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Thermodynamics of Fe:O-P,0,-CaO and FeO-P.0,-MgO Ternary

Synopsis :

Shiro BAN-vA and Retsu NAGABAYASHI

As a fundamental study on the physico-chemical properties of phosphate slags, a measurement has
been made on the equilibrium of hydrogen-water vapor gas mixtures with the phosphate slags of Fe;O-
P,0,-CaO and Fe,O-P,05,-MgO ternary systems contained in solid iron crucible at 1400°C. From
the results obtained, the activity of iron oxide and the ratio of ferrous to ferric iron (A=Fe3+ /Fez+)
have been determined as a function of slag composition. The activity of iron oxide in these slags
markedly deviated to the direction of the composition of 3Ca0-P,0; and 3MgO-P,O4 compound

respectively.

In view of ionic theory, the approximate validity of regular solution model for cations were examined
to evaluate the thermodynamic properties of these ternary slag containing P,Oj. It was confirmed that
the regular solution model was satisfied within experimental error except for extremely FeO rich region.
The values of interaction energy concerning P,O; are as follows,

gy (P5+ ~Ca?+) = —50 9004400 cal/mol
atgs (P8 +~Mg2+) = — 32 200+ 700 cal/mol
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Fig. 1. Approach to equilibrium : PH,0/PH,=
0.788, H, flow rate=230 m//min.
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Fig. 2. Activity of iron oxide in Fe,O-P,05-CaO
system in contact with solid iron at 1400°C.
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Table 1. Experimental results of Fe,O-CaO-P,0O;
system at 1400°C. :

Py,0 Slag Composition (wt%) Fed*

Sample
No QFe,0
Pg, FeO Fe,O; P,O0; CaO  Fe?*

CSA-1 0.823 72.27 5.46 18.16 4.59 0.0680 0.940
CSA-2 0.825 66.82 5.13 21.45 6.93 0.0601 0.942
CTA-3 0.820 69.65 4.77 20.93 3.73 0.0616 0.937
CTA-4 0.819 58.84 3.03 27.20 9.58 0.0463 0.936
CQA-5 0.836 77.83 7.16 13.91 0.92 0.0828 0.955
CQA-6 0.853 80.19 7.58 11.40 0.42 0.0851 0.974
CMA-7 0.824 76.80 5.76 19.19 1.30 0.0675 0.941
CNA-8 0.827 72.90 5.70 20.63 3.37 0.070¢ 0.945
CVA-9 0.830 62.99 5.11 26.72 7.25 0.0730 0.948
CVA-10 0.825 56.34 2.05 30.91 11.01 0.0327 0.942
CSB-1 0.774 71.04 4.48 20.61 4.39 0.0567 0.884
