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Motivation and aim of work JJUL'CH

State of the art:

v’ 2-, 3- and multicomponent systems have been
thermodynamically assessed using all available
experimental data

v' phase diagrams and other thermodynamic
properties can be calculated with the obtained
self-consistent datasets

HOTV

Hochtemperaturvergasung und Gasreinigung

'J J lj LI C H GTT-TECHNOLOGIES

FORSCHUNGSZENTRUM @

development of a new data base, which is applicable for the slag relevant system containing oxides of Si,
Al, Na, K, Ca, Mg, Fe, P, S, Cr etc. and suitable for the calculations and/or predictions of the phase
equilibria and other thermodynamic properties by variation of T and composition

Aim of our work:
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Including P,O¢ <) JULICH

P,Og . |
v P,O; is a next important slag
component to be added into the
database
v" P,Og occurs in biomass ashes and
metallurgical slags
v All binary systems with P,Og have been
already evaluated and added to the
database

K,O

Present task:

4 ternary systems Alk,0-MeO-P,0Oq
Nazo Cao (Alk=Na,K; Me=Ca,Mg) are considered
including the solid solubilities regarding
complex phosphates
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The system Na,0-K,0-CaO-MgO-P,0. ’J j[_] LICH
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The system Na,O-K,0-CaO-MgO-P,0O.

Solid solutions
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Alk3P-T2-T3 solid solutions
for HT,(MT),LT modifications
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P,0 MgO
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The system Na,O-K,0-Ca0O-MgO-P,0O¢ , JULICH
Description of the solid solutions

Phase Description Used data
N3P-LT N3P-Na,PO,(s1)- FZ)
Na,0),(P,0s)(Na,O, Na,CaO,, MgO, K,MgO
(Na,0),(P,05)(Na, 2 2» Vg .MgO,) ) T2-Na,MgP,04(s1)-FZ)
T3-NagCaP,04(s1)-GTT T3-Na;MgP,0(s1)-FZJ
N3P-HT N3P-Na;PO,(s2)- FZJ
(Na,0),(P,05)(Na,O, Na,CaO,, MgO, K,MgO,) ) T2-Na,MgP,04(s1)-FZJ
T3-Na CaP,0,(s2)-GTT  T3-Na;MgP,0,(s1)-FZJ
K3P-LT K3P-K;PO,(s1)- FZJ

(K20)2(P206)(Kz0, Ca0, K,Ca0, , MO, KoMgO2) 15 caP,0,(s1)-GTT  T2-K,MgP,04(s1)-FZ)
T3-K,CaP,0,(s1)-GTT  T3-K.MgP,04(s1)-FZJ

K3P-K,PO,(s2)-FZ]

(K20)2(P205)(K;0. Ca0, K,Ca0;, , MgO, KoMGO2) 15 ¢ cap,04(s2)-GTT  T2-K,MgP,04(s2)-F2!

T3-K,CaP,0,(s2)-GTT  T3-K,MgP,0,(s2)-FZJ

H,, (s1->s2) is proposed to be equal to K;PO, or NasPO,
K3P-K,PO,(s3)-FZJ

T2-K,CaP,04(s3)-GTT  T2-K,MgP,04(s3)-FZJ
(K20),(P205)(K;0, CaO, K,Cal, , MgO, KoMgO,)  T3-K.CaP,04(s3)-GTT  T3-K,MgP,04(s3)-FZ)

K3P-HT

15 December 2015 GTT Annual Workshop, Juli 1-3, 2015 7
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The system K,0-Ca0O-P,04 ’J JU LICH
Description of the system

The species with compositions R and B, in the non-ideal associate solution were added in order to
describe the liquid phase

Liquid Description
Name Composition Melting, °C : (modelled by GTT)
species
KCaPO, 1580, congruent KCaPO,2/3 stoichiometric
K,CaP,0, 1143, congruent stoichiometric
K,Ca(PO,), 1645, congruent K3P-T2-T3 solution
KsCaP,Oq 1750, incongruent K3P-T2-T3 solution
KCa(PO,), 845, congruent KCa(PO,);-2/5 | stoichiometric

K3P-T2-T3 solid solutions for HT, MT, LT modifications
(K20)2(P,05),(K,0, Ca0, K,CaOy,)

