36 12 Vol. 36 No. 12
2014 12 Journal of University of Science and Technology Beijing Dec. 2014

CaO0—MgO—FeO—Fe, O, —SiO,

12) 2) X 1)
1) 100083 2) 100190
X E-mail: yangxm71@ ipe. ac. cn
- ( IMCT) Ca0—MgO—FeO—Fe, 0, —Si0, IMCT—L,
1823 ~1873 K JIMCT—L, 6
IMCT—L,, Ca0—MgO—FeO—Fe,0, —Si0O,

IMCT—L, (Ca*" +0°7) (Mg +077)

(Fe** +0%7)
TF704. 4

Thermodynamic model of the phosphorus distribution ratio of CaO—MgO—+¥eO—
Fe,0, —Si0, steelmaking slags

LI Peng-<cheng' ® YANG Xue-min®™ ZHANG Jian"

1) School of Metallurgical and Ecological Engineering University of Science and Technology Beijing Beijing 100083 China
2) State Key Laboratory of Multiphase Complex Systems Institute of Process Engineering Chinese Academy of Sciences Beijing 100190 China

B Corresponding author E-mail: yangxm71@ ipe. ac. cn

ABSTRACT A thermodynamic model of the phosphorus distribution ratio ( L,) of CaO—MgO—FeO—Fe, 0, —SiO, steelmaking slags
was developed based on the ion and molecule coexistence theory ( IMCT) of slags and verified by experimental data. The predicted
phosphorus distribution ratio of CaO—MgO—+FeO—Fe, 0, —Si0O, steelmaking slags in a temperature range of 1823 to 1873 K by the devel-
oped IMCT—L, model is more accurate than the measured as well as the predicted phosphorus distribution by other phosphorus distribu—
tion models. The developed IMCT—L, model can calculate not only the total phosphorus distribution of the slags but also the respective
phosphorus distribution of ion pairs ( Ca’* +0>7) (Mg’* +0°7) and (Fe’* +0>7) in the slags.

KEY WORDS steelmaking; slags; phosphorus removal; basic oxides; thermodynamic models

(L) *1 Balajiva
20 30 =
1-18 L
P
Healy 1" Suito "2 Sommerville

20130829
: (51174186)
DOLI: 10. 13374 /j. issn1001—053x. 2014. 12. 007; http: //journals. ustb. edu. cn



12 : Ca0—MgO—FeO—Fe,0, —Si0,

* 1609 -

— (ion and molecule

coexistence theory IMCT) "7 CaO—
MgO—FeO—Fe, 0, —SiO, L,
IMCT—L,
L,*?  IMCT—L, Ly
Healy 1" Suito "2 Sommerville
> Balajiva : L,
IMCT—L,
o IMCT—L,

— Ca0—MgO—
FeO—¥e,0, —Si0,
(Ca®" +0°7) (Mg*" +
0°7) (Fe’* +0%7)
Fe, O P,0;.
3FeO+ P,0,.4Fe0 * P,0,.2Ca0 * P,0,.3Ca0 * P,0O;
4Ca0+P,0,.2Mg0O°P,0, 3MgO-P,0;.

2 P +5(Fe,0)=(P,0,) +5¢ Fe
AGS o, = —122412 +312.522T Jomol ™'; (1)
2 P +5(Fe0) +3(Fe’" +0°7) =
(3Fe0+P,0,) +5¢ Fe
A,GS s.0upy0, = 552816 +405.230T Jemol ~';
(2)
2 P +5(Fe0) +4(F’" +0°7) =
(4Fe0+P,0,) +5¢ Fe
AGS om0, = —504243 +359.889T Jemol
(3)
2 P +5(Fe,0) +2(Ca*" +0*" )=
(2Ca0°+P,04) +5t Fe
AGS im0, = = 707619 +347.960T Jomol ~';
(4)
2 P +5(Fe0) +3(Ca’" +0°7) =
(3Ca0°+P,04) +5t Fe

—832302 +318. 6727 Jemol ;
(5)

