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Removal of Phosphorus in BOF Slags

Sumio SuioMI, Nobrwo SaNO, and Yukio MATSUSHITA

Synopsis:

In the reduction of BOF slag with carbon, for the purpose of its reclamation, not only P,O; but also FeO
are reduced to form Fe-P-C alloy from which phosphorus should be removed later for the utilization of bypro—
ducts. According to this concept, firstly, experiment has been made of the reduction of synthetic slags
and BOF slag (I), secondly, the evaporation of phosphorus (the species is P,) from the alloy obtained at the
first stage, adding silicon in order to increase the activity of phosphorus by use of levitation technique (I1).

The results of two type of experiments are summarized as follows:

A large amount of iron oxide is reduced until the reduction of P,O, starts (I-1).

The dephosphorization of iron free slags by carbon is controlled by the chemical reaction (I-2).

The vacuum treatment significantly enhances the dephosphorization of Fe-Si-P alloys and the minimum
content of phosphorus, 0.005%, is obtained in 7 minutes (II-1).

The evaporation rate of phosphorus from Fe-Si—P alloys increases with increasing silicon content and the

rate determing step is the transport of P, in gas phase with some exceptions (II-2).
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Table 1. Chemical compaesitions (wt%) of samples.
' CaO Si0g P.O; FeO MnO MgO ALO TiQ,
Sample No\ S I ALY 2
P-1 48.56 43.61 7.83 } !
P-2 53.15 44 .43 2.42 1
P-3 33.97 29.18 3.26 33.59 !
BOF slag 44 .61 14.27 2.27 19.55 6.02 1.92 ‘ 2.47 1.04
Table 2. Chemical compositions (wt%;) of OGos Analyzer Recorder my.Meter
mother alloys (Fe-Si-P). 7 == —@‘3\ .
=
ler S i i
m P Si C Ar.CO \ Flow
Sample No. il Trermocouple Furnace Meler
1 4.450 28.80 0.103 / { Window
2 0.931 15.04 0.823
3 1.122 32.56 0.253 : Vi
4 1.019 49 22 0.288 Mg Al,0y Guide
; 4g(C10, ), Tube
P Trap C Granues Crucitle
Filter Sample
Fig. 2. Experimental apparatus.
wo Cotor 0. Electric Furnace
‘} N Gas Iniet
Levitation Coil
Gas Qutlet

—25¢ —-
3 5 -

Fig. 1. Dimensions of graphite crucibles (mm).
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Fig. 4. Relation between concentration of P;Os
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Fig. 5. Relation between concentration of P,Oq
(wt%) and time in the iron oxide free
synthetic slag.
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Fig. 6. Linear relationship between log(P,0;)/
(P,O;5)i and time in the iron oxide free
synthetic slag.

(P20;) : Concentration of P,O5(wt%) at
time ¢
(P20;); : Initial concentration of P,0O,

