RO IR
Sustainable Mining and Metallurgy

40 45 B3 M
2024 4 6 H

Si0, 1 MgO 11 [5] 4 /5 $R 72 00 6 sk 15 490
i i B B 5T
KEH' FRE TR R W

(1. I L KF A2 IRFR, S48 L¥) 243032,
2. 82 RMERRESAAXRFHRETLEZRE, ZH Ll 243002)

1,2

)

ﬂur]:, 7&\1 ,2

2 e
o J T

[ E] WP CaO SEHRMEY) e A7 T8 B F K B 5 i |, B8 - 3G pH (BT, bW 5| e 14
TSR, R TR AAARAS A1, 2Ca0 - Si0, ~3Ca0 - P, O JEAR I B PEVE 1 1 £ LA WA, Sk H A i, AR S i
AN Si0, F1 MgO XN HEAT I BRALB] | 4% Si0, F1 MgO 0 40 I8 0 1tk v 1) A A sk, &5 SR 36 B SR W sio, #01
MgO 17 [] e B i | REAS 2 25 el /0 i v 37 B 1Y CaO LA K 2Ca0 - Si0, —3Ca0 - P, O, MM 4 £ B ; B % Si0, il MgO
USRI, 7 BT Ca® TR SR pH(E I RIS 2 Si0, WIS 30% (MgO WS 10% B,
K pH (ER3 10. 1,5 CaCO, 32 R A K pH {E (10. 03 ) $23T, nTIA A 5 A9 5 26 SE bR v FH iR R 25 %

Vol. 40 No.3
Jun. 2024

AR R L TR

[SRER]  Aid,; o B s pH
[FEHES] X756 [SCERHARERFG] A
DOI:10. 19610/j. cnki. enl0 — 1873/tf.2024. 03. 006

0 HiF

X AN SRR Y I, T 2 A R AN
1 10% ~20% "' ', $&GEit,2023 43 R A 7
H10. 1912 t, W == 142« LA D B,
e FEI R A S 42 e A ol e AR B S /S
S UTVE G ST a3 b R, L2 A R R K KT
30% , BITHEAA R E K 20 42 v, AL R
[ Bt X A 25 R85 s, 1 R A AT

[WFEBHA] 2024 -04 - 03

[BEWE] HKHKPFAIES (52074004 ), 2 RIH
e H SRR 5T TS B (KT 2021A0357)

[EE® ] B (1995—) , B LB M B +BF
FEA, EEWTFETT 0 6 RS RAL R

[BREE] BT77T(1985—), B, ILAKFm A, Bl #
B2, W, W 6 4 [ PR EAL A

[5IAE] BbIT REEs, J7 R, 4. Sio, # MgO
I B S5 i 40 o 1 ) B R R SR (D] TR,
2024,40(3) :35 -40.

ZHAO Shuaibing,ZHU Longgi, FANG Fujun,et al. Experi-
mental study on the inhibition of alkaline substances leaching
from steel slag modified by Si0, and MgO[ J ]. Sustainable Min-
ing and Metallurgy,2024,40(3) .35 -40.

[ XEHS] 2097 —2423(2024)03 - 0035 - 06

YA R R i vy, E HE AR R 8 B R K
I, CaO S th i ) - 3wk Ak, PR, o] e ME AR
Tk AR e R A B A B RIS AR R
YL B —

A LA B9 e B A T, A AN T b 2R K
KRR 75 e, 1 52 A A9 T 7 K T pH
ERREMR DAy it 350 40 27 2 30 B s 1 A ok 72 19 pHL
{EAS Ak FLEE & 7 T 0F 98, W1 Gao 2l7] 1 Teratoko
SRR T A R AR B AT O, IR T S5
MK pH (EFHE BOHLEE, X34 % BFoE T
W s R R AT R, 5 5% T IR YR ] s n i B
AR AR [ E 4 SR X Ca BRI,
Miki %51V F Zhang 45 URESE T B9 2E N TR K AR
HIVRIRAT A A9 8 T T K WA pH T s A B 1Y
P ER RS S, X S VLT T b, K
T a3 2Eas HOQHE T I TE AN A 5540 T s AT
XoF Q] 0 1) 9 T B P R S AT ST AR A