© —
Ar Gm 3Ca0+Py05 —

2 P +5(Fe,0) +4(Ca** +0° ") =
(4Ca0+P,0;) +5t Fe
AGS yciommy0, = = 783768 +309. 049T Jomol ~';
(6)
2 P +5(Fe,0) +2(Mg** +0°) =
(2MgO+P,0,) +5¢ Fe
A,GS sgo-py0, =45957 —26.835T Jemol ™'; (7)
2 P +5(Fe0) +3(Mg’" +0*7) =
(3MgO+P,0,) +5¢ Fe
A,GS jyyoupy0, = —511389 +272.230T Jemol ™'
(8)
- (1) ~

5t
KO = Ap,0s Qe NP205 x1
P0s = 5 2

apo@p  Nigo %P ﬁv

( % P,05) ons/jwpzo5 / 2 n;
Mo %P °fy

(9)

5t
A3Fe0+P,05 AFe

© -
K3FeO'P205 =5

3 2 T A 3 22 =
Ao, 0Apeodp N FP,ON ro 20P fi

( % P,05) 3FeO-P205/MP205 / xn;
N;C’ON:;CO % P zflz"

Nipeoepy05 X 1

(10)

t
A4Fe0-P,05 Vre N4Fe0-P205 x1

KECO'I’205 =75 1 2 NN P zfz =
AFe,0Areodp Fe,00VFe0 70 P

( %ons) 4FeO-P205/MP205 / 2 n;
N;(ElON;CO %P zﬁ

(11)

5t
@2¢40+P,05 Tre Nycao-py0; X 1

K. = = =
2Ca0+P,05 5 2 2 5 2 2
Ape, 0 a0 dp NFeLONCaO % P ﬁ’

(% P,05) 2CaO'P205/MP205 / 2 n;

12)
5 2 2 (
Nr‘e[oNcao % P ﬁ
5t
KO Q320,05 Are N3CaO‘P205 x 1
3Ca0+P05 — 5 3 2 — ap 3 22 T
Ape,0@ca0@p NFe,oNcao % P ﬁ)
(% P,05) 3CaO-P205/MP205 / xn; (13)

Ni‘e[()N:(;ja() % P zfi

5t
Q4Ca0-Py05 Dre

5 4 2 T a5 24 =
Ape,0Aca0dp NFe,OMlaO % P f123

Nicao-ry0, X 1

© —
K4CaO'P205 =



+ 1610 - 36

( % P, 05) 4Ca0+Py05 /MI’zos / zni ( 14) I _( % P, 05) 3Mg0+Py05

Ni'e,OMlaO %P zfi " AME0TRa0s %P 2 B

5t
KO _ Qango-pyos Pre NZMg()-P205 x1 _ MPZOSKg/lgO'PZO_SN;eLONi[gJ% Z n;. (24)
I e AN N
ottt NioNuo %P fr Ca0—MgO—FeO—Fe, 0, —Si0,

(% P,05) 2Mg0+P,05 /MPZOS / xn, (17) ~(24)

