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a b s t r a c t
The stable and metastable phase equilibria of the ternary system (NaCl + Na2SO4 + H2O) in coal-
to-liquids wastewater were studied at 323.15 K. The solubility of the stable and metastable phase 
equilibria were investigated by the isothermal solution saturation and isothermal evaporation meth-
ods, respectively. According to the experimental results, stable, and metastable phase diagrams 
were plotted. For the stable phase diagrams in coal-to-liquids wastewater and in pure water, no 
significant solubility difference on the NaCl-rich side of the ternary system was found. However, 
the solubility on the Na2SO4-rich side in coal-to-liquids wastewater was lower than that in pure 
water. The same result was also shown in the metastable phase diagram, but the co-nucleation point 
moved significantly to the left in the metastable phase diagram. When comparing the ternary sys-
tem in coal-to-liquids wastewater and pure water, it was found that the average metastable zone 
width increased by approximately 76.89% in coal-to-liquids wastewater. These experimental results 
revealed that the stable and metastable phase equilibria for the ternary system (NaCl + Na2SO4 + H2O) 
were significantly affected by the presence of organic impurities in coal-to-liquids wastewater. 
The experimental data can provide a basis for the desalination process of coal-to-liquids wastewater.

Keywords:  Stable phase diagrams; Metastable phase diagrams; Organic impurity; Coal-to-liquids 
wastewater

1. Introduction

Water shortage is a major problem facing the world [1,2]. 
Water reuse has become a new way to solve this problem. 
Recently, the focus of water recycling has been on how to 
recycle and treat sewage. The high salinity wastewater dis-
charged from energy and textile industries [3], paper mills 
[4], leather processing [5], food engineering and other pro-
cesses has become a difficult point in wastewater treatment, 
which seriously limits the development of these industries. 
This is especially true of the coal chemical industry, which 
contributes various inorganic salts and organic pollutants 

to wastewater [6,7]. Currently, with the rapid development 
of coal chemical enterprises, the key field of coal-to-liquids 
wastewater treatment has shifted from wastewater treat-
ment to a crystallization process.

Coal-to-liquids wastewater is the final discharge of 
wastewater from a coal-to-liquids production process 
[8–10]. Coal-to-liquids wastewater has a complex compo-
sition and high chemical oxygen demand. Generally, most 
coal-to- liquids wastewater is recovered after membrane 
concentration, and the remaining wastewater is sent to a 
desalination system. The remaining wastewater contains 
many inorganic ions, such as Na+, Cl–, NO3

–, and SO4
2–. By 
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using evaporation crystallization technology, the purpose 
of brine separation has been achieved. However, the crys-
talline salt obtained by evaporation crystallization has low 
quality and high impurity salt content, so it can only be 
treated as hazardous waste [11,12]. This is not only harmful 
to the environment but also a waste of resources. Therefore, 
it is highly crucial to study the separation and crystalliza-
tion of inorganic salts and increase the recycling utiliza-
tion rate of inorganic salts from coal-to-liquids wastewater 
[13]. Phase equilibrium of a water-salt system can provide 
theoretical guidance in the process of salt extraction.

It is well known that coal-to-liquids wastewater has a 
typical inorganic composition of NaCl + Na2SO4 + H2O. To 
separate NaCl and Na2SO4 from the solution, it is essen-
tial and necessary to understand the phase diagram and 
physical properties of the system. In other words, the 
determination of phase diagrams has both theoretical and 
experimental value. Zhang et al. [14], Bian et al. [15], and 
other experts [16] studied the liquid–solid equilibrium of a 
ternary system Na+//Cl–, SO4

2––H2O at 268.15–373.15 K, and 
carried out a detailed analysis. In the study of Su et al. [17], 
the effect of phenol on the solubility of Na2SO4 was investi-
gated. It was found that the presence of phenol could inhibit 
the solubility of Na2SO4 in water. This result shows that 
the phase equilibrium of a water-salt system will change 
greatly in the presence of organic impurities. Meanwhile, 
an industrial crystallization process is usually carried out 
in the metastable region to obtain high purity and high- 
quality products [18,19]. Moreover, the presence of organic 
impurities will also affect the metastable zone, seriously 
affecting the quality of products obtained in the crystalli-
zation process from actual wastewater [20]. However, less 
attention has been paid to this part of the data, so we focus 
more on this here.