FH T3 99 1 255 R FH R R IR AN 85 WL AN
PR S AR 2 S 1) PN 3 AR Tl g 2 ST AR
AR B T BRI RS CaO A1, 34 1 R il 40 7
H12Ca0-Si0, -3Ca0 - P,0, (C,S-C,P) & &, N
I, AR SCIE S RN Si0, A1 MgO o 45 i 1 47 i o Ak
LIPS CaO AN H C,S-C, P AU,



. 36 - &% B " A

O%Bas

TSV 0 A0 VS e s Kol e e A e AR s it 1) 3
Wiig e B — @ i fe - EH .
1 iRBHAE
1.1 REER

I RE I H R D NE A RN, b2
A,

F1 WEHLERS %

)i%x Ca0 Si0, Fe,0; P,04 MgO
T 46.76 26.05 13.08 4.45 2.79 2.39 2.08

MnO Al O,

1.2 R EE
HJ -4S DY I FE /K 54 ; FA2004N HL K
3 SHZ-D (1) R & XAE 3 K 2 F B 25 % pHS -

2SpH #6131 ; DSADVANCEX — 5 £& 717 5% ; JEM —
6480 14 HiL T AU ; XS 2O
1.3 REFEEBRFE
13,1 2B my il 45

R T A AN B AR AL, ) o B IR
[ & B0 Si0, A1 MO Kl FEIR 5 15 5 2 A Ak
B h, HE T EIRS AR E 1773 K, R
60 min JG PRI R ER

Xof i A R FH S S A T O B AL B O
i e S BREAR h 52 um BOARIE RE S I X STk
BN (XRF) X HHE AT (XRD)  FH i
T W (SEM) FIRERE AT (EDS) X 24 S5t 84 i 1)
a3 L N A S UNIZ TN iE) s i X s I
U A2 R L 2,

=2 MBRERNLERS %
P BT i i Ca0 Fe, 05 Si0, MgO P, 0y Al, 0, MnO
1 10% Si0, +3% MgO 41.39 23.65 21.87 3.58 2.59 2.85 1. 88
2* 15% Si0, +5% MgO 41.27 19.12 26. 06 5.19 2.68 2.17 1.61
3 25% Si0, +8% MgO 34.63 16.85 30.29 10.33 2. 14 2.48 1.48
4* 30% Si0, +10% MgO 33.95 13.91 31.54 12.27 1.94 3.34 1.39
1.3.2 Bk

TEHATIR IR Z 1, 400 mL Z5 2+ 7K EIA
fERA N AR O A dR . A8 TR L3
25 °C .pH {HEGEAE 6. 0 ZE AT A 1 g A B4R,
2 R B — B () FH O S BORE 5 mL R W, Y
VS pH {E AR AL HZ A5 1R ( < 0. 05/min ) IFAR4F—
BEBFA] (1 ~ 2 min) B, BN i pH B 8 89 =
WK pH A, 32 BB 45 1k, R A g R
B X R RN R s R AT A3 5, SR e A A T R
FMOCTEAHAT I8 . A T VRN I BB 5 A
e, ¥ Hifie K pH {5 CaCO, i K pH {HPEFT
B, BRIRES S KAR A A ) B oy, R A&
XoFFRBE 3 05 e, PR IHR AR FR E5 4 b, >R FH )
— 2R E CaCO, BB K pH M, 1E A PE 84
BRI H R A BRUER R,