15
NieaVos %P 1 -

5t

A3Mg0+P,05 Are NsMgo-on5 x1

K@ —
3Mg0-P,05 — 5 3 2 — 55 3 zfz =
Ape,0Apg0 Ap NFe,oNMgo %P “fp

(% P,05) 3Mg0+P,05 /Mpzos / xn,

16
Nie,ON?VIgO % P Zﬁ ( )
K®
al Ni f;
M, 2 n,
_ 19-24 100 ¢
mol. (9)
~(16)
Ly
(% P,05) v
Ly p,0, :TZZS :MP205KP@205N?%,0/(}2’ 2 n;
(17)
( % P,05) 3Fe0+P,05
L, 3Fe0+Py05 — %P 2 =
MPZO5K§?‘90'P205Ni‘e,()Ni‘e(ﬁ z n; (18)
(% P,05) 4Fe0+P,05
L, 4Fe0+Py05 — %P > =
MPZOSngo-PZOSNi‘e,OM'e(ﬁ 2 n; (19)
(% P,05) 2€a0+P505
L, 2a0+Py05 = %P 2 =
MP205K2@(Ia0'P205N?*"e,()Nia(ﬁ 2 n; (20)
( % P,05) 3Ca0+P505
L, 3Ca0+Py05 — %P > =
MPZ()SK%aO'PZ()SNie,()N?IaOfi Z n; (21)
(% P,05) 4Ca0+Py05
Ly 4Ca0+P,05 — %P > =
MPZ()5KAE?13()-P205Ni‘e,()Nia(ﬁ 2 n; (22)
(% P,05) 2Mg0+P505
L, 2Mg0+Py05 = %P 2 =
MPZ(J5Kg1g(J-P2()5N?‘“e,()N%/Ig(\f%’ 2 n; (23)

L, =L, P,05 +Ly 3Fe0+P,05 +Ly 4Fe0+P,05 +Ly 2€20+P,05 T

L, 3Ca0+P,0s5 +Ly 4Ca0+P,05 +Ly 2Mg0+P,05 +Lp 3Mg0+Py05 —

( o ons) P,05 ( %ons) 3Fe0+P,05

%P 2 %P ?

( %0 Pz 05) 4Fe0+P,05 ( %o ons) 2Ca0+P,05
%P 2 %P 2

( % Pz 05) 3Ca0°Py05 ( % ons) 4Ca0+P,05
%P *? %P ?

( % Pz 05) 2Mg0-P,05 ( % ons) 3Mg0-P05
%P > %P 2 -

M1>2()5Ni‘e,ﬂfi( K}(?ZOS + K?Feo-onS Nioo +
K4®Fe0'P205 Nieo + Kzecmo-on5 Newo + K3®cao-on5N3cao +
4(130-1»205]\7130 +Kglg0'f’205N12\1g0 +K§Ig0'l’205 N?Vlg()) Z n;.
(25)
(25) Ca0—MgO—FeO—Fe,0, —SiO,
L, i Niv Y, nKP

e Ly
LP it ( 1) ~ ( 8)

Gibbs AGY . 1
2
2.1 IMCT-L,
(25) CaO—
MgO—FeO—Fe,0, —Si0, IMCT—L,
LP 5B ( lgLP mess) IMCT_LP
( lgLP ca])
(25) IMCT—L,
825 L
P
1
1 IMCT—L, L,
1(a) IMCT—L,
LP
1(b) IMCT—L, L,
8
Basu

2006 Ting > 20



12

: Ca0—MgO—FeO—Fe, O, —SiO,
1
Table 1
1/2P,= P
1/20,= 0

Gibbs
2P +5 0 =(P,05) (1)
P, +5/20,

=(P205)(1)
t Fe + O

AGS,/

rZm i

=( Fe,0)

Standard molar Gibbs free energy of 8 dephosphorization reactions

- 1611 -

(Jemol 71)

~157700 +5. 4T
2 P +5(Fe,0)=(P,05) +5t Fe

-117110 -3.39T

3( FeO) +(P,05) =(3FeO+P,05)

—-702912 +556.472T

- 1603862 +550. 3227
2 P +5(Fe,0) +3(Fe’* +0%")=(3Fe0*P,05) +5t Fe

4(Fe’* +0%7) +(P,05) =(4Fe0-P,0;)

-116100 +48.79T

— 122412 +312.522T
2( CaO) +P, +5/20, =(2Ca0+P,0;) (s)

2( Ca0) +(P,05) (1)=(2Ca0+P,05) (s)

—430404 +92.708T
2 P +5(Fe,0) +4(Fe’* +0%") =(4Fe0*P,05) +5¢ Fe

—-552816 +405.23T

~381831 +47.367T
3(€a0) +P, +5/20, —(3Ca0+P,05) ( s

2 P +5(Fe,0) +2(Ca®* +0?")=(2Ca0+P,0;) +5¢ Fe
3( Ca0) +( P,05) (1) =(3Ca0+P,0s) (s)

—-504243 +359. 889T

—-2189069 +585.76T
—-585207 +35.438T

-707619 +347. 96T
-2313752 +556. 472T
2 P +5(Fe,0) +3(Ca>* +0>7) =(3Ca0°*P,0;) (s) +5¢ Fe
4( Ca0) +(P,05) (1) =(4Ca0+*P,05) (1)

