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Abstract

The phase equilibrium of the quaternary system Na™, K*, Mg**//C1™—H,0 and the quinary
system Na*, K*, Mg**//CI~, NO;-H,O were investigated at 258 K using the isothermal
dissolution equilibrium method. The phase diagrams were obtained based on the meas-
ured data. Double salt KC1-MgCl,-6H,0 was found in the quaternary and the quinary sys-
tems at 258 K. In the quaternary system Na®, K*, Mg>*//C1"—H,0, there are two invariant
points, five univariant curves, and four crystallization fields. The quinary system saturated
with NaCl-2H,O contains four invariant points, nine univariant curves, and six crystalli-
zation fields corresponding to KCl, NaNO;, KNO;, Mg(NO;),-6H,0, KCIl-MgCl,-6H,0
and MgCl,-8H,0. Mg(NO;),-6H,0 and MgCl,-8H,0 that have higher concentrations and
stronger salting-out effect on other salts. Therefore, low-temperature pretreatment can offer
an alternative treatment of brines in accordance with the necessity for current brine treat-
ment processes to reduce the presence of double salts and be crucial for purer products to
be separated.
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1 Introduction

Nitrate brines are found in the area close to Lop Nur in Xinjiang Province of China, con-
taining Na*, K*, Mg?*, CI-, NO;, SOi_, which can be used to produce potassium nitrate
or sodium nitrate, and play important roles in many industrial fields [1, 2]. However, the
brine treatment process is difficult because the separation processes are extremely complex
at normal temperature and cannot even produce pure products, due to the characteristics of
multicomponent system and large numbers of complex salts, such as NaNO;-Na,SO,-H,0,
Na,SO,-3K,S0,, KCI-MgCl,-6H,0, etc. [3-9].
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The solid-liquid phase equilibrium of a salt-water system is closely affected by
temperature, especially for normal temperatures, and the phase diagrams are complex
because of the presence of various double salts. For example, at 298 K, six, two and
four types of double salts have been found in the Na*, K*, Mg?*//C1~, SOZ~H,0 sys-
tem [6, 10], the Na*, K*//CI~, NO3, SOi_—HZO system [6, 11], and the Na*, K*, Li*/
Cl-, SOi_—H2O system [12], respectively. However, at a higher operating temperature,
the crystallization regions of the double salts involving nitrate or magnesium chloride,
such as KCI-MgCl,-6H,0 and NaNO;-Na,SO,-H,0, decrease or even disappear; at a
lower temperature, a similar tendency could also be observed that crystallization zones
of sulfate-type double salts, such as Na,SO,-3K,SO, and K,SO,-MgSO,-H,O, decrease
or even disappear. All of the crystallization zones of sulfate-type double salts in these
systems disappear when the temperature is below 298 K [13-15]. This indicates that
the temperature has a strong influence on the crystallization behavior and the solubility
of salts. The low-temperature treatments have some advantages in terms of fewer spe-
cies of complex salts, high separation efficiency and purer final quality of salts prod-
ucts. Thus, the phase equilibria at low temperature are suitable for applications associ-
ated with crystallization and purification processes.

Currently, there are few reports in the aspect of the brine associated with Na*t, K¥,
Mg?*, CI-, NO;, SOi_, H,O at low temperature. However, it can be speculated that the
types of double salts involved in this multicomponent system diminish at low tempera-
ture, which could simplify the phase diagram relationship. Thus, an alternative route in
terms of dealing with the brine, that is, a relatively simple low-temperature processing
method, can be promoted. The cooling crystallization processes have proved to play an
efficient role in some fields [16-22]. Accurate knowledge of the phase diagrams is thus
essential at low temperatures.

To exploit the valuable brine resources economically, it is important to adopt the
local natural conditions including low temperatures. The winter in salt lake areas is
both long and cold, with an average temperature of 258 K, providing large cold capac-
ity. So, the study of phase equilibrium at this temperature would have more practical
significance to better guide salt lake production in winter.

The Na‘*, K*, Mg**//CI*, NO;, SOi_—H2O system saturated with NaCl-2H,O has
four quinary subsystems at 258 K, which are necessary for studying the solid-liquid
equilibrium of the complex six-component system. Among them, the quinary system
Na*, K*, Mg**//CI", NO;-H,0 is an important system of natural brine type associ-
ated with nitrate deposits, also involved in other chemical processes or some industrial
wastewater treatments, but the phase equilibrium of this system has not been reported
so far. This quinary system saturated with NaCl contains three quaternary subsystems
and eight ternary subsystems. Except for the solubilities of the quaternary subsystems
Na*, K*, Mg**//C1"-H,0, Na* and Mg**//C1~, NO;-H,0, those of other subsystems
can be found in some compilations. The results show that the subsystems Na*//Cl~,
NO;, SOi_—H2O [13] and Na*t, K*//C1™, NO;, SOi_—HZO [14] are both of simple types
without double salts, whereas the quinary subsystem Na*, K+, Mg*//CI, SOi_—HZO
[15] is of a complex type with the double salt KC1-MgCl,-6H,0 formed at 258 K.