CSB-2 0.774 67.28 4.72 23.06 5.97 0.0631 0.884
CSB-3 0.777 62.06 3.47 26.64 8.73 0.0503 0.888
CTB-4 0.803 59.81 3.48 27.28 9.47 0.052¢ 0.917
CRB-5 0.817 76.33 5.58 15.19 4.15 0.0658 0.933
CQB-6 0.789 76.31 5.77 18.89 0.67 0.0680 0.901
CQB-7 0.809 78.20 6.52 15.76 0.52 0.0750 0.924
CPB-8 0.798 72.01 5.51 20.83 0.82 0.0689 0.912
CMB-9 0.778 76.01 5.40 20.45 0.74 0.0639 0.889
CNB-10 0.800 78.32 1.14 20.85 1.80 0.0131 0.914
CAB-11 0.821 82.96 5.95 12.29 1.44 0.0645 0.938
CAB-12 0.801 78.54 5.57 15.49 1.45 0.0638 0.915
CAB-13 0.824 68.06 4.41 24.11 5.71 0.0583 0.941
CsC-1 0.739 65.27 3.80 25.08 5.72 °0.0524 0.844
CsC-2 0.738 61.18 3.92 27.07 8.11 0.0577 0.843
CcSC-3 0.735 57.49 2.78 28.95 10.80 0.0435 0.840
CUC-4 0.730 51.09 2.40 32.32 14.10 0.0423 0.834
CUC-5 0.733 47.28 2.01 34.07 15.90 0.0383 0.837
CRC-6 0.766 70.76 7.16 21.91 2,26 0.0910 0.875
CRC-7 0.762 69.58 4.01 21.83 2.85 0.0519 0.870
CRC-8 0.761 71.85 3.84 22.40 1.23 0.0481 0.869
CPC-9 0.757 70.85 4.56 21.61 1.15 0.0579 0.865
COC-10 0.757 70.52 4.03 23.86 1.13 0.0514 0.865
GMGC-11 0.748 68.20 3.92 25.76 38.53 0.0517 0.854
CGAC-12 0.775 60.95 3.34 30.89 7.13 0.0493 0.885
CAC-13 0.768 76.75 5.32 16.93 2.50 0.062¢ 0.877
QvG-14 0.748 49.60 2.30 32.66 15.93 0.0417 0.854
CTD-1 0.716 61.60 3.56 28.29  7.67 0.0520 0.818
CTD-2 0.720 51.06 1.86 33.35 13.65 0.0328 0.822
GTD-3 0.718 56.43 2.39 31.51 11.16 0.0381 0.820
GUD-4 0.692 44.33 1.6¢ 36.25 18.48 0.0333 0.791
CUD-5 0.686 43.72 1.93 35.27 19.36 0.0397 0.784
CUD-6 0.682 38.27 1.08 37.38 22.71 0.0254 0.779
CVD-7 0.707 44.13 1.15 35.96 18.02 0.023¢ 0.808
cQD-8 0.706 69.70 3.95 24.79 2.67 0.0510 0.807
CoD-9 0.707 69.39 3.53 25.98 1.12 0.0458 0.808
CMD-10 0.707 63.87 2.94 27.44 3.47 0.0414 0.808
CND-11 0.712 70.82 3.74 24.26 2.39 0.0475 0.813
CAD-12 0.731 67.42 4.75 24.41 5.62 0.063¢ 0.835
CUE-1 0.672 64.97 4.41 26.00 3.98 0.0611 0.768
CUE-2 0.670 57.02 2.65 30.74 8.11 0.0418 0.765
CUE-3 0.660 56.10 2.64 31.40 9.44 0.0423 0.754
CNE-4 0.668 66.74 2,56 30.36 3.08 0.0345 0.763
CNE-5 0.669 64.66 3.37 31.45 3.90 0.0469 0.764
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Table 2. MgO solubility in Fe,O-MgO-P,0O; slags at 1 400°C.