2 g R E

2.1 HRREHYAES

PR AN I AR ) XRD 45 B 1 s, H
O RE A BT R I

I T A] 0 AN T AR AR 2 £-Ca0 (C,S -

10 2I0 3‘0 40 5‘0 6‘0 7I0 80
20/(%)
E1 BURNEH XRD Sz R
C,P MgO-FeO #12Ca0-Fe,0, 2 i ; 24 Si0, AN
H10%  MgO TR H 3% B, {-CaO Y77 5 1 77
K, X EHT -Ca0 5 Si0, KA KN AR T
Ca,SiO, , WAL WAL 2= (1) s BiE Si0, 5 MgO #
JEET i, C,S - Cy P ATt B Wi 2%, Ca, Mg (SiO, ),
AT 5 e 32 3 M 22 | O L iR R K A 4 0, X S
Si0, \MgO 5 Ca,SiO, 7E /& it 55 14 & S i A= i 17
Ca,Mg(Si0, ), , L RIHLEE WAL (2) ;24 Si0, B



2024 4F6 HH 3 W Si0, il MgO DhRIBURHE ARG SR AT —BIhie  REER WA % - 37 -

4 30% MgO e A 10% B, Ca,Mg( Si0, ), fif 3Ca,Si0, +Si0, +2MgO =2Ca,Mg(Si0,), (2)
SIEETH 2R, CaMgSiO, AT 5 16 B T 4 0 | iX 2 1t T Ca, Ca,Mg(Si0,), +Si0, +2Mg0O =3CaMgSiO, (3)
Mg(Si0,), SMAR Si0, Fl MgO % A W A T U HIJE AN Y SEM AN 2 B, i 4%
CaMgSiO, , R N HLEE L Ak22K(3) . PIAHAT EDS S 45 R L3R 3, W3R 3 A gy

2Ca0 + Si0, =Ca,Si0, (1) Mrabs XRD AT R A —2, IR 3 1%L

50 um

200 pm 50 pm

SEC 20KV BEC 20kV_~ WDM4mm . SS55
BEC 20kV St

(b) 143 (c) 2"

50 pm
(d) 3" (e) 4"
B2 HRRIENER SEM &R
=3 AENEMBEIESNER %
B FE 5 CaO Si0, Fe,04 MgO P,0s Al 04 YA

A 60. 91 26. 85 2.31 0.32 5.75 2.35 C,S-C,P
0 G B 2.65 2.15 81.56 12.53 0.12 0.58 BEAA

C 54. 86 17.52 20. 56 2.56 2.48 0.62 AR

A 59. 61 30. 45 2.18 1.29 5.45 0.55 C,S-C,;P

B 2.12 1.23 72.67 21. 68 0.54 0. 11 BEEAH
S o 55.43 10. 41 26. 47 3.15 3.43 0.32 AR

D 49. 12 36. 14 1.85 11.45 1.12 0.3 FHEERE TR AH

A 57.26 31.58 2.12 2.32 5.18 0. 45 C,S-C,P

B 3.12 4.56 70. 63 19. 56 0.56 1.21 BERRAH
2"t C 48.56 16.73 26. 66 3.95 2.56 0.31 FEAH

D 48. 12 35.58 2.24 12.21 1.42 0.28 FLEERE TR AH

A 55.38 33. 66 1.82 3.65 3.93 0.38 C,S-C,P

B 2.47 0. 69 68.24 25. 84 1.26 0. 68 BEAH
3"k C 44. 51 19. 56 25.36 4.56 3.26 0.85 FEJAR

D 47. 64 35. 11 1. 64 12.32 3.16 0.21 FHEEREFRAH

B 0. 64 0.15 64. 15 32.24 1.65 0.15 BERAH
4M i C 42.12 26.83 23. 4 3.41 3.45 2.67 LA

D 38.4 32.24 5.26 20. 53 2.86 0.25 PRk AN




.38 . &% B " A

O%Bas

P AN C,S-C, P FIAESEEREFRRAH 1 & &, 7155
ARMA(4) ~(5),
Nyon = alVyo, +BN€40n +YNon + MVio, (4)
a+B+y+n=1 (5)
Aia By oy SMRIETA  C,S - C, P A
BERRAR RS B Ak R AH 1 BT 6 1 70 LU, % 5 Ny, 52 SN 1
HMOR BB, %6 5 Ny, « Nyio, « NViso, F1 Ny, 53512
M L C,S - Co P [ AR B BRAH AN E5 85 Rk R A o
MOn B & &, % .

