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Abstract: The NaF-Na;PO,—H,O system is a typical brine system for processing rare earth minerals. The phase diagram
and thermodynamic model of the system support the development of a fluorine and phosphorus recovery process. In this
study, the solid-liquid phase equilibrium data at 273.15 K,298.15 K, 323.15 K and 348.15 K were determined with the use
of the isothermal dissolution equilibrium method, and a thermodynamic model of the system from the lowest cointegration
point to 348.15 K was constructed based on the eNRTL model framework. The experimental results showed that the NaF—
Na;PO,—H,0 system had four solid species, NaF, Na;PO4 12H,0, Na;PO4-8H,0 and the double salt NaF-2Na;PO, 19H,0;
the double salt occupied the main phase zone of the ternary system at each temperature, the sodium phosphate hydrate had an
extremely narrow phase zone which was difficult to salt alone, and the NaF phase zone was relatively large and increased
with the increase of temperature. The thermodynamic model study better expressed the multi-temperature ionic activity coef-
ficients, solution permeability coefficients and phase diagrams of the NaF-H,O and Na;PO4~H,O systems for the binary
system, and obtained the brine interaction parameters and thermodynamic data for the six solid phases. It also expressed the
multi-temperature phase diagram data for the ternary system, and obtained the brine-salt interaction parameters and thermo-
dynamic data for the complex salts. On this basis, the structure of the phase diagram of the NaF-Na;PO,~H,0 system was

predicted, and nine zero variation points and nine univariate co-saturation lines, which were difficult to determine experi-
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mentally, were also obtained, thus leading to a complete phase diagram of the NaF—Na;PO,~H,O system, which has pro-

vided a basis for the thermodynamic expression of more complex systems, as well as industrial applications.
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H,0 (Na'PO} ) 5.189 15414  0.000
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Tab.3 Liquid phase parameters for Na'//F~, PO}” —-H,O system

AG®/ AH®/ ¢,(298.15K)/
Jp1 L M f f P N
H'5 WAEDF (Jmol™) (i-mol™) (mol" K- ¢ e c s cs
1 Na'! -261.91" -240.12" 50.031! 95.62%! —233.411) 173.63%! 98.201! 0.53%!
2 F~ -278.79" -332.63" —65.45" 106.70” 106.70” 0.00” 0.00” 0.00”
3 PO} -1018.70"  —1277.40" -527.56" 113 3557 -597351° 1179 470° -833616°  -1647.7°
4 H,0! —237.13% 2858313 7537 20361 15232021 319641 247446 3.86%!

T OB T A= 5 B0 E NBS P @A PR AE T KN ¢, 7 (D = crocattest *tesPres 7,1 = =T x 107 s @A WIITHE S EL
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Tab. 4 Solid phase parameters for Na'/F~, PO” —H,O system