Coal-to-liquids has prospered in Northwestern China. 
Both the water demand and wastewater generated is enor-
mous. The accumulation of salts after evaporation and 
crystallization has seriously restricted local economic devel-
opment. Therefore, based on Lu et al.’s [16] study on the 
relevant stable phase equilibrium in coal gasification waste-
water, this study further studied the stability and meta-
stable equilibrium phase diagram of the ternary system 
(NaCl + Na2SO4 + H2O) in coal-to-liquids wastewater. At the 
same time, it was found that when wastewater is discharged 
into an evaporation pond or crystallizer, the temperature 
of the wastewater can be maintained at approximately 
323.15 K. Therefore, we chose 323.15 K as the experimen-
tal temperature. By understanding the influence of organic 
impurities on the metastable zone, one can provide theo-
retical support for the actual local wastewater crystalliza-
tion, and provide a reference for the crystallization of other 
coal-to-liquids wastewater.

2. Methodology

2.1. Materials and instruments

For measuring the phase equilibria, NaCl (AR, 99.5%), 
Na2SO4 (AR, 99.0%), AgNO3 (AR, 99.8%), K2SO4 (AR, 99.0%), 
BaCl·2H2O (AR, 99.5%) were all purchased from Sinopharm 
Chemical Reagent Co., Ltd., China. The wastewater was 

provided by a coal chemical industry company in the north-
west of China. A comprehensive analysis of this waste water 
was conducted, which showed that the wastewater was 
composed of 13 inorganic ions and 41 organic compositions. 
The main parameters are listed in Table 1. Doubly deion-
ized water (electrical conductivity ≤ 10–4 S m–1) was used for 
chemical analysis.

A THA-82 type constant temperature bath oscillator 
(Changzhou Runhua Electric Appliance Co., Ltd., China) with 
a temperature accuracy of ±0.05 K and temperature range 
of 293.15–373.15 K was used to achieve phase equilibration.

A set of jacketed glass evaporating crystallizers 
(Zhengzhou Greatwall Scientific Industrial and Trade Co., 
Ltd., China) was used for isothermal evaporation.

A ZDJ-58-D-type automatic titrator (Shanghai INESA 
Scientific Instrument Co., Ltd., China) was used to determine 
the solubility of NaCl and Na2SO4 in chemical analysis.

2.2. Experimental methods

The solubility of the ternary system Na+/Cl–, SO4
2––H2O 

in coal-to-liquids wastewater was measured by using the 
isothermal solution saturation method [21]. The first salt 
was added into the wastewater forming a binary saturated 
solution in 250 mL flasks. The second salt was added into 
the binary saturation at 323.15 K [22] to obtain the satu-
rated solution of the ternary system. The flasks were sealed 
and placed into a constant temperature bath oscillator for 
a certain period of time to accelerate the establishment of 
the balance. To ensure that the system was balanced, several 
samples of the system at 323.15 K were analyzed for Na+, 
Cl– and SO4

2– after shaking for 4, 6, 8, and 10 h, separately. 
The experimental results showed that the concentration of 
Na+, Cl–, and SO4

2– in the wastewater remained unchanged 
after 10 h. For the sake of caution, 12 h was selected to 
ensure solubility equilibrium. The oscillator was allowed to 
stand for 5 h to settle any remaining solids [23]. Then, the 
saturated solution was separated and moved into a 50 mL 
beaker to determine the solubility of Na2SO4 and NaCl.

Table 1
Water quality analysis of coal-to-liquids wastewater

No. Parameter Concentrationa

1 Na+ 1,179.9 mol/kg
2 Cl– 1,028.05 mol/kg
3 SO4

2– 5,802.63 mol/kg
4 NO3

– 130.22 mol/kg
5 K+ 19.55 mol/kg
6 F– 1.71 mol/kg
7 HCO3

– 97.60 mol/kg
8 pH 8.5
9 Chemical oxygen demand (COD) 279 mg/L
10 Biochemical oxygen demand (BOD5) 698 mg/L
11 Total organic carbon (TOC) 1,039 mg/L

aStandard uncertainties u are u(Cl–) = 0.003; u(Na+) = 0.05; 
u(SO4

2–) = 0.005; u(NO3
–) = 0.006; u(K+) = 0.03; u(F–) = 0.05; u(HCO3

–) = 0.02; 
u(pH) = 0.05; u(COD) = 0.5; u(BOD5) = 0.5; u(TOC) = 0.5.
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Based on the solubility data, 1.5 L of the solution with 
a certain composition on the solubility curve was prepared 
by the isothermal solution saturation method in coal-
to-liquids wastewater. When the system reached equilib-
rium, the saturated solution was moved into the jacketed 
glass evaporating crystallizer for isothermal evaporation. 
By adjusting the evaporator temperature, the evaporation 
temperature was maintained at 323.15 K. Then, six or more 
solid–liquid mixture samples (20 mL for each sample), 
which around the occurring point of the primary nucleation 
and the following points of further evaporation [24,25], 
were taken through the bottom valve. The solubility was 
determined by using a method based on measuring the 
solubility.

