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Table I Main chemical reagents
R 2R M CAS =5 TR
NaCl srprati(A. R.) 7647 =14 -5 R R A TR
KCl SraE(A. R.) 7747 -40 -7 BB TR Je Al T3]
MgCl, -6H,0 IrHrai(A.R.) 7791 - 18 -6 AR TR AL Tk
SCl, -6H,0 SrHTali (A R.) 10025 -70 -4 BRI A TR )
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Table 2 Main experimental instruments
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Pt (FEIR) HY -5 VLIPS A A )
R AR A TR A8 SHH -250 RS FRA A
Flame atomic absorption ICE3300 Thermo Scientific
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Table 3  Analysis methods for the ions
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K* PUZR TN 5 f ik (STPB ¥5) — ik FLA 8 7R 7 0.005
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w(total) = w(KCl) + w(MgCL,) + w(SrCL,)
(w(B) : BTHE 5350

w(B)
w( total)

TR F (NaCl 100 F1) 7 288 K B (1) 4HF
BRI AL T A B 5 2 A Toon AR AT S AR5
AR R 4 A [ AH 445 & X (KCLL MgCl, -
6H,0 KCl-MgCl, -6H,0 FI SrCl, -6H,0 %55 [X) .
LA 5 R AR TR FIBAR TP A5 49 5 B R w (NaCl)
=0.30% .w(KCl) =0.09% .w(SrCl,) =0.99%
Hlw(MgCl, ) =34.30% ; 7 [ A LA P 4 of
X-ray #3547 85 & BT 78 S NaCl + SeCl, - 6H,0 +

J(B) =100 (B = %k or H,0)

x4

MgCl, -6H,0 + KCl - MgCl, - 6H,0, 34415 R, 4b
TRLFI A T 4 2H 4 & 5w (NaCl) = 1. 81% |
w(KCl) =3.00% .w(StCl,) =4.85% Fllw( MgCL,)
=22.58% ; VA [E A B 5 e X - ray ¥ &
i 4HE & NaCl + SrCl, -6H,0 + KCI - MgCl, - 6H,0
+KCl, 5 %55 v fife B i 4 55 AR I (%) 1 0 [
Fi45 %1% L,R,, NaCl + MgCl, - 6H,0 + SiCl, -
6H,0;R,R,, NaCl + KCI - MgCl, - 6H,0 + StCl,
6H,0;L,R, , NaCl + KCI - MgCl, - 6H,0 + MgCl, -
6H,0; L,R,, NaCl + KCI + KCI - MgCl, « 6H,0;
L,R,,NaCl + KCI + SrCl, -6H,0,

7E 288 K 5414 F H 7tk % NaCl + KCI + MgCl, + SrCl, + H, O P20 % ( NaCl #3 1)

Table 4 Phase equilibrium compositions of the quinary system NaCl + KCI + MgCl, + SrCl, + H,O at 288 K( saturated with NaCl)

TERAL J/ (/100 g)

WAHL A w(B) x 100

9 B J(KCl) +J(MgCl,) +J(SrCl,) =100 g ST [ AH
NaCl KCl SrCl, MgCl, NaCl KCl SrCl, MgCl, H,0

L,L, 7.60 6.17 24.13 0 25.09 20.37 79.63 0 204.95 N +K +856

2 7.27 5.87 22.65 1.36 24.33  19.64 75.81 4.55 210.29 N +K + 856

3 6.71 5.72  20.32 3.60 22.62  19.31 68.56 12.13 214.71 N +K +56

4 6.00 5.47 18.02 6.10 20.29 18.47 60.91 20.62 217.70 N +K +56

5 5.65 5.01 15.71 8.37 19.42  17.23 54.00 28.78 224.25 N +K +56

6 4.69 4.41 12.29 12.65 15.99 15.03 41.86 43.11 224.69 N+K+S6

7 3.64  4.15 10.54 14.72 12.37  14.11 35.84  50.05 227.56 N +K +56

8 2.26 3.54 7.30 19.21 7.52 11.77  24.30  63.93 225.28 N +K +56

9 1.65 2.96 4.97 22.50 5.42 9.71 16.34  73.94 223.19 N+C+5S6

10 1.02 1.14 2.86 26.64 3.32 3.7 9.35 86.95 223.02 N+C+56

11 0.95 0.64 2.19 30.15 2.87 1.93 6.65 91.42 200. 34 N+C+56

12 0.53 0.17 1.20 32.61 1.57 0.51 3.52 95.97 192.70 N+C+5S6
13,R, 0.30  0.09  0.99 34.30 0.85 0.25 2.80 96.96 181.84 N+M+C+5S6