AG°/ AH®/ c,(298.15K)/

S ERRPIF (kJ~;nol’1) (kamol") [(J~mol’1~K") . @ @
1 NaF -543.17,-543.49" -587.67,-573.65" 46.80? 46.26° 9.87% -2.139
2 Na;PO, -1844.29,-1804.50”  —-2038.81,-1997.90" 153.47% 153.47% 0.00® 0.00®
3 Na;PO4H,0 181.96 -2 056.89 -2278.03% 424719 382.82% 140.50°
4 Na3;PO48H,0 308.06 -3716.47 -4265.12% 743.44% 408.32°  1124.00%
5 Na;PO, 10H,0 344.09 -4191.56 -4 840.27% 868.90% 450.00°  1405.00
6 Na;PO, 12H,0 380.12 -4 668.19 -5445.419 1 804.73% 1302.05%  1686.00°
7 NaF-2Na;PO, 19H,0 -8703.25 -10 060.28 1724.12% 925.46% 2679.37% -2.139
8 7K 181.96 -2 056.89 -2278.03% 424719 382.82% 140.50°
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Tab.5 Solid-liquid phase equilibrium data of NaF—Na;PO,—H,0 ternary system at 273.15 K and 101.3 kPa
e TRARPRI T = 53 B % o (gem™) oH W AN S S E0% A
NaF H,0 Na;PO, NaF H,O Na;PO,
1(Ey) 3.54 96.47 0.00 1.16 7.86 81.20 18.80 0.00 S,
2 3.08 96.65 0.27 1.10 9.74 76.23 23.62 0.15 S
3(4)) 2.63 96.83 0.54 1.04 11.61 71.26 20.81 7.93 Si+S;
4(4)) 2.53 97.00 0.48 1.04 11.61 54.21 34.24 11.55 Si+S;
5(4,) 2.57 96.86 0.56 1.04 11.61 34.74 48.53 16.73 Si+S;
6(4,) 2.63 96.91 0.46 1.04 11.61 34.87 59.51 5.61 Si+S;
7(4,) 2.63 96.80 0.57 1.04 11.61 28.41 50.37 21.22 Si+S;
8(4,) 2.70 96.75 0.55 1.04 11.61 20.01 56.88 23.12 Si+S;
9(4,) 2.64 96.80 0.56 1.04 11.61 14.55 57.47 27.98 Si+S;
10 2.23 96.84 0.93 1.04 11.67 4.65 65.60 29.76 S;
11 1.83 96.88 1.29 1.04 11.72 4.35 66.78 28.87 S;
12 1.14 96.33 2.53 1.06 11.92 4.22 63.40 32.38 S;
13(B)) 0.45 95.79 3.76 1.07 12.11 2.29 62.70 35.01 Set+S;
14 (F)) 0.00 95.72 4.28 1.08 12.18 0.00 75.44 24.56 Se
1¥:S, M NaF, S¢  NasPO, 12H,0, S; y NaF-2Na;PO, 19H,0.,
% 6 NaF-Na;PO,H,0 =LA R 298.15 K # 101.3 kPa B (B i 48 P& 4118
Tab. 6 Solid-liquid phase equilibrium data of NaF-Na;PO,—H,0 ternary system at 298.15 K and 101.3 kPa
e WA BT 250 % ol (gem™) o TR AR 5 4 0% -
NaF H,0 Na;PO, NaF H,0 Na;PO,
1(Ey) 3.91 96.09 0.00 1.04 7.95 90.17 9.83 0.00 S
2 3.59 95.58 0.82 1.04 9.77 85.17 14.60 0.24 N
3 3.08 95.38 1.54 1.05 11.58 80.16 19.47 0.37 N
4(4,) 2.74 95.24 2.02 1.05 11.58 69.09 22.53 8.39 Si+S;
5(4,) 2.75 95.24 2.01 1.05 11.58 58.02 26.88 15.10 Si+S;
6(4,) 2.72 95.25 2.03 1.05 12.03 32.15 42.78 25.07 SiS;
7 2.21 95.48 2.30 1.05 12.47 5.28 59.68 35.04 S,
8 1.76 95.11 3.13 1.05 12.51 5.21 59.71 35.09 S,
9 1.30 94.75 3.95 1.05 12.54 5.13 59.73 35.14 S,
10 1.00 94.14 4.85 1.06 12.56 5.20 59.62 35.19 S,
11 0.70 93.55 5.75 1.06 12.57 5.27 59.50 35.23 S,
12 0.48 92.97 6.55 1.07 12.58 5.53 59.06 35.42 S,
13 0.26 92.39 7.35 1.07 12.59 4.79 59.61 35.60 S,
14 0.16 91.11 8.73 1.08 12.56 4.27 60.91 34.82 S,
15(By) 0.06 89.87 10.07 1.09 12.53 3.75 62.21 34.04 S¢S,
16 (B,) 0.06 89.87 10.07 1.11 12.51 1.88 64.86 33.27 S¢S,
17 (Fy) 0.00 87.70 12.33 1.12 12.49 0.00 67.50 32.50 Se
VE:S, 7 NaF,Se 4 Na;PO412H,0, S; 24 NaF-2Na;PO, 19H,0.
%7 NaF-Na,PO,H,0 =ik R 323.15 K#1 101.3 kPa Bt 49 Bl %48 F & 448
Tab.7 Solid-liquid phase equilibrium data of NaF—Na;PO,—H,0 ternary system at 323.15 K and 101.3 kPa
P TRARPIRI I S B % o (gem™) oH T [ AR RS i 5 B0 % A
NaF H,O Na;PO, NaF H,O Na;PO,
1(E5) 4.33 95.67 0.00 1.03 7.89 94.23 5.77 0.00 N
2 3.90 95.09 1.01 1.05 9.91 94.46 5.53 0.01 N
3 3.45 94.52 2.02 1.06 11.92 94.69 5.28 0.03 N
4 3.29 94.27 2.43 1.07 12.00 85.69 14.17 0.14 N
5(45) 3.14 94.03 2.84 1.08 12.08 76.69 13.04 10.27 Si+S;
6(45) 3.14 94.03 2.84 1.08 12.32 60.07 21.76 18.17 Si+S;
7(45) 3.14 94.02 2.84 1.07 12.56 43.45 30.29 26.26 Si+S;
8(45) 3.14 93.96 2.89 1.07 12.58 30.21 38.58 31.21 Si+S;
9(45) 3.15 93.90 2.95 1.07 12.59 18.97 41.88 39.15 Si+S;
10 2.71 93.53 3.76 1.07 12.62 5.17 57.62 37.21 S,
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2 AR RIS o B% o (geom™) oH 1 AR Rl e 20 #i/% T
NaF H,O Na;PO4 NaF H,O Na;PO,

