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Thermodynamics of Fe:O-P,0; Slags Saturated with Solid Iron

Synopsis:

Shiro BAN-YA and Tadaoc WATANABE

As a first step in a study of the physical chemistry of dephosphorization in steelmaking process, equilibrium
measurements were made of hydrogen—steam mixtures of simple Fe,O-P,0; slags in equilibrium with solid

iron in the temperature range form 1200 to 1450°C.

Activities of Fe,O and P,O; in the slags were

determined from the data. Activity of Fe,O negatively deviated from Raoult’s law and its of P,O; showed

positive daviation from Henry’s law.
Fet?, were decreased by the addition of P,O;.

The ferrous and ferric concentrations of slags, expressed as Fe*?/

The iso—activity lines in FeO-Fe,O4-P,O; slags at 1 600°C were calculated by applying the regular solu—

tion model of Lumsden to the experimental data.
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K= (Py,0/ Pit,) /GFe,0 w-:veteerneesnsemenenes (2)
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(@ Healing element (Mo)
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(1D 42mm, 0D 50mm)
@ Radiation shield
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® Liquid slag
@® Pt-Pt13%Rh thermocouples
for control
® Gas outlet(H,~H,0 mixture)
® water outlet
@ Brass cap
® Ar intet
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@ Mo wire (1.2mm¢®)
@ Quenching part {copper tube)

Fig. 1.

Arrangement of apparatus.
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fi L7z B OBENIRGE LB X 0 G825 13 <
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JSIC X D @EERPAERLT B, Lo, 25 2R
A L7ctitilis £BSR 2 kT 5700, EHREBcR

WNH R 107, {ES4H Fe?+, & Fe, 35 X U8 PO,
KOWCITo, Fe?t L afkiiF v o=—n7 s v%

FEREE LTS o 2B ) U LS, AR
K70 U8mE ) 77 L ERERERIC X o7 Thi
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7od, EC 3 oy 1004£0.5% oI A D, 45
VEOTBRMEIRIFTH DR,

3. FHIERELSLBESAHOXEER

3-1 F@#pafk

AR R VTHBE LTV BIERGE, BERo (1)
KTHHH, HRELskPTIXE i Febt 4 & opstye
L, Fett/Fe?t BX U AT 5~ % 2 VB, WoOFEHE
BARP FIRFIC RS LTV 5.
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2FeO (in slag) + H;O(g)

—Fe,Oy(in slag) + Hy(g) wreovverrereeeerens (3)

25 5= & VERERS
3FeO (in slag) = Fe(s) +Fe,O(in slag) ------(4)
(3Fe2+ =Fe(s) +2Fed*) sererresrnmnecnnennns (41

FeO (in slag) = Fe(s) + O (in solid iron) ------ (3)
P,0O;(in slag) =50 (in solid iron)
+2P (in solid iron) teeseeeesresereeenenn (6)

Tidh, Fe-O 2R FEHERER > 5L 50D X 1
FE pR gk C Bakn U 7o /AR ER(LERIT L BN 7n FeO Tk
%<, FeO r Fe,03 DIRE LB —EhRTHS. Fes*
/Fer+ oRicid (3)RB XU (4) R TR LA FEE RS
B5. LinoT, ARIIMEBICIE FeO-Fe,05-P,05 3
TRAT HFTHBH, Fe,05 DEHEX(10Wt% Fe,05)
LTFTHBDT, Xre,0=Xreo+Xres0, & LT Fe,O-
P,O; 51 2T5HRE LTHIRDIES T EHTES.

F 7o, EERgPicix ()R, (6)RNKWRTMISIT LD
THEBIVCDAPBERTS. ERGOBEIERE TR
BTEL, FMETEH(O)RBERTHEHTES.
(6)X1z X BEHEEE~D  ADEBREZ TroMEL &
SCHWERDTFEGERY DRI X AIREER AR U CiEET
L EHnTE%. Fig. 2z TROMEL & SCHWERDTFEGER?
I X BEARS T L. Fe,O-P,0s RFHHRARRN % 7R
+. Mia~bliw 244 bOWEME, c~dEFET
B B ARSI D AP EERE L CEMRERIEARL LIRD D A T
FHEERLTWAS. LiedD>T, AT D FEERMEE
FAX a~b & c~d ofhiffic A EhcHECIRES N
%. ¥z, Fig. 2 & Fe-P FHEURAER® X D E#gRA~
DYAOEIHFREZHET D &, APREOWRE TR/
[2wt%P] TH Y, KFHOPIE T [1wt%P] DUFT
5. AR IV CEEREIIB~ER L2 FEO A
LR EMECIE T B 2 & A5T & e h 27 @ TREIAZKIX
Wik R HE LT dGre=1 & LTUTOHERZT O,
3.2 PoEERD