14,L, 0.32  0.09 0 34.26 0.92 0.27 0 99.73 190. 19 N+M+C

15 0.30 0.09 0.28 34.29 0.88 0.26 0.82 98.92 187.63 N+M+C

16 0.30 0.09 0.57 34.35 0.86 0.26 1.62 98.12 184.80 N+M+C

17 0.30 0.09 1.01 34.12 0.85 0.27 2.87 96.46 181. 84 N+M+C

18,L, 0.29 0 1.01 34.56 0.82 0 2.84 97.16 180.30 N+M +5S6

19,L, 1.89 2.92 0 25.04 6.77 10.45 0 89.55 250.78 N+K+C

20 1.87  2.96 1.32 24.71 6.45 10.20  4.55 85.25 238.57 N+K+C

21 1.88 2.92 2.17 24.07 6.46 10.02  7.45 82.54 236.40 N+K+C
22,R, 1.81 3.00 4.85 22.58 5.96 9.85 15.93  74.23 222.74 N+K+C+56

% :N = NaCl,K = KCI, S6 = StCl, - 6H,0, C = KCI - MgCl, - 6H,0, M = MgCl, « 6H,0; k5 fE AR i 5 i u (T) =0.1 K,
u(P) =0.9 kPa; u,[w(NaCl) ] =0.005,u,[w(KCl) ] =0.005,u,[w(MgCl,) ] =0.005,u,[w(SCl,) ] =0.005,
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Fig. 3 NaCl contents diagram in the quinary system
NaCl + KCl + MgCl, + SrCl, + H,O at 288 K( saturated
with NaCl)
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Fig. 4 X-ray diffraction patterns of the invariant point R, in the quinary system NaCl + KCI +
MgCl, + SrCl, + H,0 at 288 K (saturated with NaCl)
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Fig. 5 X-ray diffraction patterns of the invariant point R, in the quinary system NaCl + KCI +
MgCl, + SrCl, + H,0O at 288 K( saturated with NaCl)
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KCI & AU H AR A 73 Sy B /b, B P KCL 3 il 2
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RFR e R A . TR T i I R AR
NaCl & i W AR 228 T A B2 A2 46, 107 KCI,
StCl, $947 A Tt i o TE M AR, A T
KCl 5 NaCl, % i B2 e KA g SrCl, , X i W S 4k
PIRR R T fi A Sy AR IV W b 45 & BT A 20
g3o [, 7E 288 K 4544 T TLonik &30 LS 8 s
5 BRI S P A N IR g DU T R &
LA R Ak YR P14 [T AH 2H 1l — 2, Bl i 22 /08
DERA SCS2 86 g eI R B T 5E . ik 7 ol
H, UG F4K % NaCl + MgCl, + SrCl, + H,O f£ £

AT, R & ¥ A7 A8 B Eh NaCl, K& ¥
MgCl, -6H,0, Jo i #h B W A A i, A& NaCl
Fr AR TARE , AR K5 1T MgCl, (SrCl, 7
TR E TR M AR K, NaCl,SrCl, % MgCl, & &
HRARAR , YW MgCl, Xf NaCl SrCl, 257 4= 58 2 )
HATER.

RS, R 5.2 6.2 7 i &K 3 A HIT
FARF A SR Y AT T =X B A AR (] 1 A2 A R
. PIT TR Z KCl + MgCL, + SrCl, + H,0 NaCl
+ KCI + SrCl, + H,0 ,NaCl + MgCl, + SrCl, + H,0
£ 288 K B, f& & i &AL B8 00 A2 72 T2 X3
SrCl, -6H, 0 ; bifi & ¥ B2 &5, DU T F4K & NaCl +
KCl +SrCl, + H,0 7£ 308 K323 K i H4f &5 b2
T, B EYE L SiCl, -6H,0 1B
FEAE ;75 348 K 373 K B}, SrCl, -6H,0 524K LA
SrCl, -2H,0 45 B X AETE . MPUT R R KCI +
MgCl, + SrCl, + H,0 NaCl + MgCl, + StCl, + H,0
K25 MgCL, /A, 7% 308 K i} SrCl, -6H,0 ¥¢%
R IR KIE B StCL, - 2H, 0, 4 3 Hh [R] I A7 7
SrCl,-6H,0 ,SrCl, -2H,0 fy%% X 5 2435 B 4k 2k b
F+Z 373 K B, AU G F 1R & SrCl, -2H, 0 4%
iKW SeCl, - H, 0, B f& & v SiCl, - 2H,0
Y5 SrCl, - H,0 [RBf F£4E. i B Rl %0, 3 A & gy
TC AR F P @A SR S WAAAEIE XA R B TR
FETHE, A5 KB B AR 45 oK E Z IR EE R
i), [R]85 MgCl, iR AT 1E FHAEAE—E IR R o