Sample Slag compaosition (wt%) Slag composition (mol%)
No. FeO FeyOg P05 MgO Tatal FeQ Fe; 03 P,0s MgO
SLM-| 77.16 9.88 4.92 6.12 97.38 81.52 4.70 2.26 11.52
SLM-2 72.43 6.82 11.54 6.81 97.60 77.48 3.98 6.25 12.98
SLM-3 69.65 6.32 15.18 7.43 98.58 74.56 3.04 8.22 14.18
SLM-4 63.54 7.80 18.63 9.26 99,25 68.34 3.77 10.14 17.75
SLM-5 59.89 6.06 20.96 10.90 97.81 64.64 2.94 11.45 20.97
SLM-6 52.09 7.46 23.80 14.36 97.71 55.96 3.61 12.94 27.49
SLM-7 48.63 3.62 29.13 16.97 98.35 51.00 1.71 15.48 31.75
Table 3. Experimental results of Fe,0-MgO-P,0O4 AFe0
system at 1 400°C. © 0.93- $?
e 0.88-~0.93
'_ + 0.83-0.88 \
Sample Pa,o Slag Composition (wt%) Fed* @Fe.o : 87183:8553 2
c N .
Pg; FeO Fe O3 P05 MgO  Fe?+ ¢ (+ MgO solubility) o
S
MBA-1 0.838 75.34 5.43 15.59 2.10 0.0683 0.957
MBA-2 0.838 72.87 6.03 18.23 3.91 0.078¢ 0.957
MBA-3 0.833 67.99 5.3¢ 20.93 5.82 0.0744 0.952
MCA-4 0.846 74.13 5.94 14.70 4.58 0.0759 0.966
MCA-5 0.838 69.06 5.01 19.58 5.49 0.0687 0.957
MCA-6 0.837 69.52 5.35 18.17 7.27 0.0729 0.956
MBB-1 0.779 75.92 5.46 19.97 1.37 0.0681 0.890
MBB-2 0.787 70.85 5.51 19.5¢ 3.46 0.0737 0.899
MBB-3 0.785 71.38 5.22 19.63 3.08 0.0693 0.897 4 Fe0
MCB-4 0.786 67.98 4.18 21.29 5.58 0.0582 0.898 ~=——Nwmgo
MCB-5 0.789 62.06 3.70 26.25 8.04¢ 0.0565 0.90] Fig. 3. Activity of iron oxide in FetO—ons—MgO
MCB-6 0.810 63.65 4.08 22.80 9.25 0.0607 0.925 system in contact with solid iron at 1400°C,
MEB-7 0.789 55.65 3.02 29.03 11.76 0.0514 0.901
MRC-1 0.747 70.93 4.41 22.15 1.96 0.0589 0.853
MRC-2 0.758 71.74 3.89 21.98 1.38 0.0514 0.866 BEEgk & a5 5 BMEED IFE dre,0 D% Fe,O-
MBC-3 0.740 66.46 4.58 21.69 4.72 0.0653 0.845 - — R
P,0,-MgO 2 Z - Fig. 3 ¢ .
MBGC-4 0.742 60.49 3.96 27.96 8.05 0.0620 0.848 05-MgO 3 TEREFICA LI OF Fig. 3 TH%
MBC-5 0.747 58.45 3.92 27.74 10.43 0.0635 0.853 Fig. 3 n&%FE8H, 05, Fe,0-P,0;-MgO Rz T
MCC-6 0.775 54.66 3.09 30.19 11.5] 0.0536 0.885 - .
MCGC-7 0.757 54.03 2.71 30.47 12.91 0.0475 0.865 b Fe,O-P,0;-Ca0 R & FROEAS A B, b AR
MCC-8 0.749 50.00 3.21 32.56 15.08 0.0608 0.856 = 72y AARCHIDTAREL BB LTIGWE Z LA
MBD-1| 0.701 70.81 3.36 23.25 2.32 0.0449 0.801
MBD-2 0.705 69.15 3.66 23.62 3.59 0.0501 0.805 %, L LeOfE: FeO-P0s-CaO R bl -
MBD-3 0.706 63.09 3.35 26.37 6.03 0.0503 0.807 LT/IE R oo T b,
MDD-4 0.702 56.55 3.21 30.70 9.23 0.0538 0.802 .
MDD-5 0.695 50.65 2.29 33.87 13.09 0.0428 0.794 4:2 Fet* & Fer* LODMDFH
MDD-6 0.688 49.89 1.98 32.97 15.24 0.0376 0.786 4.2.1 Fe,0-P,0,-CaO %
MFD-7 0.711 69.70 3.68 25.38 1.20 0.0500 0.812
MFD-8 0.709 61.21 3.15 29.20 6.40 0.0487 0.810 BED X 5w, AR O 25 71X B w it FeO-
MFD-9 0.708 59.48 3.11 30.16 8.34 0.0495 0.809 FC:O:;—P205—0304’7_.G%35IU FeO—FezO;,-PzOs—MgO
MDE-1 0.648 62.62 2.37 30.31 2.74 0.0359 0.740
MDE-2 0.670 58.74 2.45 30.87 7.70 0.0395 0.765 4% AT S THY, FeO & Fe,O; ORICiE (5)K,
MDE-3 0.664 54.80 1.98 33.22 10.45 0.0342 0.759 — y . . A Fea+
* - ATS . ed+ /Fez+
MFE-4 0.663 58.46 3.23 31.17 7.32 0.0523 0.757 (B)RTA LI FERGRL DS, & OB, /
MFE-5 0.667 46.86 4.01 35.35 14.54 0.0811 0.762 DEERERE, SHROBERT v+ B XUHE