In this paper, we will supply the solubility data of the Na*, K, Mg**//C1"—H,0 and
Nat, K*, Mg2+//Cl_, NO;—HZO systems; these data can be used as a theoretical refer-
ence for the design and optimize the process and is the basis for the utilization of brine
resource.

@ Springer



Journal of Solution Chemistry (2020) 49:885-901 887

Table 1 Chemical sample specifications

Chemical CAS number Source Mass frac-
tion purity®

NaCl 7647-14-5 Kermel Chemical reagent Co.,Ltd 0.99
KCl1 7447-40-7 Kermel Chemical reagent Co.,Ltd 0.99
NaNO; 7631-99-4 Kermel Chemical reagent Co.,Ltd 0.99
KNO; 7757-79-1 Kermel Chemical reagent Co.,Ltd 0.99
MgCl,-6H,0 7791-18-6 Tianjin First reagent Co.,Ltd 0.98
Mg(NO;),-6H,0 13446-18-9 Tianjin First reagent Co.,Ltd 0.98

#All chemical reagents were used without further purification

Fig.1 Schematic illustration

of experimental apparatus: 1.
sample, 2. refrigerant, 3. stirring
motor, 4. cooling coils, 5. heating
tube, 6. stainless steel tank

2 Experimental Section
2.1 Reagents and Apparatus

The experimental materials were of analytical grade with purities not less than 98.0%
mass fraction and all of them were used without any further purification. As tabulated
in Table 1. NaCl, KCI, NaNO; and KNO; were purchased from the Chemical Rea-
gent Factory of Tianjin Kermel, China, and were dried for 5-8 h at 105 °C prior to
their use, the MgCl,-6H,0 and Mg(NO;),-6H,0O supplied by Tianjin First Reagent
Corporation. Doubly distilled water (DDW) with an electrical conductivity less than
1.0x 10~ s-m~! and pH of about 6.6 at room temperature was used.

A magnetically stirred thermostatic bath (DHJF-4010A, Zhengzhou Changcheng
Instrument Co., Ltd., China), maintaining the temperature range from —40 to 99 °C
with an accuracy of +0.1 °C, was employed for the equilibrium experiments, and its
temperature control accuracy was calibrated using a precise thermometer. As pre-
sented in Fig. 1, the apparatus mainly included four parts: a stainless steel tank, the
heating tube, the cooling coils and a stirring motor. An X-ray diffraction analyzer (D8
Advance, Bruker, Germany) was employed for solid phase characterization. Raman
spectra(LabRAM HR Evolution, HORIBA Scientific, France) was recorded from 1000
to 4000 cm™" using the 532 nm line from an argon ion laser at a power of 100 mW and
am integration time of 30 s at the sample.
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2.2 Experimental Procedure

The solubilities data of the systems were determined by means of the isothermal solu-
tion method in this study. The other third or fourth salt was added gradually to the initial
samples until the quaternary or quinary system’s invariant point was seen at 258 K. The
appropriate salts and distilled water were mixed together and sealed in a 250 cm® glass
bottle. Then the bottle was placed in the magnetic stirring thermostatic bath, which was
set to the desired temperature. The magnetic stirrer in the bottom of flask worked at a fixed
speed. Samples of the liquid phase were taken periodically for chemical analysis. It was
assumed that equilibrium was achieved when the concentration of the solution remained
constant. The experimental results showed that the equilibrium time for the three systems
was at least 16 h. After equilibration, stirring was stopped, and the equilibrated system was
allowed to rest for 3 h to ensure that the solid settled and the liquid cleared.

The liquid phases were taken out with a pre-cooled pipette at 258 K and transferred to a
250 mL volumetric flask and diluted for the measurement of the compositions by chemical
or instrument analysis. The solid phases were identified by powder X-ray diffraction. By
changing the amount of the salts and deionized water added, other points in the liquid and
their equilibrium solids can be determined, thus allowing the phase diagram to be plotted.
All of these were applied to the above systems.

2.3 Analytical Methods

The concentration of (C17) was analyzed by 0.1 mol-L™" AgNO, volumetric method with
a precision of 0.3%; The (Mg**) ion concentration was determined by titration with an
EDTA at pH = 9.0-10.0 (ammonia buffer) with the indicator Eriochrome Black-T with
a standard uncertainty of less than 0.5%; The (K¥) ion concentration was measured by a
gravimetric method (uncertainty of 0.2%), The (NOJ) ion concentration was analyzed by
potassium dichromate oxidization (uncertainty of 0.6%). The (Na*) ion concentration was
evaluated from an ion balance.