(wt%)
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Z DT 1550°C, (%Ca0)=39.4, (2%Si0,)=38.8,
(%A1,05)=21.2 25 5 5D Y v DI D ERAL T %
WX~ E=44.6kcal-mol-12 ) b 4, PO, & single
bond x v ¥ —{f E=84.0kcal-mol-13z 57 HiF s
DT, (DROFGHICERE G XTSRS & #E
Hlans.
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EP-3, BIF2XZy rerhth 1.33g (EFE2 5
v IOV 1.08g iz Si0,=0.25g #ifmL,
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Fig. 7. Relation between total volume of evolved
CO and time in the slags containing
iron oxide.
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Fig. 8. Relation between P;O;, FeO(Wt%), Zsco, \A\A X
@, and time in the BOF slag at 1550°C. L 3 (irsne(min)7 PR =
kSR Y v OIiF 100% b3, FRpIC K S hufe Fes Fig. 9. Relation between phosphorus content
CHE&E&E&hEIRxh, 0 Fe-P-C 5425 v 5 (wt%) and time.
LT 5. Fig. 751 (POs), (FeO) {Hx DZEE)
DRMZELIIBET E 00T, BWIFRAZ v Shoh __SombieNo. Temn(*C) Arlec/min)
BOEME T DI, FAT 5 1.8g (SO, M, == I B
EEE=1.2 1 Lego@ER) & (1) BHUEEZ R Ar E’E i 1600 ;3,27:
FH PG (740cc/ min), 1550°C ¢, Ny FRRIT X b 10 ~
min T 1 min MR TETLHR, 2R LLL02L (% 3
P,O;), (%FeO)% =k Fig. 8 kwmt. [FEicix(FeO) £
OFEE, ERPREICHGT 5 POER (@,(0b.)), C g
DAT v FORTCRNT POs BTBUARELT 5 2
()ROFEEOFEPER (@,(equ)) ZHfk LA & g
BB SR RE I TR, BUEC X ko, il &
PiREIX (%P:05), (%FeO) OWMIRE & &kl DR
ELDENLRDA.
(FeO) +2/5P =Fe+1/5(Py05) wereeveevrnees (2)
4G° = —48054+14.097"5)6) cal.mol-!
@reo=0.45~0.030 O ey T °®
A5, =0.59" (Fe—C(=5.2 wt%)) Fig. 10. Relation between phosphorus content

log y,=1.85N, +1.85N2+3.21N; +2.05,

+2.05N2 +234N3 +7.33N, - N

108 7p,0,= —1.123 A;N;—44 6007 +23.809
(T AiN;=22Ncqa0+15Nmgo + 13Nyno +12Nkeo
—2Nsi0,) Nit ENHER
FA B 5b X 5 (FeO) 1% 3min [T =60%

BEransd—r, (P.0s) OFETiEz ORETLTWS
v T minpligo—EiEmEh T4 R U Fe ofFER(Lic
X % (FeO) oianid, @Greo DIRA T & B8 D Gy(equ.)
& ay(ob) OE(LOENFEELEBbh, LAB2Ta,
(equ.) & a,(ob.) AS—F LrcWpiLifE, HEERREH]
NICHADTWIRWD, BR(2)ROMEDFEZRE
20 (FeO) A LTWwL D EBbiss, FIHIK
135 (2) RO S D Bfgh 5HDTES T
5. Tibb (FeO) 75 (PO;) Ll TExIhs

(wt%) and time.

ZENbhrb.
3-2 Fe-Si-P Mo U v DHERICDNT

Fig. 9135tk No. | o 1600°C iz 5135 Ar HEHK
BXUCEEDTOERT, B EEC RS LETHFER,
Ar FEOESHEZE IR TVWS. Ar jig 217, 795
cc/ min TIEZFAFN 13min TP 0.826, 0.617%,
H2E Tl 9min T 0.108% EFTT2>Tw5. KIZHK
¥ No. 2, 3 ico»Tix 1700°C, No. 4 oW TiX
1600°C T Ar jmEB&ZA755R Fig. 10 TH 5.
i} No. 2 ([%Si]=15.04), Ar 217cc/ min T, %
Feppi o apirh o PO & 3RsE & & SITED L
Tn5BH, Fe-P-C AL OREHETOERERFK,
BOEFIC I VHKBBEEV RS T 720, POER/—
€2 FOELRT LA LR SRV, 24 Ar 795¢cc/
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o
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Phosphorus content (wt %)
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Fig. 11. Relation between phosphorus content
(wt%) and time.

Samole No. Temp.(*C) Ar{cc/min)

—b— 1600 795 1RC-1C; vs. time
—X— 3 1700 -

—0— &4 1600 -

—t— ) - » to ICvstlme
—%— 3 1700 n gC-. -
—_—— 1600 -

150 ¢ Ci: Initial concentration df P_(glcm?)