FERIC S b FEEhERMIc oW TRE L. £
$E% Fig. 3 iRy Fig. 3 0ok RIGAEMIEE 1400
°C, Py,0/Pu,=0.845, JkKZEik& 230 ml/ min 2T,
FRINDZPHEHIRE X D70 (P.0;) BEfEOE VW
RE DR LAEETHS. Fig. IoFRC I, &
FRFFRS 7 ~ 8 h LI T, (FeO), (T.Fe), (P05 &
PIFF—FEHC R DFEIGEL T W50 EEZ b
H. L7ehiDT, AR CIERERrM%Z 9 h & LTI
DEIER TN Fie, 9224 beEL AT 2kt
WBTHERTZ L, thoMRZF I >THIHRESh TS
X5, A7 SBHMERERZEZE> TEWHERREY B
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Fig. 2. Phase diagram of Fe,O-P,0O; system satu-
rated with solid iron (after TROMEL and

SCHWERDTFEGER).
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Fig. 3. Approach to equilibrium: Py,o/Py,=
0.845, flow rate of H;=230 ml/ imin,
temperature=1 400°C.
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3.3 EESAEOXHKER

EEg TRl Lz FeO-P,0O; RIKERIC 1T,
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BERD —100 2 v o BB LTERLE. £k, B
fthFRoSSHE TR LE LiITEREHOM T3 2 &
MBHBHDOT, AHHEIEEIC 900°C 12T 4~100h 4k
LcBBRT oW XBEIHT 2T o7 Easatiha,
100 % » & 2 TR L2 etz gtz Ah, =
LI AFEMEAE D Ferfuic HA LT 900°C fRE
REfINEA L2cf2ic & L T L. Zhb ofR%
Table 1 33 ¢f Table 2 w7R¢. Table 1 3 1 TH I
FRA L7 FetO-P,O5 25 hod (POg) @ wid% %,
21z TrOMEL t SCHWERDTFEGERVDINAER X b F
I 5LEMEE, 5 3 HEIOHE 4 HIAWHE &
900°C Begtizkst o XBEE R EZ TS Th oo XigE
fa ke 5, GEMENIMECX Y, W, P, P, kX
CPQ D4 XV EDTVWS ZEMNEIIhi. zh
LOFEREY ASTM 3 — RitlE&+5 &, Wido x4 4
b, Pik 3FeO-PO; WAL —FHT 54, P HXK
PQ #HiZ ASTM #~— RIZRYSZWARPEETHS.
THAH P! XU PQ @ X #HE{RE X CRIFTEE 2
Table 2iz77%. P’ X ASTM # — F@® 3FeO-P,0O4
KRTFD d=38.42, I/;=90 EHEELTHWBEHUSNT
1% 3FeO-PO; iimsd CMCEHTRE Rz &L D, 3
FeO-P,O; ODEFOBAL O THEGHNCIE 3FeO -
P,O; R UMEA TR VWhEEZLNS. PQ XA
@ L7calr Tiadiiie, 900°C Eegh U730 T3 Ap ic B
h, LML (33wt P,O;) O TR TIHZF TR
Bz &Xb, 4FeO-P,O; (33.06wt% P,O;5) Tl
WintEFEENS. F7:, TROMEL & SCHWERDFEGERY)
HATRT X 51 (10wt P,O;) DA CraRBAKE
QIZABY T 5 RO BRI ATIR OBE R T e

Table 1. X-ray analysis of mixed phases in
solidified Fe,O-P;0; slag.

(wt%) A}f::l;: Quenched| Annealing ﬁgﬁ?z};
PO (g)iagram sample sample (h)
2.6 |W+Q W W+ (P') 4

6.6 | W+Q | W (P) | W+ (PQ) 100
89 | W+Q VV—}—( ) | W+PQ +(P) 4
11.9 | Q+P | W+ P WP+ (PQ) 100

16.1 |Q+P |W+P | W+PQ 4

209 |Q+P |W+P | W+PQ 4
WHEB. | wep 4

26.4 | Q+P 4 (prl) +PQ

31.6 | Q4+ P Y&Q) W+PQ 4

36.0 Q+P ! P P+ (PQ) 4

39.1 Q+P ’ H P 100

W : Wustite, Q :unknown phase in phase in phase diagram
P : 3FeQ-P3;05, P’ : unknown phase (3FeO-P,0;5 ?)
PQ : unknown phase (4FeQ-P,05 ?)
( ) :weak in intensity : annealing temp. 900°C
33.06 wt9s P,O;5 in 4FeO-P,05
39.70 wtgt P;O; in 4FeO-P30s5

Table 2. X-ray diffraction patterns of unknown
phases in Fe,O-P;O; slag.