Vs, Fe;O-P,O,-MgO 3 £% 25 7o 1400°C Tn
MgO R % R, Fig. 3 hic+HICR L. Zh
X EFD MgO BMEEILA S 7 P,O5 oREpmicff
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Fig. 4. The ratio of Fe3+/Fe?* for Nreo at

various Nggo/NP,0;5 in FeO-P,05-CaO slags at

1 400°C.
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Fig. 5. The ratio of Fe3*/Fe2+ for Nreo at

various Nygo/Np,0; in Fe,O-P,0,-MgO slags at
1 400°C.
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I oWTTRRET LT AT,

S TERERBRC BT B 1 OFBEFE i KK
X DOTRIhB®,

RTIny;= ?diner :),: z (@ij+ e —aje) XX

T X B OB A A VAR, ai ix L j HO
ME(EH =3 ¥ — (Cal), HDIAL L, j k, - TH
5,

H,/H,O B& % A1 X 5 EM gk OB b8 T RGE &k
TmEh5.

Fe(d) + H,O(g) =FeO () + Hy(g) -+ereevoevee- (10)

RT In K=RT ln (PH,/P1,0) +RT In Xpeo
F RTIN Fpgo w-rmrrrresesresmenennes (11)

chicbioeFArr@ATHE4TTHRAT STH L
T R%E 5.

RT In rpeo=a 2 X%+ a3 X2+ a1 X
+ (@12 + @rg— Azg) X X
4 (@yzt oya— rz4) X2 X

+4- (a13+a14_a34)XaX4 ............ (12)
LUMSDEN & L DT &AM HFE IR T 519,
Fe(3) +CO,(g) =FeO (1) + CO(g) -e-eoo (13)
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Table 4. Interaction energies between cations.

Intteraction energy, aj; (cal)

ion~ion
Bax-va et al. Other investigators
Fe2*~Feld+ — 4460(Lumsden, 196119)
Fe2*~§i¢+ —10000(7) — lOOOO(Lumsdeﬁ,'{lQSlj
Fe2*~P5, — 7500(6)
Fe?*~Ca2* —12000(7)
Fer*~Mg?*  + 3070(21)
Fe?+aTi¢+ — 9000(7) —10000(Smith and Bell, 197022>)
Fe3+~Sit+ + 7800(7) + 3200(Lumsden, 1961)
Fe3+~P5+ + 3500(6)
Fe3*~QCaz* —27400(7)
Fed*~Mg?*  — 5620(21)
Fed*~Tid* + 300(7)
Si¢*~Ca?+ —65000(7)
Si¢ta Mg+ —30500(21)
Ca?+~Mg?*  + 4500(21)
PS*~Caz* —50 900(Present work)
PstaMg2t —32200(Present work)
AGO=11970—9.32T «erverrrrrenrrerinnnernen (14)

IR EBNFRRED? 2L BbRDLZEICEY
(10)KOEEERHE= R AL¥ — 46" IKRERTTREhS.
4G*=5 248_2‘93']"...................A..........(15)
5.1 FeO-Fe,0,-P,0,-Ca0 % (D-@-0-@ EA%R)
EHBBETFTAVTRAROES E LT A4 v 1 {EY
foh O 2>% b FeO, FeO, 5, PO, ;, CaO & % 5.
I DDA A vy #EE Xpeo, XFeO,.5, XPO,.;5 Xcuo
ETSH. FRChITCHELhE HEFER=F A F—a;
DfE% Table 4 iR L. (1), (I2)KxHuxShw
as; OfE% A URAECY 50 BENE R 50 B LT
BT HELRREES.
@uXPO, s Xcao= —4 460X3 .o — 7 500X¢0, _
—12000X2,,
—15460XFe0, ;XPO,
+10940XFe0, ;Xcao
—19 500Xp0, ;Xcao
—4.575T log (PH,0/PH,)
+4.575T log Xpeo+ 4G®
=YA(]6)
(AO) RDOFMIPE[/I L HEBTES. “hi YA
LEL. ZOBEY ERBEO BEFREY Wi LTl
YA 55§ XPo,.sXcao DOBIRIZ ESELED BERE DT
FCThB. Fig. 6 wz oBiEwRT. FeO D K
TRERBIGR LD ARE LTV, Xpo, sXcao>
0.04 DB TII R VEBBFEARLTWS. 20z &n
O EREOHBEACERBRKO e FANBATESLZ Lo b
»%. Fig. 6 OFGELH S as OEE LTKREANE LR
7.