11 2.27 93.16 4.56 1.07 12.65 5.57 53.15 41.28 S;
12 1.83 92.80 5.37 1.08 12.67 5.38 54.29 40.34 S;
13 1.39 92.43 6.18 1.08 12.70 5.38 54.62 40.00 S;
14 1.17 91.84 7.00 1.08 12.72 5.80 50.65 43.55 S;
15 0.94 91.24 7.82 1.09 12.74 5.43 52.88 41.69 S;
16 0.67 89.57 9.76 1.10 12.76 5.13 52.61 42.25 S;
17 0.40 87.90 11.70 1.11 12.78 4.84 53.04 42.11 S;
18 0.27 86.91 12.83 1.15 13.00 5.05 51.77 43.18 S;
19 0.14 83.31 16.54 1.19 12.70 431 55.23 40.46 S;
20(B3) 0.02 79.22 20.76 1.23 12.40 2.97 58.28 38.75 S+Se
21(B3) 0.03 79.03 20.94 1.25 11.98 2.21 57.82 39.97 S+Se6
22(B3) 0.02 79.16 20.82 1.26 11.91 1.10 58.24 40.65 S+Se6
23 (F3) 0.00 77.20 22.90 1.28 11.83 0.00 56.67 43.33 Se

£ :S, iy NaF, S¢ i Na;PO4 12H,0, S; & NaF-2Na;PO,- 19H,0.,

% 8 NaF-Na;PO,H,0 =JT{kZE7E 348.15 K #0 101.3 kPa Bt & Bl i 8 & 404E
Tab. 8 Solid-liquid phase equilibrium data of NaF—Na;PO,—H,0 ternary system at 348.15 K and 101.3 kPa

e WARYI R B 2> 8% o (grem™) oH T AR R B 2 8% "
NaF H,O NazPO, NaF H,O Na;PO,
1(Ey) 4.50 95.50 0.00 1.03 7.27 90.30 9.70 0.00 S
2 3.42 93.51 3.07 1.05 11.58 94.47 5.48 0.05 S
3 3.31 93.14 3.56 1.08 11.35 90.22 9.37 0.41 S
4 2.87 91.62 5.52 1.10 11.31 92.06 7.20 0.74 S
5(4s) 2.51 90.60 6.89 1.14 11.42 13.76 45.92 40.32 Si+S;
6(4s) 2.48 90.40 7.12 1.20 11.52 31.44 41.99 26.57 Si+S;
7(44) 2.48 90.64 6.89 1.12 11.30 86.36 11.22 2.42 Si+S;
8(4s) 2.46 90.40 7.14 1.20 11.43 19.45 46.38 34.16 Si+S;
9(4s) 2.45 90.42 7.13 1.21 11.54 48.42 30.78 20.79 Si+S;
10 (44) 243 90.95 6.62 1.16 11.51 84.70 8.72 6.58 Si+S;
11 (44) 243 90.63 6.95 1.14 11.34 9.40 47.02 43.58 Si+S;
12 2.21 89.95 7.83 1.15 11.52 5.38 53.67 40.95 S;
13 2.06 89.45 8.49 1.22 11.42 4.60 62.29 33.11 S;
14 1.41 86.54 12.05 1.17 11.44 5.17 54.65 40.18 S;
15 1.20 85.24 13.57 1.17 11.40 5.31 52.09 42.59 S;
16 1.15 84.74 14.11 1.29 11.76 4.63 57.05 38.33 S;
17 0.82 82.87 16.30 1.34 11.89 4.50 56.11 39.38 S;
18 0.81 82.48 16.71 1.20 11.23 5.30 50.41 44.29 S;
19 0.62 79.02 20.36 1.40 11.62 4.14 57.38 38.48 S;
20 0.51 78.65 20.83 1.23 11.27 4.42 55.01 40.57 S;
21 0.46 76.21 23.33 1.44 11.51 4.14 55.63 40.24 S;
22(Bs) 0.15 71.60 28.25 1.28 11.72 1.20 52.13 46.67 S84
23(BJ) 0.15 71.51 28.34 1.47 11.67 1.85 64.06 34.08 S84
24 (B,) 0.15 71.61 28.25 1.59 11.24 1.15 48.49 50.36 S84
25(Bs) 0.15 71.61 28.25 1.28 11.72 2.27 49.11 48.62 S84
26 (F,) 0.00 64.49 35.51 1.44 11.55 0.00 51.45 48.55 Sy
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Na3PO4-8H,0(Sy) , 1M & £ NaF-2Na;PO, 19H,0 (S;)
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FHEIH E1ad1 4 A1aB1a Tl BiaF1 4 3 SRR EE Lk
E1 441451, A145:B1 4. B1aF14S¢ 3 MHRERZEIX, DU
Ko 8141487 F S2B14S6 ($2B14Sa) 2 N EREE XA
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3.2 HRILR
3.2.1 NaF-H,O.Na;PO+~H,0 4k %