3 Results and Discussion
3.1 Quaternary Homo-lon System Na*, K*, Mg?*//ClI"-H,0

The experimental data on the solubilities of the equilibrated solution and equilibrated solid
phases in the quaternary system determined experimentally are given in Table 2.

As a quaternary conjugate salt system, the phase diagram of the quaternary system with
a common anion can be represented by a trigonal prism as shown in Fig. 2. In this diagram,
its three coordinates are J(2Na*), J(2 K*) and J(H,0), respectively, which are respective
Jédnecke index values, and can be calculated according to the following correlations. The
Jénecke index values were listed in Table 2.

The Jénecke indices were calculated using the following equations. Letting

+ + 2+
1 wEK") + lxw(Na) + w(Mg™) 0

Pl = 3%3910 T 2% 2299 2430
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Table 2 Solubilities data of the quaternary system Na*t, K*, Mg?*//C1™—H, 0 at T=258 K and 0.1MPa

No. Composition of solution, Jinecke index J/[mol-(100 mol)™'  Solid phase?
100w (2Na*+2 K+ +Mg*")]
Cl- Mg>* K+ Nat 2Na* 2K* H,0
LA, 14.68 0.00 0.00 9.52 100.00 0.00 2032 Hy
2,A, 25.25 8.65 0.00 0.01 0.00 0.00 1030 Mg
3,B, 15.82 0.00 331 8.32 81.02 18.98 1805 Hy+KCl
4 15.88 0.84 292 6.99 67.95 16.69 1818 Hy+KCl
5 16.12 1.66 2.60 5.79 55.40 14.60 1803 Hy +KCl
6 16.23 1.97 2.45 5.36 50.94 13.69 1795 Hy+KCl
7 16.52 2.58 2.23 4.52 42.13 12.26 1767 Hy+KCl
8 17.11 3.26 1.81 3.87 34.86 9.58 1701 Hy +KCl
9 17.90 4.32 1.49 2.56 22.10 7.55 1621 Hy+KCl
10 18.51 4.85 1.24 2.10 17.58 6.05 1558 Hy +KCl1
11 19.16 5.45 1.07 1.49 11.93 5.08 1497 Hy +KC1
12 20.08 6.20 0.84 0.80 6.10 3.79 1413 Hy +KC1
13,C, 20.29 6.28 0.85 0.78 5.86 3.81 1393 Hy+KCl+ Car
14 20.01 6.22 0.82 0.73 5.55 3.71 1421 Hy +Car
15 20.24 6.35 0.79 0.65 4.94 3.54 1400 Hy + Car
16 20.34 6.43 0.68 0.63 4.77 3.01 1392 Hy + Car
17 20.39 6.45 0.68 0.62 4.67 3.04 1387 Hy +Car
18 20.89 6.71 0.47 0.58 4.30 2.02 1344 Hy + Car
19 21.08 6.86 0.32 0.50 3.71 1.36 1330 Hy + Car
20,C, 24.29 8.26 0.04 0.10 0.69 0.13 1090 Hy + Car + Mg
21,B, 25.16 8.56 0.00 0.12 0.80 0.00 1035 Hy+Mg
22 24.22 8.29 0.02 0.01 0.08 0.09 1096 Car+ Mg
23,B; 23.92 8.18 0.05 0.01 0.00 0.19 1117 Car+ Mg
24 20.25 6.39 0.83 0.56 4.28 3.73 1399 KCl+Car
25 19.95 6.44 0.81 0.28 2.14 3.70 1430 KCl+Car
26,B, 20.05 6.61 0.84 0.00 0.00 3.81 1423 KCl+Car

Standard uncertainties u are u(7)=0.2 K, u(P)=1 kPa, u[w(Cl7)]=0.003, ur[w(Mg2+)]=0.005, and
u[w(K")]=0.002; w mass fraction

“Hy—NaCl-2H,0; Car—KClsMgCl,-6H,0; My-MgCl,-8H,0

o1 w(Na)
JONa®) = 5 X 55 g X 100 @)
JeKkY = Lx KD 60 3)
2~ 39.1005]
Ja,0) = VRO 6
(H0) = 18.01[5] “)

where w(ion) or w(H,0O) is the mass of the ion or water in g per 100 g of solution, respec-
tively. J(ion) or J(H,O) are the Jinecke index values of the ion or water, respectively.
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Fig.2 Stereodiagram of the A
quaternary system Na‘t, K¥, '

Mg?*//CI—H,0 at 258 K (the 1 B !
region near point A3, where the |
KCl and ice are crystallized

simultaneously at 258 K because

of the low solubility and high o)
eutectic temperature of the solu- o
tion, was not investigated in this =~
paper, therefore not plotted in C
proportion)

2Na

On the basis of the Jianecke index values in Table 2, the stereodiagram of the quaternary
system Na®, K*, Mg?*//C1™—H,0 at 258 K was plotted as shown in Fig. 2 and the planar
projection of the phase diagram and the diagram of water contents are plotted in Figs. 3, 4
and 5.