RS ZWKMETIICR R KCL+MgCly +SrCly + H, O HAf 5 O AP [ AR 2 1

Table 5 The compositions of liquid phase and equilibrium solid phases at the invariant points of quaternary

system KCl + MgCl, + SrCl, + H,O at different temperatures

BAHALA 100 + w(B)

T/K S [ AR B R
KCl SiCl, MgCl,
0.12 0.94 34.25 M+C+5S6

288 [28]
2.94 4.86 23.63 K+C+5S6
0.15 1.27 35.56 M+C+S2

308 0.58 4.58 30.08 C+S6+S2 [29]
3.62 9.66 22.41 K +C +S6
0.09 2.03 45.10 M+C+S2

348 [24]
5.31 3.21 29.09 K+C+$2
0.52 1.36 41.40 M +C + Sl

373 4.54 6.47 33.53 C+S2+51 [30]
6.18 10.85 29.76 K+C+S2

7 M = MgCl, -6H,0,C = KCl-MgCl, -6H,0,S6 = StCl, -6H,0,K =KCl,S2 = SrCl, -2H, 0,51 = StCl, - H, 0.
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Table 6 The compositions of liquid phase and equilibrium solid phases at the invariant points of quaternary

system NaCl + KCl + SrCl, + H,O at different temperatures

TBOAHZ L 100 - w(B)

T/K -1 [ A Hodla sk I
NaCl KCl SrCl,
288 7.60 6.17 24.13 N +K +56 AR
288 7.86 6.23 24.30 N+K +S6 [16]
308 5.09 6.60 31.34 N +K +56 [29]
323 2.91 6.32 37.48 N+K +S6 [31]
348 2.80 8.22 42.28 N+K +82 [24]
373 3.06  10.45 44.98 N+K+$2 [26]

%N = NaCl,K = KCI,S2 = SrCl, -2H,0,86 = SrCl, -6H,0

RT ZWANF T VUITIR R NaCl + MgCl, + SrCly + Hy O A0 AR -1 [ AH 41

Table 7 The compositions of liquid phase and equilibrium solid phases at the invariant points of quaternary

system NaCl — MgCl, — SrCl, - H, O at different temperatures

BAHAL 100 - w(B)

T/K Sy [ AH g5
NaCl MgCl, SrCl,

288 0.29 34.56 1.01 N+M+56 A
0.35 33.68 1.38 N+M+S2

298 [32]
0.40 33. 14 2.16 N +56 +S2
0.34 35.29 1.29 N+M+S2

308 [29]
0.67 30. 14 4.58 N +56 +S2
0.13 41.53 1.51 N +M +S1

373 [30]
1.04 34.71 6.68 N +S2 +S1

7 :N = NaCl, M = MgCl, -6H,0,86 = StCl, -6H,0,S2 = SrCl, -2H,0,S1 = SrCl, - H,0.

2.2.2  Z 4k % NaCl + KCI + MgCl, + SrCl, +

H,0 & % g A48-F#1 2F bk

¥ 288 K.373 K i B F H ok & NaCl +
KCI + MgCl, + SrCl, + H,O ( NaCl 7 #1) B9 iy &
A T T AE AR ZE G A T X L, I 45 581
%8,

MR 8 LI I K 6 A, fL otk & NaCl +
KCl + MgCl, + SrCl, + H,0 ( NaCl {1 1) 7 288 K
K373 K 48T, Fe4f i H w (NaCl) 2846 AR K
7288 K 5 373 K WA & 545 & £k KC1- MgCl, -
6H,0 =4z, [& 455 X KCI 78 288 K & 373 K
AR P o TR B O SR R, T MgCL, - 6H, 0 1Y 25

s DX T B /N o 1 KCCI 72 R AR VAR v ) e
BUN AER R N B S BT 4385, 10 MgCl, v
JE K, MELL AR AN W rh 45 AT il . fE 288 K
B R TP SR A7 AEE 20 SeCL -6H,0, Y
WREET e & 373 K, [R52 4k & vh MgCl, (i8R A7
YEHISZ R, SiCl, -6H, 0 2358 22/l K LA SrCl, -2H,0
1 SiCl, - H,0 Wi L A7, 0F BA 3 A3t
MO b AT BB G AR & NaCl + KCI +
MgCl, + SrCl, + H,0 R ¥ b4 K &Y
IG5 H DU TTF R B AEAR B, 45 i [
FHREAG it 2 15 PR A, 7K A 2R A 45 &K A 8068
HHEIN 0 — R
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Table 8 The compositions of liquid phase and equilibrium solid phases at the invariant points of quinary

system NaCl + KCl + MgCl, + SrCl, + H,O at 288 K and 373 K and 94.77 kPa

TBAHZE AL 100 + w(B)