40 -
35l —=— (,S-C,P
—o— PHERAEMAN
30
= 251
&R 201
i}
15 -
10
S =
1 1 | 1 1 4
0 5 10 15 20 25 30

IAIISIO, & Bi%
3 BURMET C,S-C,P MEHEEBRENRESHTL

C,S —C, P FIEGEE A R AH A I i 4 B8 fk an 14 3
Fis . BB 3 AT, WG C,S -CP & i
36.7% , BE# Si0, Fl MgO ¥k, C,S-C, P
) O i I AL R R R R B T A 6 Rk R AR 1Y B
B E TR H, 24 Sio, A s E] 30% |
MgO IR INE IR E] 10% B, b C,S -C,P & &
O 58 4 B O 25 785 BE E R AH 1) & i W 2 T 2=
33.2% o X5 Ak ik TR I M S i T ) A TR
Si0, H1 MgO YEM T ByFE b A2z
2.2 HJRETENERRIER H AT
2.2.1 Ca Mg inHasfL

DT e B R Ca Mg 5 2 B I ] Y 78
feaniE 4 ~ B 5 iR,

Ml 4 o], B2 Si0, WS & 3, % b
Ca T R BRRANM S, 2545 8 1 XRD 945
A, BTN B LA, A SiO, RESE A
fRIFES CaO i, NIEZ> Ca™* B9% H ; BLAN , T
Si0, MgO 5 Ca,SiO, 7E & 554 F WA T Ca,
Mg(Si0,),, F3 C,S-C,P W& mFFR, i — R A%
T Ca® W, LT LUA ) Si0, 78 Ca®* I
AR T OCHMEE .

M S AT %0, B MO RN A 38, 7w b

120 i i
—=— O —v— 3
—e— 1Mt —— 445N
P2

100

x
=

IS
=)

B CadCH A (mg + L)
] 3

& 1
0 5 10 15 20
B[] /min

B4 MERALEXZEHBKEF Ca @ENHMER

1 —ori
|
o152t
W | s
£ | e
Jﬁ_“ﬁ 12+
ige; —
% 0.9F —
2 = N
Z 06 é/’/‘
E ||/
=03

0 5 10 15 20

i &) /min

E5 MEAENEHER Mg SBHENER
Vsl Mg ot S e T e Je BRI ) e 3 3K 2l Tl
JiiEHh Ca,Mg(Si0, ), A EZ W 2 2k T Mg
TEEME . SR Y MO IH A S 10% B, 2k
JiiiE th Ca;Mg(Si0, ), ¥78 L T CaMgSiO, , Mg %
fif R BE IS , SO T Mg F R A,

ZEA VLT, v LAt ad i S b B B
R Ca & KIRFEAR, 1 Mg & E0EA &
HTH IR Mg &K T Ca A& &L, UEM] T 2o
XoF T 00 ) A s B 3 S P AR
2.2.2 WM pH HAE

TR T I I AR R pHL L I BT 1) 1% 28 Ak 1]
6 i,

L 6 AT AN s R Y pH {EFE 5 min N -
FHARPE, FFAE 20 min A2 4738 5 Fe KA, B R 258 T
TG RS X —AR AR Y 2 i R A
Ca0 Fl MgO 1 5ci £ Ca( OH), Fl Mg(OH), ,
T2 pH A PRS2 5 X e S s A
) CO, [, A T CaCO, Al MgCO, , MM fi ¥
B pH EFEAE

PN v oK pH AR AR &l 7 BT,



2024 F 6 HEE 3 W Si0, Al MgO PRl B XAt B 40 v LR R A 5%

BT OREER JiIRA 2§ .39 .