C: Concentration of P(g/cnf Jattime t

100

A
//
. /R

)(/A
[+ | 3 5 7 g n 13
time(min)

Fig. 12. Relation between logC;/C or 1/C—1/C;
and time.
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min {Z2WTH 2% 3l No. 3, 4 iwowvTik®t
heh Si BfE, Ar RO Y VRE Iz B
PP bHTWS. WicHZERTHE No. 2, 3 iconT
iX 1600, 1700°C, No. 4 zouTlx 1600°C ¢ g
Lt%%%Pkllt?¢ No. 3 TR ZDOEEH

FLALRLNT, %7 No. 3, 4 Blic 1Y o EE
%@%mu&fukﬁ%}hfwtﬁw

KIZEAED Ar s, EERTORY »RUSHER %
T 5H7iz, Fig. 9, 10, 11 @RI nAERr>Ea
#t No. 2 Zfx& log Ci/C (C:: P DRk, C: £
RFflIZ 3510 5 PiRE (g-cm=3)) LR, 1/C—1/C; &
Rl DB GRE |~/ Fig. 12, 13 T %. log C;/

s:z-w:mrvzd't)

::: ; \m:.mm !IC~I!_Civs.1im
ity o :
::: ; quqleslbrr_-
aof 3T 2 B 3

C;: trokal :mﬂm:md E(glem")
C : Coawemraticn of P{glem®)at time t

1E -1, g

g

[}

L] 1 2 3 & 5 5 ? 8 9

Fig. 13. Relation between logC;/C or 1/C—1/C;
and time.

C LRFEDBIGRDE ML S P s oW RS 1
K, 1/C—1/C; LERIMSEHRBBRICHNIE 2/ E V2B
DFTHBD, Fig. 12, 13 5 LRSS IC KBRS
BIFLERMBOERBEREDL 1/C-1/C; LiERIORIT
EMRBRARIZLLTWS. Lo TR Y wEISiE Ar
W, BZEREY PIBECONT 2 KTHDZ &b
H. ZZT1600°C, EicTvozy No. 2, 3, 4 |z
DT, ThEN 7, 9, Smin ¥ COFHEM Py, 52
DIEE(T)RE DRk, 5T Py, Py 2034z
WTIRET L TR, pr, 53X 1/2 Py(g) =P, (g), (4G°
=32796 cal-mol-1)1 2P,(g) =P,(g), (4G°=12353
cal-mol=1)10 %\ 7 py,, po, OFFSE(EIE No. 2, 3,
4C p,,(atm)=1.11x10-8, 2.15%10-7, 1.31x 10-5,
P, (atm.)=1.09%10-14,1.56 X 10-13, 2,15%x 10-10 ¢,
TRENRDGED pp,(atm.) =5.49x 10-7, 2.07 x 10-5,
7711078 L HRTFEAEBPATEB 2L, BIV
By »RIGHRPIRED 2 kXN TEbEN D LiEOHEE,
Dy, VAXTEAL Py ¥R & LCHFETZLDOLEDL
5.

FRHKFE L) L3, [EE LTHvWis v L ooSi-PR
FHAREERIC X hiEE— D (k& SiP 11X, >1130°C ¢
TETHNTE, Vv bTy PLET HHE, &HEW
Howh, ZERZRTRIET S L, BEOHH T LS
DFEESLDHEEDEY )y BIXCRY o THdHZ 2133
EHEETHD.

AEZNVPDY P Py HRA L LCHRTBHELIE, W
FTHOEBREZNHTL CoOREOREAERE, ©: P
ZWRET P, R BILERED, @ Kb P,
HADBHDOWTOnTHAS. (Y EEASPIBE
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Table 3. Comparison between &yps. and kgqie.