K3PO4-K4C8.(PO4)2-K6C3.P209

Mitglied der Helmholtz-Gemeinschaft
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Ca0 -K,0-P,0;

K,0

/
L.vk,i'_uhr f

Aok po, ;

The system K,0-CaO-P,0:
Quasi-binary section Ca,P,0,-K,P,0-

Gactsay
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K,P,0,{(Ca,P,0+KP,0) (g'g)
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The system K,0-CaO-P,0:

Ca0 -K,0 -P,0;

Gacesy
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Quasi-binary section KPO4 - CaP,0
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The system K,0-CaO-P,0:

CaO - K,0 - P,0,

500°C, 1 atm

CaO

percent by weight
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Isothermal section at 500°C

GactSage‘“
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A= Cal + x'ss + P
B = C4P + x'ss + p-C4P
C = B-CsP +-CoKP + a'=C4P 'r3
D = Cal + ¥(CKsP, CKoP) 53
E=CaD + y-CKsP + B-CoKP
F = Cal + B-CoKP + @'-CiP

B-CoKP + y-CKP + §-KoP

~ p-CKP + f-KgP3 + 0—K,P
B-CoKP + y-KoP + 7-CKoP

Ca0

Ca0 . Wt % P,0s

T. Znamierowska, Zesz. Nauk. Politech.
Slask., Chem., 709 [100] , p.23-32 (1982).
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The system K,0-Ca0O-P,0O« ’J J[_] LICH
Liquidus surface

Ca0 - K,0 - P,0,

Projection (Slag), 1atm

K,0

Ca0 Wt % P,0s

T. Znamierowska, Zesz. Nauk. Politech.
Slask., Chem., 709 [100] , p.23-32 (1982).
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The system K,0-MgO-P,0.
Experimental data

K,O - MgO - P,0,

K,O

K20

IS
9
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- KAMQ;//G‘OZLV
S

o
S MgP,0O
~ KMg,(PO,). K VA

Vi A e . Vi

o

Mg,(PO.,), MIP:O0r wg(po,),

P,0s

8 ternary compounds including the
solid solubility are found in the
system, the quasi-binary sections
are studies by thermal, microscopic,
dilatometric and X-ray analysis
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+R
1
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Partial liquidus projection with invariant points labeled
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Solid state compatibility observed at room temperature

J. Berak and T. Podhajska-Kazmierczak, Pol. J. Chem., 65 [7-8] 1137-1149, 1151-1163, 1165-1172, 1173-1184 (1991)
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The system K,O0-MgO-P,O, 0 jU LICH
Description of the system

The species with compositions R and B, in the non-ideal associate solution were added in order to
describe the liquid phase

N _ Liquid Description
Composition Melting, °C : (modelled by FZJ)
species
KMgPO, 1520, congruent KMgPO,-2/3 stoichiometric
KMg,(PO,), 1175, incongruent stoichiometric
K,Mg,P¢O,,; 792, incongruent stoichiometric
K,MgP,0, 736, incongruent stoichiometric
K,Mg(PQO,), 1374, congruent K3P-T2-T3 solution
KsMgP,0y4 1570, incongruent K3P-T2-T3 solution
KMg(PO,),4 906, congruent KMg(PO,),-2/5 | stoichiometric
K,Mg(PO,), 730, incongruent stoichiometric

K3P-T2-T3 solid solutions for HT, MT, LT modifications
(K;0),(P,05),(K,0, MgO, K,MgO,)
K3PO4-K;Mg(PO,),-KeMgP,04

Mitglied der Helmholtz-Gemeinschaft
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The system K,0-MgO-P,0.

Sections MgO-K;PO,and K,PO,-KMgPO,

K,O - MgO - P,O,

K,O

Liactsyge

15 December 2015
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The system K,0-MgO-P,0. ’J jleICH
Preliminary isothermal section at 25°C

25°C, 1 atm GactSage'"

MU v o g 7]

52
WeightIB0; —= Ms(Pacle

J. Berak and T. Podhajska-Kazmierczak, Pol. J.
Chem., 65 [7-8] 1137-1149 (1991).

The solid solubilities based on K;PO,-
K,Mg(PO,),-KMgP,O, are included into
the database.

mass fraction

Mitglied der Helmholtz-Gemeinschaft
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The system K,0-MgO-P,0.