P' PQ

d(d)y |y d(A) /1,
4.30 g ! 3.9 21
3.23 13 3.16 12
3.10 24 2.93 16
2.98 49 2.79 23
2.91 50 2.73 46
2.85 100 2.62 36
2.70 61 2.59 100
2.54 17 2.51 62
2.25 14 2.46 33
2.01 16 2.42 25
1.86 22 2.23 16
1.83 17 2.18 58
1.68 13 2.12 32
1.63 16 2.04 22
1.56 13 1.65 18

1.53 25

1.49 16

Rad. CoRe, 2=1.7902, Filter Fe, 1/1, visual (intensity)

B bhishoi.

INLDFERX D, FeeO-P,O; FRizix TrOMEL &
SCHWERDTFEGERY & DR T AIAMQIZFERE T, B
ETRY %4 b& 3FeO-P,O; 237H L, 900°C LI F
DIRE 351 2 REMI(LEMRIC XD 92 & 4 b,
4FeO P05, k5 XN 3FeO-PO; Tl WwirtE z 5h
H. 7835, Fig. 2B 5 9244 FOWAERE 2 ~Db i,
BT DIERBIEORE R A 5 b KEKIE L b & #Hil|x
5.

4. R B B R

4-1 TiEk

BEoFEsic X b, 1200, 1300, 1350, 1400, 1j425
FEO1450°C OEEE w2 X BT Ligs 5% Table 3
TR3.

FHRZ BT 5 FERMRE (1R B X O(2)RITRL
ek S, —FBIRECE VT,  Pu,o/Pu, DESTE
NERA T FhOB{LEEDERE Are0 I—FDEE 3.
Thbb, 27 5H0D ABROEEIRE Xp,o, (445
#) & Pu,o/Pu, OB 5. Fig. 41T log (Pu,o/
Py,) LA VHROFEY ABRIREDOBGREZETR LA,
INXY, 2RI 7POFEY ABRIREE—%F Pu,o/Pa,
DT CRIREOET & & dictEmT 5. iz, —FiEE
DT TOFE D ABIRENY Pu,o/Pr, DIET L L HiICE
BENCIEIN L, Xp0,=0.12 (21wt% P,0;) L TClis
DEMDBESEL LT Z 55 5. Db Ao
FREERY 224 POFHBETH Y, EHERS O EHEIE L
DNEE LTk .
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Table 3. Experimental results.

Table 3. Continued. Experimental results.

Run Puyo Slag Composition Teerr:t—ure
No /Py, | FeO | Fe0, | P05 |V Q)
(%) (%) (%)