~709890 +6. 15T
2 P +5(Fe,0) +4( Ca®* +0?")=(4Ca0+P,0,) +5¢ Fe

2(Mg’* +0%7) +(P,05) =(2MgO+P,05)

—-832302 +318. 672T
3( MgO) +P, +5/20, =(3Mg0O+P,05) ( s)

- 661356 —3.473T
2 P +5(Fe,0) +2(Mg®* +0%") =(2Mg0O+P,0;) +5¢ Fe

3( Mg0) +(P,05) =(3MgO*P,0;) (s)

~783768 +309. 049T
2 P +5(Fe,0) +3(Mg®* +0%")=(3MgO*P,0;) +5¢ Fe
LG

S|

29
168369 —339.357T 2
45957 -26.835T
-1992839 +510. 0296 T 22
-388977 -40.283T 22
-511389 +272.230T
L (a) [ (b)
01873 K 4 0 1873 K .
A 1823 K A 0
S5k 5r 0
0
A
= 4 A A
= * = A 9 (o]
3 3 ® 3l INSCON
O
2+ 8 21 og
A g0
1+ |
0 1 | L 1 o1l 0
0 1 2 3 4 5 6
lel, ...
1 CaO0—MgO—FeO—Fe,0; —SiO,
25
al. ¥

[

25

1
; (b) Results of Ting et al.

IMCT

s |
5
Fig.1 Comparison between calculated and measured phosphorus distribution ratio of CaO—MgO—FeO—Fe,0; —Si0, slags: (a) Results of Basu et

26
26
27
2627

28

22

22

22

22



- 1612 -

36

80 . IMCT—L,
Ca0—MgO—FeO—Fe,0, —Si0,

2.2
IMCT-L,
8
Basu Ly (lelp )
IMCT—L, Healy %" Suito
"2 Sommerville I Balajiva :
Ly (lelp ) 2
2 IMCT—L, Healy
L, Healy
Suito "2 Sommerville e Bala—
.. 2
jiva
IMCT—L,
14 = =
= IMCT B O Healy i1
A No. 1 Suito 1 ¥ No. 2 Suito fE78Y
12 © No. 3 Suito F5L%U <4 Sommerville f5175
P Balajiva Fe TR
10t 8
’ g
: st .
6
4 Wv
wv
2
1 | 1 1
1 2 3 4 5 6
lel,,
2 Ca0—MgO—FeO—Fe, 0; —=SiO,
Fig.2  Comparison between measured L, and calculated L, log—

arithms of Ca0—MgO—FeO—Fe,0; —Si0, slags by seven prediction

models

2.3

. IMCT—L,
Ca0—MgO—FeO—Fe, 0, —Si0O,

P,05.3FeO * P,O5.4FeO * P,0,.2Ca0 *
P,04.3Ca0°+P,0,.4Ca0+P,0,.2MgO*P,0;, 3MgO*
P,0; Ly
L, 3

(Ca’* +0*7) CaO—MgO—FeO—

18
o Pr,0, O 3Fe0:P,0, —8—4Fe0-P0,
12 <2Ca0-P,0, % 3Ca0-P,0, 0 4Ca0-P0,
N ¥ 2Mg0 - P,0, O 3Mg0-P,0,
6-
- ﬂéﬁ%x
_ﬁ_
o b6—48s
_|2»
—-18 & L 1 | !
2. 3 4 5 6

3 Ca0—MgO—FeO—Fe,0; —Si0O,

P, 05

Fig.3 Contribution of 8 structural units or complex molecules contai—

ning P, 05 on the L, of CaO—MgO—FeO—Fe,0; —Si0, slags

Fe,0, —Si0,

FeO

30
Inoue

(Ca’*t + 0*7)