\
Tcmp \ k;‘b“ (cmS.g—l.s—l) 7
‘ cale.
Q) Sample m Ar 217 cc/min Ar 795 cc/min Vacuum (cm®-g=t-s71)
2.32x10-2
1 3.62x10-2 8.16
3.09x10-1
2 7.64x10-2 4.70x10-2
1 600
3 2.84 2.51x10
1.31x10-t
4 2.35%x 101 8.67 x 102
3.26
2 2.19% 10! 1.06x10-1?
1700 6.39x 10-2
3 7.78x10-2 6.04x 10
5.82

D 2T IEHIT B T & b POBENSELET D R HEME
st g, CHIIFEER L2 2 vk RS h
TVWHIZEETRELTWS.) £TOLODWTRITS.
Fig. 12, 13 o 1/C-1/C; rFORMER»HELND
E O REH HEEEROFRE R ke, FHEE LK
LTHB. Ta(3)Ro k EAECRY T 525, 44
WEET 31 5 WE 0% 5 %E N (Hertz-Knudsen 1)
(HEBHROBAERTHL(5)ReKD, (5)XD
()R TREINEHSPETERELS-
—dCJdt=kC2 e (3)
C: POiRE (g-cm~3)
ko EEER (cm?-g=1.s71)
w=AV M, [ZaR- T oy rrerrereemeeeenenn (4)
w Y R (gsTY)
A RE R R (cm?)
M,,: P, O F 5 (g- mol-1)
pp,  POFHESZIT (g cm~t-s72)
R: 52Es (8.314x107g- cm?.s-2.
mol-1.K-1)
w'=A/VV'M,,J2zRT-K'-(100/0)2-C? ------(5)
k&are.=A/VV M, [2zRT-K'-(100/p)? -----(6)
w': Y IKFEE (g-cm~s1)
Vs BEE#R (cm?)
o HEHEE (g-cm~3)
K'=p,,/ P,=1024G/4.576-T. f1.].0133.10¢
(g-cm~1-57%)
4G° = —29200—4.67T1cal -mol-1
(1/2P,(g) = P (%)) rwrerrrereremrenmenenncenence (7))

log fp=[%S5i]- e ¥"
eV =0.118—0.0930 [9,Si]1/100 (1 600°C)
e $=0.118-0.0905 [2,Si]/100 (1 700°C)
e (8) 0 (f81)
FEE (kobs.) X UFHE(E (ki) % Table 3127R
F. @B No. 2 ZERE kops. 13 klare. @ 1/2.25x 102~
1/6.63x 103(Ar &), 1/8.87~1/2.66x102 (HZE
)T, 2D ke XDV ZoOfR, LR No.
2 PN DV TR EGOEEARRIOTHE R W EEbh
5. #f No. 2 QBEZEHGTOERBTIE ks, 75 ke
IRV T & D, TOREORISOEGRERNE x 2 VR
MCBETDY) v OERTHA S LEbNIE. RiL@iL
W Ar Gttt Py # AOBEEEERE TR
W kops. & WEREILTH B, Ar i Py, 5 ADHEE)
EER (R THRLESD, ZOoRE ()R EFPICT
Ok TERFRsh, QORKRFpo(IDNXTEbLEINS
HWMOBEHEC X OTRED. EEER (ku.) TH5-
n=A-kg-P,,/R-T (mol-s-1) v (9)
kg o 7 ABBEEES (cm-smY)
P,,: P, 45 (atm.)
R: 5 2EH (82.056cm? -atm. K-1.mol-1)
—de/dt={(A kg-M,,-K- f2-100)/
V-R-T- 02 -C2rveeeneevininnnicninneenen (10)
(P,,=K-ai=K- f2(100C/p)?) : K13k (12)
s,
ke =(A-kg-M, - K- f2-104) /
V-R-T-p? (cmd-g=1-571)eemercnenenn (11)
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Temp. (°C) 1 600 [” 1700
Sample No. i 4 3

A (cm?) | 1.516 | 1.363
V (cmd) 0175 0.151
o (g-cm-9) 4.040 4.802

=10.898(Ar : 217cc/ min),
12.760(Ar : 795¢c/ min) : 1600°C
kg=12.331(Ar : 217cc/ min),
14,377 (Ar : 795¢cc/ min} : 1 700°C
ke OIS EBREECERT, (12) REMw, (3)
o G
Sh=2+0.5(Gr'-8c)925+n(Re.Sc0-5)0-6213) ... (12)
Sh: vy —2y P, G : B 5> 2 78,
Se: v Ty b, Re: a2 WZH, n=0.619
Shkgrd/Dygeeeoevrerneriineieie e (13)
d : WGHEE (cm)
Dya : HAPRFRER (2% H AhD)
535, (12)ROF IS T ilsdE X o7