T T T L}
-5000 Ot (P*-Ca"")=-50900 cal :
-4000 1
[a+]
-3000F -
(-]
<
> 2000} ®
o°°
&
O¢g
-1000F g -
0 1 A i 1 1
0 002 004 006 008 X0

XP0,5- XCa0

Fig. 6. Relation between YA and Xpo, ;- Xcso
in FeO-FeO, ;-PO, ;-CaO system in contact with
iron.

T T L]
(P Mg =-32200 cal
-2000 N o o
o
® [+]
> %o
=]
(<]
-1000 | ° 1
o o
[
oo
Q
OOW (-
o®
G
0 1 1 L
0 002 004 006 008

XPOzs -+ XMgO
Fig. 7. Relation between YB and Xpo,. ‘Xmgo
in FeO-Fe,03-PO, ;-MgO system in contact with
iron.
azq (P8+~Caz+) = — 509004400 cal - .- (17)
(Xp0,.5Xca0>0.04)
5:2 FeO-FeO, -PO, ;-MgO % (D-0-0-0 %)
AFRThABK 1), (I2)KXRExELEbELILELX
hIRALEB LR,
35 XPO, s XMgO = —4 460X ;0 — 7500Xp07 ;+3070X% 0
—15460X¥Fc0, sXPO, 5
+4 220X¥c0, s XMg0
—4430Xro, . ;XMg0
—4.575T log (PHo,/PH,)
+4.575T log Xpeo+ 4G*
=YB .. e (18)
YB 3 XPOz.sXMgO DEAFRER R LUIb oAt Fig. 7
THB. FHRTH XP0, sXmgo>0.04 OFH T B
BEERL, ERBROBGREHBRE LTG5 2490
5, BEROBEZHLERAIE LR,
oy (P8 +~Mg2+) = —-32200+700cal --.... (19
(Xpoz.sXMgo>0.O4)
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Table 5. Correlation between Interaction Energies
and Free Energies of compounds.

a34(P5*~Ca?*) azs(P3*~Mg?*) Ratio

Interaction a3s
Energy —50 900 —32 200 =0.63

(cal) a34

3CaO~P205 3MgO-P205

0
0 4G3Mg0-P,0
é’ﬁ;}g‘d) —141.5 —842 8PS g 60

]
4G3c,0.P,05

5.3 HEEBRI 2N E-DORFIEEEREOE

HWEEB=A¥— aij it i-] BWO3IHH5 WL K
HOBIEETETH B - BRI ORER, Ps+~Ca** [,
P5+~Mg2+ R3S A ERLTWS EEL bR
5. ZOREERA=3A¥— LEED ABLEHDOEK
B= 5L 0% LEE Ljcods Table 5 ThHs. M
FeR= 4 ¥ — O & ER B R = X L F — O RS
TRL—HKLTWA.

FREGE I ERBIEEER =% v — OB TR
Shn, Fio, WHEEHETIR= Y P e CROZ LRI
RPN EWE EDBHTEROINTIEFE L e DH T L b HE
HTED O EHbSERORICHELER =X ¥
—DEII M THBEELD.

Table 4 1R LEHEERA= ¥~ B2 AT,
(9)HM LERY OEEFRBLHETE D, APEOA
5 7114 LHRT, E4ASRACEERERYET LR
B 2T FEHSTH D FeO-PO, -CaO FRids &
Ut FeO-PO, ~MgO %D 3 TRICDOWTERD OFNE
ERgE TR

FeO-PO, ;-CaO Fic o\ TE A OFEEFREII KRR
TRINS,

—-— AQca0

— k
0.4 0.3 0.2 0.1
<— XCa0

Fig. 8. Iso-activity curves of FeO-PO, ;-CaO
system by regular solution model at 1400°C.

FeO

0.
MgO saturated

arFe0

---===-- Q@PO2s5

—-— Q@Mg0

a-b limit of regular solution
model P

M. M. S
04 0.3 02 0.1 . FeOQ
~<—— XMgo

Fig. 9. Iso-activity curves of FeO-PO, ;-MgO
system by regular solution model at 1400°C.

RT In 7pe0=—7 500X70, ;s — 12 000X2 .0
+31 400Xp0, s Xcao
RT In rpo, s=—7 500X2,0—50900X3 .0
—45900Xpe0Xcao
RT In ycao= — 12 000X% . — 50 900XP0,
—54 900X5,0XPO,.5

(22)Kic X b FHE Lic 1400°C o135 E B DEE

- (22)

B X% Fig. 8 iwrd.