CaO

Fe,0, —Si0,

3

MgO

Suito

Ca0—MgO—FeO—

Ca0—MgO—TFeO—Fe,0, —Si0,

IMCT—L, LP( lgLy cal)
Basu L.(1gLy ,..) 4
CaO Fe, O MgO Si0,
IMCT—L, L,
LP mes ’ .
LP mes IMCT_LP L;Mi‘lil
4
(1) -
IMCT—.,, Ca0—MgO—FeO—Fe, 0, —
Si0, IMCT—L,
(2) IMCT—L,

Ca0—MgO—FeO—Fe, 0, —Si0,

(Ca*" +0>7) (Mg" +0°7)  (

(3) CaO

Fe, O
IMCT—L,

Fe** +0°7)

MgO  SiO,

LP cal



12

: Ca0—MgO—FeO—Fe,0, —Si0,

4

8
@ a,

@ |*"'[‘|" s

6 =
oO
@ ()
d 4
2r ]
() 1 1 1
35 40 45 50 S5 60
CaOJi & 438U/ %
8
()

] |;1/A|_mIl

o J;:l,l,‘ .
6

5b
() 1 1 1 1 1 1
18 20 22 24 26 28 30 32
MgO Jf 53 880/ %

Ca0—MgO—FeO—Fe, 0; —SiO, IMCT—L,,

. (a) CaO; (b) SiO,; (¢) MgO; (d) Fe,O

* 1613 -
8 I
Y e,
O lgl,...
6 —
4L
Fof
0 1 | | 1 1 1 L |
0 2 4 6 8 10 12 14 16 18
Si0, 59340/ %
8
(d)
B,
O gL,
6
[¢]
4
i o C
() 1 L | | |
4 6 8 10 12 14 16
Fe O 43 %10/ %
L, Basu % Ly

Fig.4 Change in phosphorus distribution of CaO—MgO—FeO—Fe, 05 —Si0, slags calculated by the IMCT—L, model and measured by Basu et al. ®

with the mass fraction of components: (a) CaO; (b) SiO,; (c¢) MgO; (d) Fe,O

P mes

L

P mes*

IMCT—L, Ly

Winkler T B Chipman J. An equilibrium study of the distribution
of phosphorus between liquid iron and basic slags. Trans AIME
1946 167: 111

Balajiva K Vajragupta P. The effect of temperature on the phos—
phorus reaction in the basic steelmaking process. J Iron Steel Inst
1947 155(4): 563

Ide K Fruehan R J. Evaluation of phosphorus reaction equilibri—
um in steelmaking. Iron Steelmaker 2000 27(12): 65
Richardson F D. Physical Chemistry of Melts in Metallurgy. Lon—
1974: 87

Nassaralla C  Fruehan R J. Phosphate capacity of CaO—Al,O5
BaO Li,O or Na,O. Metall Mater Trans

don: Academic Press

slags containing Cal’,
B 1992 23(2): 117
Morales A T Fruehan R J. Thermodynamics of MnO FeO and
phosphorus in steelmaking slags with high MnO contents. Metall
Mater Trans B 1997 28(6): 1111

Basu S Lahiri A K Seetharaman S et al. Change in phosphorus

10

12

14

partition during blowing in a commercial BOF. ISIJ Int 2007 47
(5): 766
Basu S Lahiri A K Seetharaman S. Phosphorus partition between
liquid steel and Ca0—Si0,—P, 05, —MgO slag containing low FeO.
Metall Mater Trans B 2007 38(3): 357
Basu S Lahiri A K Seetharaman S. Phosphorus partition between
liquid steel and CaO—Si0,—Fe0,—p, 05—MgO slag containing 15
to 25 Pct FeO. Metall Mater Trans B 2007 38(4) : 623