The phase diagram is composed of two invariant points, five univariant curves, and
six crystallized regions of single salts. Three vertices A, A,, A; of the triangle repre-
sent salts of NaCl, MgCl, and KCI. B, and B, are the invariant points of ternary sys-
tems Nat, K*//CI"—=H,0, Na*, Mg**//CI™-H,0, at 258 K, respectively. The K, Mg**//
CI"-H,0 ternary system at 258 K is a complex type with two invariant points of point
B; and B,. The invariant points of the quinary system are labeled as C; and C,. The point
C, is co-saturated with three salts NaCl-2H,0 + KCl + KC1-MgCl,-6H,0O and an equi-
librium solution with w(C17)=20.29 wt%, w(Mg2+) =6.28 wt%, and w(K*)=0.85 wt%.
The point C, is co-saturated with three salts NaCl-2H,0 + MgCl,-8H,0 + KCI-MgCl,-

Fig.3 Planar projection of the 2K
quaternary system Na‘t, K*, 100
Mg?*// CI-H,0 at 258 K

1
»0C, 20 40 60 80 100
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Fig.4 Partial enlargement dia- 2K
gram of Fig. 3 6

St KClI

J(2K")

Fig.5 Water-content diagram of 1950 F
the quaternary system Na*, K, 3
Mg**//ClI"-H,0 at 258 K

1 1 1 1
0 10 20 30 40 50 60 70 80 90
J(2Na")

900 I 1 1 1 1

6H,0 and an equilibrium solution with w(Cl™)=24.29 wt%, w(Mg2+)=8.26 wt%, and
w(K*)=0.04 wt%.

As shown in Fig. 6, the solids at two invariant points C; and C, were analyzed by X-ray
diffraction, allowing the determination of the natures of the solid phases in equilibrium.
The existence of the double salt KCI-MgCl,-6H,0 can be determined. The salts can form
a hydrated phase, which is only stable in a particular temperature range, and melt with
changes of the conditions. Magnesium chloride can be formed from various hydrated salts,
including MgCl,-12H,0, MgCl,-8H,0 and MgCl,-6H,0. The literature demonstrated the
existence of the hydrate MgCl,-12H,O0 in the temperature range 239-256 K, MgCl,-8H,0
at 256-269 K and MgCl,-6H,0 at 273-389 K. The research on this system shows that
MgCl,-8H,0 is the crystallization form of magnesium chloride [5, 6, 23-26]. In addi-
tion, the literature [5, 6, 25-27] shows that at 258 K, sodium chloride can form hydrated
(NaCl-2H,0) in binary or ternary systems. Besides, Raman microscopy makes it possible
to determine precisely the salt hydrates that crystallize upon cooling [28, 29]. We measured
the Raman spectra of various aqueous solutions at different temperatures and showed that
NaCl-2H,0 exists in the systems at 258 K, consistent with the literature.

It is worth mentioning that, compared to the phase studies at higher temperature,
studies at 258 K are more difficult, the salts can form various hydrated salts and the
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Fig.6 X-ray diffraction patterns of the solid phases in the invariant point of a C,, b C, of the quaternary
system Na*, K*, Mg**//CI"—H,0 at 258 K

solutions have greater viscosity, which increases the complexity of the study on the
phase equilibrium. Besides, because hydrate phases are only stable in special tempera-
ture and pressure ranges, they melt with the change of conditions. The limitation of
experimental and equipment conditions, MgCl,-8H,0O and NaCl-2H,O were difficult
to detect by X-ray diffraction. So, in Figs. 7 and 12, the X-ray diffraction patterns of
the invariant points consist of MgCl,-6H,0 and NaCl, instead of MgCl,-8H,0 and
NaCl-2H,0.

The salts corresponding to the five-univariant curves B,C,, B,C,, C,C,, B;C, and
B,C, are NaCl-2H,0+KCl, KC1-MgCl,-6H,0 +KCl, KCI-MgCl,-6H,0 + NaCl-2H,0,
KCI1-MgCl,-6H,0 +MgCl,-8H,0 and MgCl,-8H,0 + NaCl-2H,O0, respectively.

The four crystallization fields correspond to three single salts NaCl-2H,0, KCl,
MgCl,-8H,0, and one double salts KCI-MgCl,-6H,O. The crystallization area of
MgCl,-8H,0 occupies the smallest part because of its high solubility. Whereas the crys-
tallization areas of KCI and NaCl-2H,O are larger, which indicates that they are more
easily saturated and crystallize out from the solution in this system as a result of the
strong salting-out effect of other salts.