NaF-H,0 . Na;PO,~H,0 14K £ WA B SLrdi i fih 2
BOLBAER 3 AR 4 v, eI 2 i B Ao bR
AR A HBE A, GO AREA UG A H© FNZETREE IR
T o, KRB TR AGY A H K NBS Tk
PEPO, B TR BIELE RS T SCHR[28-29], FH1E
AW

WARFAE 280, BRI ER X E FH 2 500 1R 5 R 8
(Ag,, « Ak, FlAc, ) IR PERCE (A 14 2280
BB R M AZE AR B A R B IR ) 1581 X
NaF-H,O I Na;PO,~H,0 K7, Y5 Wk 9, W
HIFFES B Ag, F 298.15 K BB T F- 249756 B R 50
T WB 3 ZBINE, Ahy, B Ac, , FAZ TR 1973
I B R BRI 05 8 R ECE B A

&9 NaF-H,0 # Na;PO,~H,O0 & R84 411
Tab.9 Liquid properties of NaF-H,0 and Na;PO,—H,O system

(i3 PEF T/K p/MPa Jr R R Rk B/ (mol kg ™) HIREEEA BRI 4 %
NaF-H,0 SR R R AL 298.15 0.1 0.1~1.0 6 SCHR[28] 0.23
NaF-H,0 SRS R 308.15 0.1 0.01 ~0.98 10 CHR[29] 0.46

Na;PO,~H,0 SRS R 298.15 ~ 353.15 0.1 0.3~27.0 80 SCHK[30] 4.68
NaF-H,0 BERR 298.15 0.1 0.1~1.0 6 CHR[28] 0.08
NaF-H,0 pag i3S 298.15 ~ 398.15 — — 10 SCHR[S] 0.19

Na;PO,~H,0 pagidis 273.15 ~ 348.15 — — 12 SCHK[S] 423

Na;PO,~H,0 R 353.15 ~ 623.15 — — 21 SCHk6] 3.98

%} Robinson®Fl Ivett 2%y 298.15K . 308.15 K
(1) S T F- 2403 B R EORNE I R EGHA T RILE AR An
Kl s FE 6 B, HAFBIAHm2E 2058 0.23% Fl
0.46% ; X SCHR[301A9IR R 298.15 ~ 353.15 K, &
M0 BN 3E B R B TR AR I E 7
B, VHEORS BETH 2K . S 2 eIk R
RFFIESEL (Ag,,  Ahy R Ac, ) WL 1,

TEARAT UM FRAE S 500 S a1, R X

(6) —= (16) , X —InIk R L Hds Gk 9) #4743
Bels, A% NBS Fh EAHY R B RE
TEME, NTEBE T NaF-H0 &R 1 A
PR LA NasPO,~H,0 1K F 5 DREFHYIFr#T 1 %5
ZRNG, (T) « AH (T, ) FlAc), (T) . 855 F 3R
4. NaF J& NaF-H,O A ZR M [&1AH , D05 i i 2
2k 530K EdR AR5, WK 8 iz, HARXT
S ZEALR 0.19% .
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Tab. 10 Invariant points of NaF-H,0 , Na;PO,~H,0 bi-
nary and NaF-Na;PO,~H,O ternary system

FAR R T BN Y
ESE/ L 0 AR SR (molkg™")
K NaF Na;PO,
P, 7Kk+Na;PO,-12H,0 271.68 0.00 0.31

P, NasPO412H,0+Na;PO410H,O 329.94 0.00 2.27
P;  NazPO, 10H,0+Na;PO4-8H,O  341.46 0.00 3.05
P, Na;PO,48H,0+Nas;PO,H,O  392.68 0.00 5.65
Ps Na;PO4-H,O0+Na;PO, 489.81 0.00 2.67
Ps  VK+NaF+NaF-2Na;PO, 19H,0 270.67 0.83 0.01
PK+Na;PO, 12H,0+
P; 271.67 0.00 0.31
NaF-2Na;PO,:19H,0
Na;PO4 12H,O0+Na3;PO4 10H,O+
Py 330.03 0.03 230
NaF-2Na;PO,:19H,0
Na3P04~ 1 0H20+N&3P04‘8H'_70+

Py 342.04 0.04 3.18
NaF-2Na;PO4 19H,0
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