SeCthnS K4P207'KMg PO4 and K4PZO7_K4Mg P;@geszwmum

K,O - MgO - P,Oq4
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The system K,0-MgO-P,0. ’J jleICH
Pseudo-binary section MgP,0O4-KPO,

K,O - MgO - P,0;

thI:Sage“
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The system K,0-MgO-P,0.
Liquidus surface

K20

i
eifl ey MogPp0y 85 Mg( PO, 100
Mg3 (PO —_ P,05

J. Berak and T. Podhajska-Kazmierczak,
Pol. J. Chem., 65 [7-8] 1137-1149, 1151-
1163, 1165-1172, 1173-1184 (1991)

Mitglied der Helmholtz-Gemeinschaft

K,O - P,O, - MgO
Projection {Siag), 1 atm
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The system Na,O-CaO-P,O.

describe the liquid phase

Description of the system

The species with compositions R and T2 in the non-ideal associate solution were added in order to

#) JULICH

FORSCHUNGSZENTRUM

Name

Composition

Melting, °C

Liquid species

Description
(modelled by GTT)

NaCaPO,
Na,CaP,0,
Na,Ca(PO,),
NazCaP,04
Na,Ca(PO;),

1830, congruent
814, incongruent
1750, congruent
1800, congruent

733, congruent

NaCaPO,-2/3

Na,Mg(PO,),-2/7

Stoichiometric
Stoichiometric
Stoichiometric
N3P-T3 solution

stoichiometric

Mitglied der Helmholtz-Gemeinschaft
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N3P-T3 solid solutions for HT, LT modifications
(Na,0),(P,0s),(Na,O, Na,CaO0,)

GTT Annual Workshop, Juli 1-3, 2015
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The system Na,O-CaO-P,O¢
Solubility between

Cao -Na,0 -P,0;
m

Na;PO, and NazCaP,O,
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The system Na,O-CaO-P,O¢ a jlj LICH
Section NaCaPO,-Na,CaP,Oq
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The system Na,O-CaO-P,O¢
Liquidus surface

CBD - Nago - F-__)Dﬁ

Projection {Slag). 1atm

r__da_;_,o

$actsa

Mitglied der Helmholtz-Gemeinschaft

15 December 2015

P,0s

GTT Annual Workshop, Juli 1-3, 2015

#) JULICH

FORSCHUNGSZENTRUM

70 coiPOg), 80 20 Pa0s
(cP) Wt %

J. Berak, T. Znamierowska, Rocz.
Chem. Ann. Soc. Chim. Polonorum,
46(1972), 1697-1708.
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The system Na,O-MgO-P,0.
Description of the system

The species with compositions F1 and T2 in the non-ideal associate solution were added in order to
describe the liquid phase
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Liquid species

Description
(modelled by FZJ)

Name Composition Melting, °C

NaMgPO, 960, incongruent

Na,Mg(PO,), 1655, congruent

NagMgP,0q 1665, congruent

NaMg(POs), 942, incongruent
Na,Mg(PO;), 916, congruent

Na,Mg(PO;)s 784, incongruent
NagMgg(P,07)s 808, congruent

NazMg,Ps05 675, incongruent

Na,Mg(PO,),-2/7

stoichiometric
N3P-T2-T3 solution
N3P-T2-T3 solution
stoichiometric
stoichiometric
stoichiometric
stoichiometric

stoichiometric

15 December 2015

N3P-T2-T3 solid solutions for HT, LT modifications
(Na,0),(P,05),(Na,0, MgO, Na,MgO,)
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The system Na,O-MgO-P,0O.
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Sections Na3PO4'M93P208 and N3-3PO4'MQO FosEHLNGSZENTL