Fig.7 The crystallization region CcCB,
of NaCl-2H,0 in the phase dia- 2NaCl o MgCl,
gram of the quinary system Na™, - _Df)|
K*, Mg2*//CI~, NO,—H,0 at C -7 NG,
258 K (only invariant points) op - L C,
---x_-#"""bpb
Bsc - - J 3
-7 2KCl
1S
g
<
2NaNOX( """ """ """ """~~~ > Mg(NO,),
N 72
5 &
KNO

w
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The water-content diagram is essential for the design and calculation of crystallization
processes. As shown in Fig. 5, with J(2Na*) as the abscissa, and J(H,0) as the ordinate, we
can see that at the univariant curves B,C,, B,C, and C,C,, the water content changes obvi-
ously, while at the other univariant curves, the water content changes slightly, which can
be explained by the increase of the mass fraction of MgCl,. On the univariant curve B,C,,
J(H,0) increases to a maximum value with the decreasing of J(2Na%) and then decreases
with further reduction of J(2Na').

4 Quinary System Na*, K*, Mg?*//Cl~,NO;-H,0

Findings obtained from our previous research show that, NaCl should crystallize first from
the solution during the cooling process because of the high concentration of NaCl in actual
nitrate brine. So, the phase diagrams on the condition saturated with NaCl-2H,O at low
temperatures have more practical value. Besides, the equilibrium of the quinary system is
beneficial to the construction of the phase diagrams of the complex six-component system.

The measured solubilities data of the quinary system Na*, K*, Mg>*//CI~, NO;-H,0
saturated with NaCl-2H,O are presented in Tables 3 and 4. The concentration of each ion is
expressed in mass fraction.

Na*, K*, Mg?*//C1 ~, NOZ-H,0 is a complicated quinary system, the isothermal phase
behavior of which has four dimensions. The solvent-less projection (the dry salt phase dia-
gram) obtained by elimination of the solvent coordinate decreases the dimensionality to
three and can be represented in form of a trigonal prism as shown in Fig. 8, the coordinates
of which are the Jinecke index J(2 K1), J(Mg2+) and J(2CI") respectively. These Janecke
index can be calculated according to the following equations and listed in Table 3.

Letting
1 (wecr)  w(NOY)
Ml=3 ><< 3545 T 62.00 )
JQK*) = Lo KD 160 (6)
2 " 39.10[M]
e W(Mg*)
JME™) = S X 100 7)
L1 w@Ch)
JQCI) = 5 X 2o X 100 ®)
Ja,0) = 24RO 6
(H,0) = mx )

According to the Jinecke index in Table 3, the crystallization space of NaCl-2H,O
can be plotted in Fig. 7, which has four invariant points saturated with NaCl-2H,0O and
other three salts, nine univariant curves saturated with NaCl-2H,O and other two salts,
and six crystallization fields saturated with NaCl-2H,O and the other salts.
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Table 3 Solubilities data of the quinary system Na*, K¥, Mg**//Cl~, NO;-H,0 saturated with NaCl-2H,0
at T=258 K and 0.1 MPa

No Composition of solution, Jinecke index J/[mol-(100 mol)™!  Solid phase®
100w (2C1" +2NO3)]
No; I K*  Mg* Nat Mg 2K* 2CI” H,0