1.8 | 0.818| 85.27| 12,70 | 2.03| 1450
1.10 | 0.808 | 85.88| 10.75| 3.20| 1450
1.1 0.795 | 87.58 | 9.32| 2.85| 1450
1.2 | 0.791| 85.38| 11.05| 3.21| 1450
1.4 | 0.783| 84.24 | 10.24 | 5.21 | 1450
1.7 | 0.779| 83.93| 10.24 | 4.62| 1450
2.7 | 0.823| 85.47| 11.04| 3.36| 1425
2.1 0.819 | 85.94| 10.16 | 3.81 | 1425
2.2 | 0.793| 83.00| 9.64| 7.35| 1425
2.3 | 0.786| 81.39| 7.90| 10.59 | 1425
2.4 | 0767 | 81.90| 8.13| 10.10| 1425
2.5 | 0.736| 77.03| 6.86| 15.89 | 1425
2.6 | 0.725| 77.30 | 6.60 | 16.10| 1425
3.1 | 0.864| 86.50 | 10.80| 2.60| 1400
3.2 | 0.856| 86.30 | 10.84| 2.91| 1400
3.3 | 0.854 | 86.04| 10.91| 2.97| 1400
3.4 | 0.852| 85.22| 10.48| 4.40| 1400
3.5 | 0.846| 85.51 | 10.53 | 4.27 | 1400
3.6 | 0.828 | 84.87 | 10.24| 4.83| 1400
3.7 | 0.819| 82.01| 9.11| 8.94| 1400
3.0 | 0.819| 81.67| 9.06| 9.36| 1400
3.9 | 0.813| 82.47| 9.32| 8.20| 1400
3.8 | 0.812| 83.77| 9.97| 6.67| 1400
3.11 | 0.794 | 80.67 | 8.47| 10.44| 1400
3.28 | 0.788 | 79.77| 7.78| 12.48| 1400
3.14 | 0.785 | 79.89 | 7.90| 12.20| 1400
3.13 | 0.781| 80.31( 8.01| 11.98| 1400
3.12 | 0.779 | 80.5¢ | 7.95| 11.56 | 1400
3.17 | 0.770 | 78.07 | 7.04| 14.85| 1400
3.15 | 0.768 | 78.35| 7.22| 14.37 | 1400
3.99 | 0.75¢| 77.32| 6.46, 16.24 | 1400
3.30 | 0.753| 77.54| 6.65| 16.12| 1400
3.16 | 0.750 | 75.32 | 6.20| 18.53 | 1400
3.19 | 0.73¢| 73.82| 5.07 | 20.89 | 1400
3.21 | 0.732| 74.78 | 6.51| 18.54| 1400
3.93 | 0.727| 74.09| 5.19| 20.88| 1400
3.20 | 0.711| 74.35| 5.26| 20.17 | 1400
3.24 | 0.710 | 73.15| 5.20| 21.07 | 1400
3.22 | 0.707 | 72.39| 5.22| 22.50 | 1400
327 | 0.699| 72.12| 4.89| 23.17| 1400
3.25 | 0.697 | 73.13| 4.66| 21.77 | 1400
3.26 | 0.697 | 72.64 | 4.77 | 22.74| 1400
4.1 | 0.900| 85.20| 10.3¢| 4.65| 1350
42 | 0.889| 83.71| 9.73| 6.58 1350
4.3 | 0.864| 82.76| 8.87| 8.65| 1350
4.5 | 0.834| 78.68| 7.66| 13.72| 1350
4.6 | 0.829| 78.96( 7.48| 13.93| 1350
4.7 | 0.802| 75.82| 6.81| 17.3¢| 1350
4.8 | 0.760 | 72.72| 5.40| 21.90 | 1350
4.9 | 0.696| 70.19| 4.42| 24.86| 1350
4.10 | 0.646| 68.69| 3.68| 27.39| 1350
4.11 | 0.616 | 68.17 | 3.75| 27.86| 1350

Fig. 4 TRIAEICE T HEREZRZ Xp,0,—0 ~ERL
7Y bt o, B4Rk & MHRERLY X &2 4 M2
53 8D log (Pu,o/Pu,) O, Tiabb, (1)ROF
WEROIE logK ZRLTWS. BEfkgkiciy 1392°C
(1665°K) iz ye==0 ZhENH D, T OTEHFHE= F v
F—DHEIAMNFEERNC L2 ERRDX S5 TH 5.

Run Pu.o Slag Composition T:::t_ure
No /Pyu, | FeO [ Fe0 | P,0; |¥ -C)
(%) (%) (%)
5.2 0.854 75.29 5.99 18.52 1 300
5.3 0.833 74 .80 6.16 18.64 1 300
5.4 0.826 74.84 | 6.39 18.65 1 300
5.5 0.795 73.34 5.57 21.00 1 300
- 5.6 0.778 73.73 5.19 21.99 1 300
5.7 0.769 71.58 5.17 23.05 1 300
5.8 0.760 71.90 5.16 22.93 1 300
5.9 0.730 71.30 | 4.57 24,09 1 300
5.10 0.705 70.30 | 4.29 25,36 1 300
5.11 0.694 | 69.86 | 4.37 25.80 1 300
5.12 0.675 69.41 4.16 26.37 1 300
5.13 0.649 68.07 3.71 27.85 1 300
5.14 0.636 | 67.65 3.53 28.58 1 300
5.15 0.631 67.31 3.40 29.34 1 300
5.16 0.612 | 66.90 3.72 29.40 1 300
6.1 0.741 68.69 2.99 27.93 1200
6.3 0.711 67.43 3.07 28.78 1 200
6.2 0.706 | 69.06 3.10 27.80 1200
6.4 0.675 67.28 3.11 29.47 1 200
6.5 0.652 66.44 2.69 30.86 1200
6.6 0.637 66.16 2.80 30.40 1200
6.7 0.616 { 65.70 2.73 31.13 1 200
6.10 0.602 | 65.88 2.69 31.06 1200
0.05 . : - . : ; .
4 1200°C
©1300°C
Q00 oo B1350°C
‘*~\ ® 1400°C N
“~‘ x 1425:(1
- ‘~~\ \\\.‘ & 1450°C
& 005 -\ BN\" -
[+ .L ~s
-~ \O
Q \« * oo 8
& -0 '\Aﬁﬁ\}x\ y\%&\ﬂ
'g, \ \(\' o
-015 + o~ .X\.
~020f
0 007008 006 008 00 o7 oR ol o 020
——>Xp20s
Fig. 4. Gas composition in equilibrium with
iron-phosphate slags saturated with solid
iron.
Fe(y-Fe, FCC) =Fe(§-Fe, BCC) -----vemee - (7)