FeO-PO, -MgO Fiz2o T b RIBECRA TERS

DIEREFHELEEINS.

RT In 7pe0=—7 500Xp0, s+ 3 070X%,0
+27 770X?0, . s Xnigo

RT In 7P0,. ;= —7 500X, 0 — 32 200X2 0
—41 270Xz e0X g0 ’

RT In rygo=3 070X3 0 —32 200X70, ¢
—20 130X5e0XPO; 5

- (23)

/

1400°C kit 3 FeO-PO, -MgO RDOZRH D%
EEg% Fig. 9 R, ok, 22)xR, @Rkl
HEEOKER LR Th o /cEr LT
FHTR Lic & 5 IEREADORI T AHEA (XPo..s
Xca0>0.04, Xpo, ;Xmego>0.04) ¢ Fig. 8 & Fig. 9
LT 54, FeO 0B WHEIEIIC bR L TR LI

Fig. 8 & Fig. 9 wkiF 5 v ABDOERE aro,.; DfE
BT B L, FeO-PO, ;-MgO R L Fe(_)—POz_s—CaO
BT MEL, R A B ZuEd MgO
L CaO oEEA2(Ms LCHROHS & L MEOD
B EMmb, ZhbDEPWALNCT S FeO-
PO, ;-0.25MgO ¥ X 1% FeO-PO, 5-0.25Ca0 R kst
% apro,.s DfEx Xro, s DEAF L LT Fig. 10 =R
L. 7REPII O »ES, EHOT L 5 FeO-
PO, ; 2 TEHROFEEIRRE L. XD aro,.s OfFE
HuwFho % b Heney o 3R X 9 EREGL, R—
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{XCEC’:O.ZS
XMg0=0.25

0 01 02 - 03 04
XPO2s

Fig. 10. Comparison of PO, g activiity in FeO-
PO, -0.25MgO and FeO-PO, ;-0.25 CaO slags
at 1400°C,

Xro, ;s BETIY aro, s Offitt FeO, MgO, CaO »
T /S < Fe2 T B, Fh CaO &R/ aro,
DfE MgO #ZLR0ESTHSB. “hibh CaO
DEIMEAZ 7o A BEZELL £ECL, MgO
CaO % Fflie LTHRIHS iz FEDH S = &3
B Th D,

6 f& =

[k & g 3 5 Y FenO‘onrcao FB I
Fe,O-P,0;-MgO %A 5 7 ¢ Hy/H,O B4 A0
BBtk % 1400°C CHITE LT TFORERA B 1.

(1) FeiO-P,0;-CaO Hks L FeO-P,0,-MgO
FDZODEITHRAT ST BT HEBILYEDOER AFc,0
woR, FHEERR%E Fig. 2, Fig. 3 ©RL.

(2) BEMESEEFHLTW5FEO Fed* /Fe2t offin
k¥, “h# Fig. 4, Fig. 5 wiRLi. EEE—-FT
1% Nre,o Ao T Fed+ /Fe+ o fHit WAL, —
FE NrFe, O TIMEZRERMIT X H Fe3+ /Fer+ iz
T5. i CaO ¢ MgO o Fed+/Fert by %
1k, MgO oFphEys,

(3) NESRERBR=TLEBAL, 2hbo
FRTHITOBREUODHELHEDI . ThI b HAEER
T HFNF— L LTHROEIE AT

@34 (P5+~Ca2+) = — 50 9004400 cal
(XPO..sXca0>0.04)

ass (P5+ ~Mg2+) = — 32 2004700 cal
(XP0O,.sXMmgo>0.04)

E bz FeO-PO, ;-CaO % L8 FeO-PO, ;-MgO
FD 1400°C kst B £ B4 O SIEHERIYHE LK
A~ LY.

(4) IEBBK €71 05 PO, 0FERIC 525
CaO & MgO DZhR D% R Fig. 10 KRR L.

ARREITOCH VAR T I E LR T
&+, AEPFHILERTHEL, AFEFBEETE A
BIER, HEZFHRERR JUCBEREBE L LT T L
TeBERHFEMPIART, HESCR S EH L E T
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