Na,O

Na;PO, - Mg;P,0,

"
&Ctsage —sections, Podhajska [1998-2005]
T

o | e 2000 . . .
- 16550 T
1600 — TR 715830
o Pl SN 1800 1
- Liquid s 1?6’(')0 B Slag Slag
1400153570 - 1600 -
.- a—MsP; + Lig. - Slag o)
1200 - 11589 a—MN4Py + L. 1400 & S A
[6/f 1055 & 10509 a—MN4P2 + 1200 \ 1
& 100022 gg00 P05%)  MaNPs + MNP a-NsP ss - Slag + N3P_HT
—_ 75
r - 9240 WINP -+ MNyP, . T \('_)1000 o S
800 - | a/f 821 = lag + NaMg.P.0.( q,
L S 15 ___8/» _ = . 800 | < - T
1 == = 5 Q, a
= | = - == o X
6001 T £ 1 . < ) N3P_HT
L i; B-MgNPs | == = | 600 -S 2 S 2@ J
200 ey + MNP =3 o> L 4
— — 3960 —| s s
P s (44 400 FT 3 3 NSP_HT +NaMgPOL(s) ] TS e e e e e
= B s i z MgO M3P M2P MP P,Os
200 L L | | L | 200 F ~ @
0 (13.48%) 20 (38.41%) 60 (71.38%) gg 100 NaMg,P:01,(s) + NaMgPO,(g N3P_LT
Mg3(PO4)o Wt % NazPOy -
(M3P3) (N3P) 0 . . . .
0 0.2 0.4 0.6 1
Na,PO,/(Na;PO,+Mg;P,0¢) (9/9) Na.PO. - MaO
. . . a , - Mg
T.Podhajska-Kazmierczak, T.Znamierowska, Pol. J. Chem., 73 [2] 279-286 Liactsyge
(1 999) r r r r
2700 B
o [ T [ T [ . T [
1800| MgO + Lia. \ ] 2400
. : N\ ¥ ss + Lig] Sla
— - ¥—MgNagPz0g + Liq. _ \ 16650 s 2100 | Slag + Mgo(s) g ]
—t ~
1600 < —
(87%) "4 Sy 1800 | 1
| 7—(MgNagP30g, NasPO4) ss — | 15250 — —_ —_r
1400|— | | O.
L . | 1 1500 B
+ MO -+ y—MgNagP;0q B/ 9140 [
=
RN Sy 1200 N3P_HT-
soof— B/y 8360 | <3 — 00 3
| = N MgO(s) + N3P_HT o
MgO + B—MaagP;0g =~ %00 f 2l ¢
600 |- ] S
B £ (MgNagP200,NasPO,) ss | 600 | i S
200 — o/ 1200 -
[ 4100 ] 300 [ B
i MgO + a—MgNagP,0g a/g 410 | MgO(s) + N3P_LT N3P_LT
a—(MgNagP;0g,Na3P0,) ss — 0 L L L L
200 k= 1 1 | 1 | 1 1 | =
0 0.2 0.4 0.6 0.8
0 60 70 80 90 100
MgO Wt % NazPO4 Na,PO,/(Na,PO,+MgO) (9/9)

15 December 2015

T. Podhajska-Kazmierczak, Pol. J. Chem.,

GTT Annual Workshop, Juli 1-3, 2015
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The system Na,O-MgO-P,0O.
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Sections NaPO,-NagMg¢P,,04; and NaPO,-MgP,0;"
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T. Podhajska-Kazmierczak and T. Znamierowska, J. Therm. Anal., 45 [6]

1541-1546 (1995)
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The system Na,0-MgO-P,0s ’J J[JLICH
Isothermal section and ligiudus surface
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Conclusions

v

All ternary compounds in the ternary systems Alk,0-MeO-P,O. (Alk=Na, K;
Me=Ca, Mg) have been included into the oxide database. The preliminary
thermodynamic dataset including solubilities between Alk;PO,-Alk,Me(PO,),-
AlksMeP,O4 allows the description the phase equilibria in the different
sections

The corresponding ternary species have been included into the slag of the
system Na,O-K,0-CaO-MgO-P,0O.. The liquid phase in all subsystems was
evaluated using non-ideal associate species model (two cations per species).

All systems were assessed using experimental phase diagram information.

The quasi-binary sections and liquidus surfaces in the systems Alk,O0-MeO-
P,O: have been calculated using the corresponding data

Outlook

v" Thermodynamic assessment of further P,Oc-containing systems
v Extension of the database by addition of further oxides
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