11.8 o T
11.6F —- 1A - 4P
e DI
11.4 f""""‘\-m\__
112+
11.0F
E;Ej 10.8M
2 ,//_.ﬁ\ -
10.6{f ~
104+
oo~ —_—
1 1 Il Il 1 J
%85 20 40 60 80 100 120
18} /min
6 DURALEEME AN & pH EXMm
1201
- - - CaCO, /S RpH{H
1147
11.5F —
1.0k 10.92
| 10.72
4
T 1051 10.3
= 10.1
1001~ 1 T 1111
9.5+
905 1 or 3 4
NGRS

7 MEAMEREE NS A pH BH

&7 AL, ZERE TR AR AN Si0, FT MgO i, B & 7R
SRR AR pH (H B HTREAS s 2 Sio, B
1N 30% MgO TN 10% i 7% B ok pH
{E4 10. 1,3% 5 CaCO,i2 H& 1) K pH {EL(10.03)
AR HI AT LA Ry 12 5T A A S B e ] oA 2%
IR HE B A, X — 25 R, R AT
BB AR AR AR AL B Si0, 5 MgO B &
AN, AR T80 TH Y £-CaO 1 C,S - C,P A
BETIH R T CaMgSiO, AHWIFF 46 A i I 28 ¥ o 4
5, CaMgSiO, HHX} Ca Fl Mg AR H &5/, XK i
BT AR R T A R IR

25 BT Uh RS 0 Sio, FI MgO Bk IR RE 5 A
RO A A B PE S 0 RN, T AR %
I8 JE SRR v R s 5 R R A R B AT A
B, mE A BB H MeO & i, SRk
JRESG I, AL 25 AR BT AR | 38 w] 42 T H A,
[ A 40 (8 R T A

3 #Eig

1)1t Sio, 1 MgO B[R] ek B A i, fE % b 2
NI TP ES Y CaO DL C,S —C,P WA A A ik,

CaMgSiO, AHNZE W 231 4 35

2) BTN I L R L B Si0, B MgO TR
TN, R Ca’ T A R B W, Bk pH
WA 5 2 Si0, BV 30% \MgO FY 78 il &
Sk 10% B}, %5 H R B 5K pH EREE] 10. 1,5 CaCoO,
B ER pH AEAE W 4238, 7T LLIA R el ot i
TE SR FH AN 2315 ™ B AR RS L )

3) WFFE I e B A J5T A 3 5 o R o G B i
AR i 55, B B L CaMgSio, 1B A7
FEMF, sy Mg BREJIIRT CayMg(Si0,), , X —K
XS T i — 2D A A AR i 17 el o Ak B R R S

[ &% 3CHk]

(1] BXSLAS, 5KI5. B9 wF I 45 A R ) Bk e iy 5t e 2
[J]. M kT4 ,2020,34(S2) 1319 - 1322,1333.

[2] EHFRAHESR, FIRIE, % 825 R OF5E SR
[J]. A @R 4 ,2021,50(6) .77 - 82.

[3] HEZEG A, N RIRIE 2023 4 F R &5 itk
KIBG AT A, 2024 — 02 —29. hitps://www. stats.
gov. cn/sj/zxth/202402 /120240228 _1947915. html.

(4] SHICAE, £ IT, K%, 55 W5 50U R %I 4L
WFEHEIRE D], A2 id 4, 2023 ,86 (1) :83 —90,104.

(51 o, B, oooe, 55, Wik Bob: 5 1 R o8 BUIR
JRHE[J]. beshipkIAl 2022 ,47(6) :31 - 38,153,

(6] sy, M4, 245 45, AN I AL BE T 2R 255 A
AL RS R & SR, 2023,58(5) :39 -45.

[7] GAO X,MARUOKA N,KIM S, et al. Dissolution behav-
ior of nutrient elements from fertilizer made of steelmaking
slag,in an irrigated paddy field environment[ J]. Journal
of Sustainable Metallurgy,2015,1.:304 —313.

[8] TERATOKO T,MARUOKA N,SHIBATA H,et al. Disso-
lution behavior of dicalcium silicate and tricalcium phos-
phate solid solution and other phases of steelmaking slag
in an aqueous solution[ J]. High Temperature Materials
and Processes,2012,31(4 -5) ;329 —338.