T/K -1 [ AH EE/ e
NaCl KCl SrCl, MgCl,
0.30 0.09 0.99 34.30 N+M+C+S6

288 AR
1.81 3.00 4.85 22.58 N+K+C+S6
0.12 0.45 1.32 41.39 N+M+C+S1

373 0.69 3.82 6.14 33.48 N+C+Sl+S2 [25]
1.55 5.22 7.85 28.40 N+K+C+$2

% :N = NaCl, M = MgCl, -6H,0,C = KCl-MgCl, -6H,0,56 = SrCl, -6H,0,K =KCl,S2 = SiCl, -2H,0, 81 = SiCl, - H, 0.

SrCl,
100
—e—288 K
®
(=]
=
5 60
5
¢ 4of T StCl, * 2H,0
KCl
20}
—— StCl, * H,0
024 -= . . : KCl
MegCL o\ v 20 40 60 80 100
KCI - MgCL, - 6H,0
MgCL, « 6H,0 JKCD/(g/100 g)
B 6 1E288 K.373 K Z&fF F Hion/R & NaCl + KCI +

MgCl, +SrCl, +H,0 TP %f LA &l (NaCl 1)
Fig. 6 Dry-base equilibria contrast phase diagram of the
quinary system NaCl + KCl + MgCl, + SrCl, + H, O at
288 K and 373 K( saturated with NaCl)
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Studies on the Phase Equilibria in the Quinary System NaCl + KCI +
MgCl, + SrCl, + H,O (Saturated with NaCl) at 288 K

SANG Shi-hua'* ,CEN Yu-qiu',GAO Yun-yun', CUI Rui-Zhi’
(1. College of Materials ,Chemistry & Chemical Engineering , Chengdu University of Technology,
Chengdu ,610059 , China ;2. Qinghat Institute of Salt Lakes ,Chinese Academy of Sciences ;
Key Laboratory of Salt Lake Resources Chemistry of Qinghai Province ,Xining ,810008 , China )

Abstract: In order to rationally develop and utilize the underground brine resources in Sichuan Basin, it is of
great significance to conduct the research of multi-temperature phase equilibrium and phase diagram of the
brine system. In this paper,the isothermal dissolution equilibrium method was adopted to determine the phase
equilibrium experiment of NaCl + KCI + MgCl, + SrCl, + H,O ( saturated with NaCl) system at 288 K. The e-
quilibrium liquid phase and the equilibrium solid phase composition at 288 K were analyzed by the chemical a-
nalysis method and the X-ray powder crystal diffraction method, respectively. Through the obtained solid-liquid
phase equilibrium experimental data,the corresponding dry salt phase diagram,water content diagram and sodi-
um chloride content diagram of the quinary system with NaCl as the saturated region were drawn. The results
show that at 288 K and with NaCl saturation condition , the phase diagram of the quinary system has two invari-
ant points, five isothermal solubility curves and four solid-phase crystallization zones( KCl,MgCl, -6H,0,KCI-
MgCl, -6H,0 and SrCl, -6H,0 crystallization zones). KCI has the largest crystallization area in the dry salt
phase diagram, followed by SrCl, -6H,0, while MgCl, -6H,0 has the smallest crystallization area. The results
show that KCI has the low solubility in the saturated solution and is most likely to separate out,while MgCl, has
the large solubility and is difficult to separate out from the saturated solution, which indicates that KCl and
SrCl, -6H,0 will be affected by the strong salting-out effect of MgCl, - 6H,0. Through the thermodynamic
phase equilibrium experiment study of this system and comparative discussion of phase equilibria at multi-tem-
peratures , the crystallization rule and salt evolution of chloride brine systems containing potassium, strontium
magnesium in phase equilibrium condition at multi-temperatures were revealed accordingly. The obtained re-
sults can be provided guidance for the development and utilization of liquid mineral resources.

Key words ; Underground brine ; Isothermal dissolution equilibrium method ; Phase equilibrium ; Solubility ; Chlo-

ride salt