Healy G W. A new look at phosphorus distribution. J Iron Steel

Inst 1970 208: 664
Suito H Inoue R. Phosphorus distribution between MgO-saturat—
ed Ca0—Fe, 0—5i0, —P, 05—MnO slags and liquid Tron. Trans I-
ron Steel Inst Jpn 1984 24(1): 40
Suito H Inoue R Takada M. Phosphorus distribution between
liquid iron and MgO saturated slags of the system CaO—MgO—
FeO,—Si0,. Trans Iron Steel Inst Jpn 1981 21(4): 250
Sommerville I D Zhang X F' Toguri ] M. The capacities and re—
fining capabilities of metallurgical slags. Trans Iron Steel Soc
1985 6: 29
Choudhary S K Lenka S N Ghosh A. Assessment and applica—
tion of equilibrium slag-metal phosphorous partition for basic oxy—

gen steelmaking. Ironmaking Steelmaking 2007 34(4): 343



- 1614 -

36

15

16

20

21

22

23

Deo B Halder ] Snoeijer B et al. Effect of MgO and Al,O4
variations in oxygen steelmaking ( BOF) slag on slag morphology
and phosphorus distribution. Ironmaking Steelmaking 2005 32
(1): 54

Van Niekerk W H Dippenaar R J. Phosphorus distribution be—
tween carbon-saturated iron at 1350 °C and lime-based slags con—
taining Na, O and CaF,. Metall Mater Trans B 1998 29(1):
147

Ishikawa M. Reduction behaviors of hot metal dephosphorization
slag in a slag regenerator. ISIJ Int 2006 46(4): 530

Pal ] Ghorai S Singh D P et al. Performance assessment of
CO, treated fluxed iron oxide pellets in basic oxygen steel making
process. ISIJ Int 2010 50(1): 105

Zhang J. Computational Thermodynamics of Metallurgical Melts
and Solutions. Beijing: Metallurgical Industry Press 2007: 379
Zhang J. The application of the law of mass action in combination
with the coexistence theory of slag structure to the multicomponent
slag systems. Acta Metall Sin Engl Lett 2001 14(3): 177
Zhang J. Applicability of mass action law to sulphur distribution
between slag melts and liquid iron. J Univ Sci Technol Beijing
2002 9(2): 90

Zhang J. Application of annexation principle to the study of ther—
modynamic properties of ternary molten salts CaCl, —MgCl, —
NaCl. Rare Met 2004 23(3): 209

Yang X M Jiao J S Ding R C et al. A thermodynamic model

24

25

26

27

28

29

30

for calculating sulphur distribution ratio between CaO—Si0,—
MgO—AL, O; ironmaking slags and carbon saturated hot metal
based on the ion and molecule coexistence theory. ISIJ Int

2009 49(12): 1828

Shi C B Yang XM Jiao J S et al. A sulphide capacity predic—
tion model of Ca0—Si0, —MgO—Al, O, ironmaking slags based on
the ion and molecule coexistence theory. ISIJ Int 2010 50
(10): 1362

Ting T Katayama H G Tanaka A. Phosphorus distribution be—
tween molten iron and slags of the system CaO—MgO—Fe, O—
Si0,. Tetsu-to-Hagané 1986 72(2): 225

The Japan Society for the Promotion of Science. The 19th Com-—
mittee on Steelmaking: Steelmaking Data Sourcebook. New York:

Gordon and Breach Science Publishers 1988

Turkdogan E T. Phosphorus pentoxide. J Iron Steel Inst 1953

175: 398

Suito H Inoue R. Thermodynamic considerations on manganese
equilibria between liquid iron and Fe, O—MnO—MO, ( MO, =
PO, s Si0, AlO, 5 MgO CaO) slags. Trans Iron Steel Inst
Jpn. 1984 24(4): 301

Bookey ] B. The free energies of formation of tricalcium and tet—
racalcium phosphates. J Iron Steel Inst 1952 172: 61

Suito H Inoue R. Phosphorus distribution between soda— and
lime—based fluxes and carbon-saturated iron melts. Tetsu-to—

Hagané 1985 71(2): 212