Mn DEFEIZBET HHE- 1T D Pa>10-mm Hg
T, IS Ar [k Mn OB@8nEET 5 & v
DEREYUERIIBIHEAZEE (1.8mmHg) 2EET
hiZ, R3Y oA DIREEhA Ar SUho Py 7
ADBHTRHLLOPRERRTH D RIS,
33 BEFABFRES" DT
TR ER Kare, kidie. OEBIZIZE S Fe-Si-P 5%
D e HEMOSITRE R SR, (8) Rl [%
Si]=0 @ &°"=0.1189 r 5H5iTskd - [%Si] =100
e’ =0.250, 0.0275 B EHNBELI- LT, [%Si]
=100 @ ¢ 13 Si-P REAIREER D 5 & 1600, 1 700°
Citki} s P,=latm. X Ffij+ 5 [%P]1=13.4, 10.0
Ziidr, TOMBIC(T)R» B Fe-P FD Py,=latm
LFET D2 POEEGEE fe(= S fED) 2kd, T
TSPV ERALTE R ke, ke OFHIHBW
» (8)RITX sk eV 13 Table 4 iRF &Y

D * : Py, ¥ 2 OYRBLER
** L Ar ¥ RADRE

o TAr FROEE
¥ Ar 52 O BZENIEE
Cp :AI‘ 7767- o)tt;:‘&

U :Ar ¥ AOEEE

g :Eﬁobuﬁ%

(Py-Ar ) (cm2.s-1)
(g-cm=1.s-1)
(g-cm~3)
(cal-cm-1.5-1.K -1)
(cal-g-1.K-1)

(cm-s-1)

(cm-s-2)

(I)“CZ’DZ)?P, —% Ar QUEPTORGOHGERED
Ar SHBEMD P, FADBETH S & LT, kovs. 5 Hilfi
1 600°C 1700°C
1.410 3.219
5.653.10-+ 5.019-10-4
4.480.10-¢ 4.285-10-4
1.055.10-¢ 9.364-10-1
0.1244
2.750 9.982
(Ar: 217 cc/min),  (Ar: 795 cc/min)
980.7

* Dy12=1.8583-10-3-T3/2/P.g,,20Q11V 1/ My+1/ M, 15
T=(1873+208)/2, (1973+298)/2 (K), P : £fF (atm.)
a12=C(ay+a3)/2
a1, 0z : Ar, Py (> Lennard-Jones potential ®FEH (A)

2N GEEROWMEFIT =0.800418 (1 600°C), 0.883218> (1700°C)

112U, erafk=Ve1/k e,/
¢1/k, ep/k : Ar, P, D Lennard-Jones potential OERL (K)
,M], M; 2 Ar, Py ®53FRE (g-mol-1)

**  5=2.6693.10-5.V M;- T fa,2-Q22 15

.922 Ar OEOEHZEIST~ 0.841718 (1600°C), 0.969618 (1 700°C)

BE = 15/4 - R/My 915 R i RIER=1.987 cal-mol-t K-1

Lennard-Jones potential @ 5%

e/k (K) o (R)
Ar 12419 ~ 3.41815)
P, 62116) 3. 141817

kiae. & kobs, ZHB L TH % L Table 4 OFET X
TP IV—EBELNRLDT, Zhi Ar GiEdD
TOREDOEEARIIOTHAS. =} No. 2 ww)
BHEMIESITIEECOWVWCOE, RIEENBOX ST
REIZDWT 2IRTHY,  kovs. B kddhe \THADIEY
R Z &, 33X R G Warp it X 2UE Ar TS
fCOmEEE BB Fe-Mn(0.5~0.7 wt%) 445050