1,Cs 17.41 9.88 2.06 0.00 11.66 000 939 4982 1171 Hy+NN+KN
2 16.80 1041 2.00 0.51 10.84 748  9.05 52.01 1169 Hy+NN+KN
3 15.64 1063 1.84 1.05 9.63 15.61 854 5431 1231 Hy+NN+KN
4 15.19 1120 1.80 1.28 942 18.81 822 5632 1210 Hy+NN+KN
5 1429 11.67 1.69 175 857 2566 7.72 58.82 1231 Hy+NN+KN
6 13.07 12.12 150 245 7.19 3644 695 61.86 1279 Hy+NN+KN
7 1190 1261 136 3.04 6.04 4562 637 6495 1319 Hy+NN+KN
8 1099 1350 1.23 3.63 524 5354 564 6824 1301 Hy+NN+KN
9 1022 1401 1.13 423 421 62.10 517 7057 1312 Hy+NN+KN
10 9.84 1453 1.00 4.80 340 6943 451 72.10 1297 Hy+NN+KN
11 924 1581 0.81 594 197 82.10 348 7495 1236 Hy+NN+KN
12,D, 936 1664 0.71 6.63 1.30 8790 293 75.67 1170 Hy+NN+KN+Nit
13 10.05 17.16 0.67 7.17 090 9129 264 7491 1101 Hy+NN+Nit
14 1036 17.60 0.36 7.64 0.59 94.78 139 7482 1062 Hy+NN+Nit
15 9.66 19.00 0.15 8.13 043 96.76 055 7747 1005 Hy+NN+Nit
16,C5 9.44 18.66 0.00 8.08 031 9797 000 7757 1039 Hy+NN+Nit
17,C4 491 1449 421 0.00 874 0.00 2205 8378 1540 Hy+KN+Sy
18 461 1480 399 041 8.19 6.81 20.75 84.89 1535 Hy+KN+Sy
19 457 1484 391 0.82 747 1373 2029 85.04 1543 Hy+KN+Sy
20 440 1493 369 1.04 7.18 17.37 19.10 8557 1551 Hy+KN+Sy
21 4.08 1522 350 1.53 6.43 2543 18.08 86.71 1553 Hy+KN+Sy
22 399 1542 325 1.87 6.03 30.87 16.63 87.11 1544 Hy+KN+Sy
23 3.80 1550 3.10 230 529 3792 1589 8771 1560 Hy+KN+Sy
24 365 1584 281 272 483 4424 1419 8835 1540 Hy+KN+Sy
25 341 16.04 254 3.18 4.16 51.61 1279 89.15 1546 Hy+KN+Sy
26 312 1674 216 393 331 61.84 1056 90.38 1503 Hy+KN+Sy
27 3.06 1747 1.88 4.59 2.68 69.61 886 9090 1440 Hy+KN+Sy
28 296 17.87 1.67 5.12 202 7632 7772 9134 1415 Hy+KN+Sy
29D, 282 1878 137 5091 1.24 8457 6.09 92.10 1349 Hy+KN+Sy+Car
30 297 19.18 121 6.31 0.89 88.13 527 91.87 1309 Hy+Sy+Car
31 193 1860 124 6.01 0.68 88.98 569 9439 1429 Hy+Sy+Car
32 143 2028 1.02 6.27 122 86.72 439 96.13 1302 Hy+Sy+Car
33 1.07 1950 1.10 6.15 0.76 89.26 494 9697 1398 Hy+Sy+Car
34,C, 0.00 20.24 0.79 6.35 0.65 91.50 354 100.00 1400 Hy+Sy+Car
35 401 19.13 1.17 6.56 0.79 89.36 494 8929 1256 Hy+KN+Car
36 483 18.62 0.86 6.51 1.04 88.84 3.64 87.07 1254 Hy+KN+Car
37 537 1825 0.80 6.41 1.23 87.74 339 8559 1254 Hy+KN+Car
38D;  9.67 18.03 042 772 043 95.64 1.60  76.53 1065 Hy+KN+Car+Nit
39 8.65 1925 0.18 8.04 0.37 9696 0.67 7957 1033 Hy+Car+Nit
40 9.05 20.17 0.13 845 0.37 9726 047 7958 960.0 Hy+Car+Nit
41 881 19.79 0.11 8.33 0.28 97.85 041 79.71 993.8 Hy+Car+Nit
42,0, 852 2034 0.15 836 045 96.77  0.55 80.67 970.7 Hy+ Car+Nit+M;g
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Table 3 (continued)

No Composition of solution, Jinecke index J/[mol-(100 mol)™"  Solid phase®
100w (2C1" +2NO3)]

NO; CI” K" Mg¥ Nat  Mg® 2K 2CI°  H0

43,C, 866 20.01 0.00 842 026 9836 000 80.17 988.0 Hy+Nit+M;

44 748 20.85 0.10 8.44 027 9799 035 8297 9846 Hy+Car+M;,
45 511 2124 0.16 8.16 0.14 9850 059 8791 1062 Hy+Car+M;,
46 225 2459 0.04 8.85 0.01 99.79  0.14 95.03 9774 Hy+Car+M;
47 1.67 25.07 0.05 8.8l 0.18 98.81 0.19 9634 9714 Hy+Car+Mg
48 1.42 2416 0.07 8.4l 024 9828 026 96.75 1035 Hy+Car+M;y
49 0.85 2338 007 793 043 9698 028 9797 1111 Hy+Car+M;

50,C, 0.00 2429 0.04 8.26 0.10 99.19 0.13 100.00 1091 Hy+Car+M;
51,Bs; 1529 10.14 0.00 0.00 1225 0.00 0.00 53.70 1299 Hy+NN
52,B, 0.00 25.16 0.00 8.56 0.12 99.25 0.00 100.00 1035 Hy+M;
53,B, 0.00 15.82 3.31 0.00 832 0.00 1898 100.00 1805 Hy+Sy

Standard uncertainties u are w(1)=02 K, u(P)=1 kPa, u[w(K*)]=0.002, u[w(Cl")]=0.003,
u[w(Mg*")]=0.005, and u,[w(NO;)]=0.006

w mass fraction

*Hy—NaCl-2H,0; KN-KNOj;; Sy-KCl; NN-NaNO;; Mg-MgCl,-8H,0; Nit-Mg(NO;),-6H,0; and Car—
KCI1-MgCl,-6H,0

Figure 7 is a stereodiagram and not easy to apply. The Cl-less projection (planar pro-
jection diagram) obtained by deducting the variable of Cl can reduce the dimension to
two, and be plotted in a 2-D figure as shown in Figs. 8 and 9, the two coordinates of
which are J(Mg2+) and J(2 NOJ); The water and contents of CI can be indicated by the
water-content diagram and chlorine-content diagrams respectively as shown in Figs. 10
and 11, the two coordinates of which are J(Mg>") and J(H,0), J(Mg>") and J(CI7).
These Jianecke indices are listed in Table 4.