(91 XUes R, BERLL, 5. A h 85I Hh B9 25 0 5T
[C1//2008 4F 42616 G Wy BAL 2 2 R 2 W% i (B
M) AbsC: PR 24,2008 :94 - 97.

[10] MIKIT, FUTATSUKA T,SHITOGIDEN K, et al. Disso-
lution behavior of environmentally regulated elements
from steelmaking slag into seawater [ J]. ISIJ Interna-
tional,, 2004, 44(4) . 762 -769.

[11] ZHANG X,MATSUURA H, TSUKIHASHI F. Dissolu-
tion mechanism of various elements into seawater for re-
cycling of steelmaking slag [ J ]. ISIJ International,
2012,52(5) ;928 - 933.



. 40 - 7% ﬁ E}— ;él\ O&k &R

[12]

[13]

[14]

[15]

[16]

g, Fok, BREE, 45, 4K Ab 3 R B L RO ting packed bed [ J]. Journal of hazardous materials,
[J]. Tolkjn#k,2018,47(6) :55 - 57. 2012,227:97 - 106.

T RN, B , . AR TR TR G B v i % [17] PAN S Y,CHIANG P C,CHEN Y H,et al. Kinetics of
MR IER[T]. TolkKAbFE 2008 ,28(12) ;14 - 18. carbonation reaction of basic oxygen furnace slags in a
TIEAR RN g, 55, BE TS I R TPIR R pH rotating packed bed using the surface coverage model;
EHZ AL AT ZE [ T]. B Bl 2% 2% 4R, 2023 ,8 (4) . Maximization of carbonation conversion [ J]. Applied
512 -518. Energy,2014,113.:267 -276.

ZEAPAR, XL, 2R K . o 4903 oA R Y 0 [18] BACIOCCHI R,COSTA G,Di BARTOLOMEO E,et al.
JE R[], FHHEIAR ,2021(5) :25 -35. Carbonation of stainless steel slag as a process for CO,
CHANG E E,PAN S Y,CHEN Y H,et al. Accelerated storage and slag valorization [ J ]. Waste and Biomass
carbonation of steelmaking slags in a high-gravity rota- Valorization,2010,1 .467 —477.

Experimental Study on the Inhibition of Alkaline Substances
Leaching from Steel Slag Modified by SiO, and MgO

ZHAO Shuaibing'?, ZHU Longqi'”*, FANG Fujun'?, FANG Youdong'”, SU Chang'*, LV Ningning'”
(1. School of Metallurgical Engineering, Anhui University of Technology ,Ma’anshan 243032, China;
2. Key Laboratory of Metallurgical Emission Reduction & Resources Recycling, Ministry of Education,
Anhui University of Technology , Ma’anshan 243002 , China)

Abstract ; Alkaline substances such as CaO in steel slag react with precipitation during storage, resulting
in an increase in the pH value of surrounding soil, which leads to soil pollution. In addition to free calci-
um oxide, 2Ca0-Si0,-3Ca0-P,0; is the main mineral phase of alkaline dissolution in steel slag. In or-
der to reduce its formation, the steel slag was modified by adding SiO, and MgO in this paper, and the ef-
fectiveness of Si0, and MgO in inhibiting the alkaline dissolution of steel slag was investigated. The re-
sults show that the formation of free CaO and 2Ca0-Si0,-3Ca0-P,0; phases in steel slag can be signifi-
cantly reduced by using SiO, and MgO to modify steel slag. With the increase of SiO, and MgO addition,
the content of Ca’* in the dissolution solution is gradually reduced, and the maximum pH value is signifi-
cantly reduced. When the addition amount of SiO, is 30% and the addition amount of MgO is 10% , the
maximum pH value of the leaching solution is reduced to 10. 1, which is very close to the maximum pH
value (10.03) of the CaCO, leaching solution. Tt can be considered that the modified steel slag will not
cause serious alkali dissolution problems in practical applications.

Key words: steel slag; slag modification; alkaline substance; dissolution; pH value