LU CRD7(EVEE Table @ &59(1) 24 5. HE
AR D KL —FLTWBEA, 1600°C, [94Si]=49.22
DEFEE V(1) XD v BMKL, 1700°C, [2Si]
=32.56 DPAITVL SHELHIE LCESRY L BD
5. Ffl No. 2 0EEDTOREH #* 2 VEH
LHIFE P oEFTHEEINE LTRIE, 2 0BED
klae. DFHEI AV 1600, 1700°C [%Si]=15.04
e V(1)=0.104 2V SEHEWECHIE (ERE» S
WETHE =0.115 127 3) LEFRBYTHS.
WFNIZLTH S DRNCE520X5HZELvwWPo
EEO ERAPAFERTO ) L OERREY AR L0
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Table 4. Comparison between kq,s. and ki, and the estimation of &V,

T~

L (CIAS.g=F.g— 1) il ( 3.g-1.g—1
Temp. ™ Tovs. TE TP Y Fene, (M7 e e (I1) | eV (1)
) &mmﬁs\AﬂnmmmAﬂ%mmmAﬂnmmmAﬁ%mmm

1 600 9 0.111 0.104

4 1.31x10-1 | 2.35x10-1 | 4.68x10-' | 5.48x10-1 0.068 0.072

1 700 2 0.115 0.104

3 6.39%10-2 | 7.78%10-* | 3.58x10-2 | 4.17x10-2 0.093 0.089

THhb. 7o, TOEIEF~EAT DI EWFRWFETH D5,
RAHICETFE A S » 7 LR 72 DF A 5 » & & RO
4. & = HETHFBTHhE, 4 F 01 X 5EERDIWIEITEE

(1) CaO-Si0y-P,0O5 = 25 » & (Ja#kE=1.1~
1.2, (%P:05)=2.42) ORFIT X5 Y » KSE(LF
FCE s Bbh b,

(2) RIFRAS » FORFIT X BRITLTIE FeO 0iF
THAEEL, ZOETHRE DETLE (%FeO)=
6), P.Os ORITHICHBBTD. LAHDTAI v Y
LRFEOW L e b AR, BEARER, RBITTREEZRDOR
RSy ShOgksyD=60%3) v EEELVEEEkLE
LCRIRRTRETH S 5.

(3) vEF—v s L X BFe-Si-P 54&0HEED
5L Ar EERKCTON ) v RIGORERERE, [%Si]
=15.04, BEOHEEHRE, RIGERW P #2D Ar
SHTTOBMTH A S LEDbR, [%Si1=15.04 HZ
DOPEI * ZVEMIC KT B ) C ORFEMEHET S
tELZLNS.

1700°C, EZerhc¢ [%P];=1.122, [%Si]=32.56 D
3Ok 7 min # [9%P]1=0.005, 1600°C, Ar %&ijmhT
[%P1;i=1.019, [2%Si]=49.22 D% dix 7 min #%[%
P1=0.158 T, REEIC X B Y S vE» T2, Tk
WEE CERFRER DT, BLRK I VEFEAS v 755
B Fe-P-C #4ic7 ~u ) a3 UaREhl, sl
BmELFIATNE, SRHITRIAS v Shogkid T < 0
sy ar (YRYY IVREREL LS2TWED, +4
BEEAISICFIATRETHS.) LT ERY CHEME
D OHBEIETFE & Bbh 5.

(4) DE%ZTELDHT, BRIRFEARAT v JFpOgk Y
kO~ ATETLT Fe-P-C &54%18, FEcic
7 =203y 3ERIBEES VLT AVARIZLD,
) L ARILEREFEINT S o v ARIRET S A
SBITLICE B AT v FOBED LR % 7o, 310,
PN THEEERTUE 5 % 2 Lwvwh, SiOg fiinid
(P:0s) OFERAWALT, WY v E2FHTLTVDHA
WBEFTHD. FHERLEAT » 73 Si0; 57258

TH55.
FMEBEROFEEL LT, 7202 ) a3 TlFERS
v VEETL, Y R EERTALT 2B 2HTL
Tn5.
& D AR S R R T4 B T BHA R
BHBCHEERLET
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