As shown in Table 4 and Figs. 8, 9, 10 and 11, the quinary system Na*, K*, Mg>*//
CI”, NO3;-H,0 is of a complex type, with the double salt KCI-MgCl,-6H,0 formed
at 258 K, the phase diagram of which contains four invariant points, nine univariant
curves, and six crystallization fields.

Each vertex B, B, and B represents the invariant points of NaCI-KCl, MgCl,—-NaCl,
and NaNO;-NaCl salts in water at 258 K, respectively. The points C;, C,, C;, C,,
Cs, and C¢ on the sides correspond to the invariant points of quarternary subsystems
Na*, K*, Mg**//CI"-H,0, Na*, Mg**//CI", NO;-H,0, and Na*, K*//CI", NO;-H,0
respectively.

The points D, D,, D; and D, are invariant points of the quinary system Na't, K*,
Mg?*//CI, NO;-H,0. The mass fraction compositions of the corresponding equili-
brated solution and equilibrated solids of D, D,, D; and D, are listed as follows.

Point D, is analyzed as 9.36% mass (NOJ), 16.64% mass (CI7), 0.71% mass (K1),
6.63% mass (Mg2+), and co-saturated with salts NaCl-2H,0, NaNO;, KNO; and
Mg(NO;),-6H,0.

Point D, is analyzed as 2.82% mass (NO3), 18.78% mass (CI7), 1.37% mass (K", 5.91%
mass (Mg?"), and co-saturated with salts NaCl-2H,0, KCI, KNO; and KCI-MgCl,-6H,0.
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Table 4 Jinecke index J [mol-(100 mol)™! (2 K++NO3’+Mg2+)] data of the quinary system Na*, K*,

Mg>*//Cl, NO;-H,O0 saturated with NaCI-2H,0 at T=258 K

No. Mg?*  2NO;  2CI H,0 No Mg 2NO;  2CI” H,0
1,Cs 0.00 84.23 83.63 1965 28 82.33 9.34 98.56 1527
2 11.58 74.39 80.59 1812 29,.D, 85.81 8.01 93.44 1369
3 22.34 65.42 71.75 1763 30 86.80 8.01 90.49 1289
4 26.60 61.77 79.67 1710 31 88.73 5.59 94.13 1425
5 34.41 55.23 78.88 1651 32 91.30 4.07 101.18 1371
6 44.69 46.78 75.86 1568 33 91.81 3.12 99.74 1438
7 52.42 40.27 74.63 1515 34,C, 96.28 0.00 105.19 1473
8 58.88 34.92 75.04 1431 35 85.10 10.20 85.07 1196
9 64.22 30.43 72.99 1357 36 84.29 12.26 82.63 1190
10 68.17 27.40 70.81 1274 37 83.13 13.65 81.12 1188
11 74.22 22.64 67.74 1117 38,D; 79.23 19.44 63.41 882.23
12,D, 76.33 21.13 65.71 1016 39 82.12 17.31 67.38 875.26
13 76.71 21.07 62.94 925.00 40 82.32 17.28 67.37 812.46
14 78.11 20.75 61.65 875.09 41 82.54 17.11 67.24 838.32
15 80.74 18.80 64.66 838.61 42D, 82.96 16.57 69.18 832.19
16,C, 81.37 18.63 64.43 863.09 43,C, 83.22 16.78 67.82 836.03
17,Cq 0.00 42.39 218.92 4023 44 84.94 14.76 71.92 853.59
18 15.97 3541 198.94 3597 45 88.60 10.87 79.09 955.34
19 28.03 30.54 173.54 3150 46 95.13 4738 90.60 931.78
20 34.08 28.31 167.84 3044 47 96.25 3.568 93.85 946.13
21 4477 23.41 152.69 2733 48 96.55 3.196 95.05 1017
22 51.12 21.34 144.27 2556 49 97.67 2.043 98.67 1119
23 57.37 18.59 132.72 2359 50,C, 99.87 0.00 100.69 1098
24 63.13 16.63 126.07 2197 51,B; 0.00 100.00 115.89 2806
25 68.59 14.42 118.45 2055 52,B, 100.00 0.00 100.80 1043
26 75.40 11.73 110.23 1833 53,B, 0.00 0.00 527.19 9517
27 79.49 10.40 103.77 1645
Fig. 8 Planar projection diagram 2NO,’
of the quinary system Na*, K*, 100 ’
Mg?*//CI~, NO;-H,0 at 258 K ot
saturated with NaCl-2H,0O 5
80

., 60

©)

5 c[ HyHKNO,
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Fig.9 Partial enlargement dia-
gram of Fig. 8

Fig. 10 Water-content diagram
of the quinary Na*, K*, Mg?*//
Cl, NOg—HZO at 258 K satu-
rated with NaCl-2H,0

