S R AR AR IR
AR K A-BEA-SKA,

3) FERHBE B TF M I AL IR BE T, FTT R B iR
T FEZ IS AL O, 5 5 Fh 5 5 T AR, H S 305
Hr AL O, 91T 6 ~ 12% I | HAT 5550 1Y [ P AR A7
T DX B AR T

4) B AL O, I, SLab B IS BT SIS fLRE E,
AR BBk,

5) BEREMT AT EC (T, ) B AL O, & & 1YY
IS AE /N AH2YS AL O, > 15% 3384 i T+ # R i
k(T ) A 2T

6) BEEEH AL O, BT B B8 St A5 & Jr 1) ¥
AW S S  BEEAT LA Gk LR s AT S

WA R UL | B A B AL O, & EEHG I, 3
TEREE B I FEREAR (B B BE AT A B A e fm . —
HALREVE A B b TS R A O
WIS  (AEARAT) Z e 2 M RERZ ), BT did o 2 1T i
MG TS DA TFRAG

[ 2% 30k ]
(1] 2l Sep i OB LrE R R R ALFSE[ D). dbse: Jese

TR, 2008.

(2] B, WM, 25, S5 RO B 4 B B 1K B

J[]. WMEESFEL, 2011(7): 52 -53, 65.

[3] YANG Z]J, CANG D Q, GUO W B, et al. Research on effect of

Ca0/5i0, on recovery iron from converter slag under smelting con-

dition[ C ] // 2011 Second International Conference on Mechanic

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Automation and Control Engineering, 2011 2469 —2473.
BICPe, BRI, HEA, B WGSBS %
AP IR TE (1], RERRERIER, 2011, 30(5) : 1189 -
1192.
PN, RS T TR 1T o 4 o 5 Tl it B 8 1 B R R il
e[ D). dent: JestRHER, 2012.
i, SRR, BAEE, 45, Begh kil & iom B s A b R AR AN
BORALPIAMIAI R SC R ()], P EEE, 2007, 43(8): 38 -
41.
SEOUHE, ERVEIR, XIG NS, HEIBOR B A N o a I AR AR i
A IS 1], FREE TR ,2009(1) : 66 -69.
PR—M8, EEE, ZHM. WSS BIEE R SE RN HT].
RERREREHE, 1987(1) : 62 - 66.
WRECHE, #RZE, hady, 5. B9 DR KOs B8 AT 5T
[J]. B 5%, 1988, 16(2): 1-7.
WANG Z, NI W, LI K, et al. Crystallization characteristics of i-
ron-rich glass ceramics prepared from nickel slag and blast fur-
nace slag[ J]. International Journal of Minerals, Metallurgy, and
Materials, 2011, 18(4) : 455 —459.
BARBIERI L, CORRADI A, LANCELLOTTI I. Bulk and sin-
tered glass-ceramics by recycling municipal incinerator bottom ash
[J]. Journal of the European Ceramic Society, 2000, 20(10) ;
1637 —1643.
BERNARDO E, CASTELLAN R, HREGLICH S. Sintered glass-
ceramics from mixtures of wastes [ J]. Ceramics International,
2007, 33(1): 27 -33.
PR, 2%, B, & MBI M]. deat: 2Tl
Hi i, 2006.
IR ek TR 25, I M]. dbat. BTl
JiAL, 1989.
TULYAGANOV D U, AGATHOPOULOS S, VENTURA J M, et
al. Synthesis of glass-ceramics in the CaO - MgO - SiO, system
with B,05, P,05, Na,0 and CaF, additives[ J]. Journal of the
European Ceramic Society, 2006, 26(8) . 1463 —1471.
AR, FALEE, MR, S RS rIE S R B R BT
SikRJ]. MREFIR. 2007, 21(S3) ; 422 -424.
FoRiE, PR, PR BOREHE TAIM]. Jbat. T
Al AL, 2006.
LI W, MITCHELL B S. Nucleation and crystallization in calcium
aluminate glasses [ J]. Non-Crystalline Solids, 1999, 255.
199 -203.
AUGIS J A, BENNETT J E. Calculation of the Avrami parame-
ters for heterogeneous solid state reactions using a modification of
the Kissinger method[ J]. Journal of Thermal Analysis, 1978, 13
(2):283-292.



2022 4F2 A% 1 FROCHAT . AL O, XS RESE 28 B B ML RE R it 31 1 2 i R i - 101 -

Effect of Al,O, on properties and crystallization kinetics of

calcium-silicon-magnesium glass-ceramics
DAI Wen-bin, MA Ming-sheng
(China ENFT Engineering Corporation, Beijing 100038, China)
Abstract: The metallurgical slag is modified and reduced to recover iron metal, and then directly prepared into
high-value building materials like glass-ceramics, which is one of the effective ways to realize high efficiency and
low carbon recycling of metallurgical slag. The slag after metal extraction is mainly the CaO -Si0, - MgO system
(CSM), and it is usually necessary to supplement an appropriate amount of Al,O; to improve the related properties
of glass-ceramics. In this paper, by controlling the Al,O, content of the CSM ternary glass system, the effects of
corresponding parent glass on the flexural strength and crystallization kinetics of glass-ceramics were studied. The
results show that the flexural strength of glass-ceramics is mainly affected by the sintering shrinkage. When Al O, is
15% , the flexural strength of glass-ceramics with anorthite as the main crystal phase reaches the maximum. With
the increase of Al,O, content, the T, and T, decrease, the T, and E, gradually increase, while the £(T,) and n val-
ue do not change significantly. It shows that the sintering resistance of glass is decreasing, but the crystallization re-
sistance is increasing. The original dominant crystal structure is affected while Al,O, >12% , with the anorthite
crystal phase appearing consequently. When the weight content of Al,O, is 15% , both the flexural strength and the
shrinkage rate reached the maximum, and dense microstructure as well as higher values of T, E, and k(T,) were
obtained. The research results show that with the increase of Al,O, content, the glass sintering resistance decreases
and the crystallization resistance increases.
Key words: Al,O,; metallurgical slag; glass-ceramics; flexural strength; sintering shrinkage ; crystallization kinet-
ics; sintering resistance; crystallization resistance
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heavy metals and thallium in the effluent is all stable and in compliance with the discharge standards. This process
has been stably operated for two years, saving wastewater treatment cost by 5. 2 million CNY each year, the goal of
resource utilization and reduced discharge has been reached; it has also reduced the environmental risks and pro-
vided technical support for bio-environmental governance, and has larger application value.
Key words: heavy metal wastewater; lime-iron salt process; biologicals; stabilizer; thallium; advanced treatment;

resource utilization; reduced discharge
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1: 10 g/mlL, sodium chlorate being used as oxidizing agent at a dosage of 30% and the initial acid concentration be-
ing 3 mol/L, and reaction time lasting 4 h. Under such conditions, the relatively high leaching rate of Co, Cu and
Fe can be obtained, which are respectively as 95.47% , 96. 62% and 96.01% . A unreacted core model is used to
characterize the excellent imitative effect of the two-stage Cu-Co alloy leaching process, internal diffusion is the re-
striction factor of the reaction, the apparent activation energy during the leaching process is within the distribution
range of 5 ~20 kJ/mol. In the secondary leaching, the activation energy of Co and Cu is increased by 1. 721 kJ/
mol and 8. 888 kJ/mol respectively while that of Fe is decreased by 10. 186 kJ/mol.

Key words: copper-cobalt alloy; direct acid leaching; oxidizing acid leaching; Co leaching rate; Cu leaching

rate; Fe leaching rate; internal diffusion; activation energy