4G°=260—0.16T

Szl 1350°C iz 2w Tk (7)) R W EE%E

Il v,

0-Fe Li/sidmly 224 b3FT % log

(Puyof/ Pu,) & $EAHAE OB OBRE 1 450~1350°C
OBWEATHETTNIE Fig. 5 DX 5THh5. IWEMRH
HmrEoh, (NROFHERKE LORIAMBELN .
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DLEoEREHEE LT, 1400°C iz ki) % Fe,O-P,0,
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OB E LTRTZENTES.

RTIn T{=§'a,‘,‘N?+§ %’ (aijtair—ajr)NiN,

L, RODIER i jE-DIETHY, aij 134
F URIOMEER T 30 F— (cal), N; 1381 4 5=
wRT.

5-1 Fed+/Fe?+ F#MADIEH

HANE RS h Fert /Fe?t o EHERIT(3)Ric
RLED, TheBA 4o 1 EY ) ORECEShisd
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TFaESs X RS OEEREE 1) R > TR
HAS-D~15-3)RD & dSicic 5.

FeO, 5(1) +1/2H,(g) =FeO(1) +1/2H,0(g) -+ (15)

RT In K=RTIn Npeo/Nreo,.s+RTI0 7re0/TFeo, .o

+0.5RT In Py, /Py, ooeeeeereeen - (15-1)
RTIn TFeO:alZNzFeol.s'z'awNzPOg.s

+ (a12+a13_a23)NFeol.sNP02.5 ""“"'(15‘2)
RTIn ypeo, s=a12N?re0+ azsN2pos

+(0(12+a23_a13)NFeONPOg.5""“'"""“(15‘3)

4G°=317-5.77T ceeee (15-4)

@12 (Fe2+ ~Fe3+) = —4 460 -c--veerevrennene. (15-5)

ERiZBWT aip & Fert~Fed+, a, 13 Fe2+~Pps+,
az 13 Fed*~Po+ ROMEERA 2 v ¥ —Th 5. (15
-4) B (15-5) 1L Lumspen'® |z X 0 %k X hi-
HETHB.

(15-1) 5 (15-5) RAEMAE, KETEY 40 B
H2ARCH L TR EET VIR %2ES.

(azs—a’la)NPoz.5=4-575T log NFeO/NFe01.5
+2.2887 log Py,o/ Py,
+4 460 (Nreo — Nreo,.;) +317—5.77T

(IR HEWTHLRMEREL V51 5ETHY Zh

T YA L THIE, ERIBIRE F BT 5848113 Y4

Table 4. Activities of Fe,O and P,O; in liquid Fe,O-P,0; slag at 1400°C.

i 400°C

Xp,04 Qpe,0 X 10-5 ap,o, X 10-5 Raoult’s law standard Henry’s law standard

log 7Fes0 AFe.0 log rp,0, @p,0,
0.00 —-2.70 -2.70 0 1 0 0
0.01 - —1.80 —-2.02 —0.0024 0.985 0.527 0.034
0.02 —0.90 —1.36 —0.0047 0.969 0.701 0.100
0.04 —~0.45 —0.84 —0.0094 0.939 0.860 0.290
0.06 —0.30 —0.63 —0.0141 0.910 0.951 0.535
0.08 —0.23 —0.51 —0.0192 0.880 1.019 0.836
0.10 —0.18 —0.43 —0.0235 0.853 1.062 1.15
0.12 —-0.19 —0.39 —0.0357 0.811 1.160 1.74
0.14 —0.22 —0.38 —0.0563 0.755 1.297 2.77
0.16 —0.26 —0.38 —0.0870 0.688 1.470 4.73
0.18 —0.32 —-0.40 —0.136 0.600 1.706 9.15
0.20 —-0.38 —0.42 —0.199 H 0.506 ] 1.975 18.9

RT In ypei0=aret0{! — Xrer0)?,

RT Inypros=apyo5(Xre2i0—1)
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Fig. 10. Application of regular solution model
for Fei+/Fer+ equilibrium in FeO-
Fe,0,-P,0; slags.
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Fig. 11. Application of regular solution model
for the oxidation of solid iron.
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