J@NO,
)
(=)

T

C
1 Il 1 1 1 2 "
70 75 8 85 90  95C, 100Mg’

0 20 40 60 80 100
2+
JMg™)

Point Dj; is analyzed as 9.67% mass (NOJ), 18.03% mass (CI7), 0.42% mass (K,

7.72% mass (Mg2+), and co-saturate
and Mg(NO;),-6H,0.
Point D, is analyzed as 8.52% m

d with salts NaCl-2H,0, KNO,, KCI-MgCl,-6H,0

ass (NO3), 20.34% mass (CI7), 0.15% mass (K,

8.36% mass (Mg2+), and co-saturated with salts NaCl-2H,0, KCl-MgCl,-6H,0,

MgCl,-8H,0, and Mg(NO,),-6H,0.

Figure 12 shows the X-ray diffraction patterns corresponding to the equilibrium

solid phases of the invariant points

D,, D,, D; and D,, respectively. The XRD spec-

tra in Fig. 12 can only determine that MgCl,-6H,0O and NaCl, in the solid phases, as
a result of the limitations of sample and testing conditions. It is very difficult to find

MgCl,-8H,0 and NaCl-2H,0.
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Fig. 11 Chlorine-content
diagram of the quinary Na*, K*,
Mg**//CI", NO;-H,0 at 258 K
saturated with NaCl-2H,O
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Fig. 12 X-ray diffraction patterns of the solid phases in the invariant point of a D, b D,, ¢ D3 and d D, of
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the quinary system Na*, K*, Mg®*//Cl~, NO;-H,0 at 258 K saturated with NaCl-2H,0

The nine univariant curves, CsD,, C;D,, D,D;, C,D,, D;D,, D,D;, C,D,, C,D, and

C,D,, are co-saturated with NaCl-2H,O and two other salts, respectively.

The quinary phase diagram has six crystallization fields saturated with NaCl-2H,0
and another salt, the second salts being NaNO; (BsCsD,C; field), KNO; (CsC¢D,D3D,
field), KCI (C¢B,C,D, field), Mg(NO;),-6H,0 (C;D,D;D,C, field), KCI-MgCl,-6H,0

(C,D,D,D,C, field), and MgCl,-8H,0 (C, D,C, B, field).
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It can be seen that the areas of the crystallization zones saturated with NaCl-2H,O
decrease in the order of KCI, KNO; NaNO;, KCI-MgCl,-6H,0, MgCl,-8H,0, Mg
(NO;),-6H,0. Among them, KNO; and KCl have larger crystallization areas and lower
solubility than the other salts. This means that separation processes from the mixture solu-
tions for the two salts are feasible due to their relatively large areas of crystallization. The
fields of Mg(NO;),-6H,0 and MgCl,-8H,0 are extremely small, which are the result of
their high solubility.

Figure 10 shows that the water-contents for the invariant points decrease appar-
ently from D,-D,-D; to D,, reaching the J(H,0) values of 832.19 mol-(100 mol)™
2 K++2NO;+Mg2+) at the invariant point D,. It can be concluded that the point D, has
the highest concentration in the quinary system. The water content gradually decreases at
the univariant curves C¢D, and it is almost unchanged at the univariant curves C,D,, C,D,
with increasing of the Jinecke index values of J(Mg?*). The high concentration of Mg>*
jon in the quinary system implies that Mg?* has a strong salting-out effect on other salts,
which can decrease the solubilities of the other salts.

Figure 11 indicates that the chlorine-content of the points C;, C4, D, D; and D, are
similar, about 65-70 mol-(100 mol)~! (2 K*+NO;™+Mg>"); The lowest contents of Cl
is at point D3; The concentration of magnesium and nitrate ion significantly influence the
chlorine content, especially on univariant curves C¢D,, C,D,D; and C,D,. It clearly shows
that the regularity in the variation of the chlorine content related to the J(Mg?") is a feature
similar to that of the water content. The point D, possess the lowest water content, which is
because of the higher solubility of MgCl, and Mg(NO;), compared to other salts at 258 K.

5 Conclusions

The phase equilibria of the quinary system Na*, K*, Mg**//CI~, NO;-H,0 and the qua-
ternary system Na*, K*, Mg?*//CI—H,O have been investigated by the method of isother-
mal solution saturation. The results demonstrated that the quinary system Na*, K*, Mgt/
CI7, NO;-H,0 saturated with NaCl-2H,0 at 258 K belongs to a complex type, which con-
tains four invariant points, nine univariant curves, and six crystallization fields. The salts
Mg(NOs),-6H,0 and MgCl,-8H,0 have smaller crystallization areas and higher solubility
than the other salts, so they are more difficult to separate from the solution in this system at
the research temperature. The concentrations of Mg>* and NOyj in the solution are the main
factors affecting the water content and solution density. The findings of this study can be
applicable in various industrial salts recovering units.
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