2.3. Analysis

The samples for the liquid phase and wet residues 
were added into pure doubly deionized water or a mix-
ture of pure doubly deionized water and anhydrous eth-
anol (1:1 volume ratio). Then, the concentration of NaCl 
or Na2SO4 was determined by potentiometric precipitation 
titration [14] or metric titration with silver nitrate or bar-
ium chloride, respectively. The average relative error was 
less than ±0.003 or ±0.005, respectively. The density (ρ) was 
measured with a specific weighing bottle method with an 
uncertainty of ±0.001 [26]. The viscosity (η) was determined 
by an Ubbelohde Capillary Viscometer. An Abbe refractom-
eter (WAY-2S) was used to measure the refractive index (nD) 
with an uncertainty of 0.0002 [27]. A FE20 type pH meter 
(Shanghai Mettler Toledo Instruments Co., Ltd.) was used to 
determine the acidity and alkalinity of the solution [27].

2.4. Diagram presentation

When the concentration for the system is expressed as a dry 
salt mole percentage [23], it can be calculated by using Eq. (1).

J
m

m mi
i

S

=
+

×( )Cl

100  (1)

where i = 1, 2, and 3 express NaCl, Na2SO4, and H2O, respec-
tively. Cl and S denote NaCl and Na2SO4. m is the mole con-
centration for each molecular-based component. The phase 
diagram is presented by a rectangular coordinates diagram, 
where the X-axis is JNS and the Y-axis is JH2O

.

3. Results and discussion

To verify the measurements, the solubility data for 
the stable phase equilibria for the ternary system (NaCl + 
Na2SO4 + H2O) in pure water were obtained in this work, as 
shown in Table 2. At the same time, the conversion of exper-
imental data to the Jänecke index is also listed in Table 2. 
The experimental data and the literature data [16] are plot-
ted and shown in Fig. 1, respectively. As seen from Fig. 1, 
through comparison, it was found that the experimental 
data were highly consistent with the literature data, indicat-
ing that the experimental methods and equipment used in 
this work could be used to obtain reliable data and that the 
obtained data had high reliability in this work.

3.2. Stable phase diagrams for the ternary system 
(NaCl + Na2SO4 + H2O) in coal-to-liquids wastewater

The phase equilibria experimental data for the solu-
bility of the (NaCl + Na2SO4 + H2O) system at 323.15 K are 
shown in Table 3; the conversion of the experimental data 
to the Jänecke index is also listed in Table 3. The relevant 
physical properties (nD, η, ρ, and pH) are shown in Table 4. 
According to the experimental data, the corresponding phase 
diagram for the ternary system is shown in Fig. 2.

It can be seen from Fig. 2 that the stable phase diagram 
included one invariant point, two univariant curves, and 
three crystallization regions. Points A and C represent the 
saturation points for the binary systems (NaCl–H2O) and 
(Na2SO4–H2O) at 323.15 K in coal-to-liquids wastewater. 
Point E is the invariant point of the (NaCl + Na2SO4 + H2O) 
system, which means that NaCl and Na2SO4 coexist in solu-
tion. The composition of the corresponding equilibrium 
solution was w (Na2SO4) = 5.35%, w (NaCl) = 23.74%. The 

Table 2
Solid–liquid equilibrium and physical properties of saturated solutions of the ternary system (NaCl + Na2SO4 + H2O) in pure water at 
323.15 K and P = 88.4 kPaa

No. Liquid composition 
(mass fraction, %)

Liquid composition 
(J/mol (100 mol dry salt)–1)

Physical properties of liquid phase

NaCl Na2SO4 H2O NaCl Na2SO4 H2O ρ/(g cm–3) η/10–3 Pa s–1 nD pH
1, Ab 26.90 0.00 73.10 100.00 0.00 1,763.41 1.1850 1.1789 1.3770 7.20
2 26.24 0.88 71.35 97.31 2.69 1,716.80 1.1932 1.2022 1.3772 7.16
3, Eb 24.38 4.33 70.50 87.24 12.76 1,637.11 1.2145 1.2915 1.3781 7.02
4 18.41 9.11 72.10 71.05 28.95 1,805.89 1.2182 1.2835 1.3769 7.07
5 14.80 12.64 72.50 58.72 41.28 1,866.31 1.2210 1.3231 1.3756 7.11
6 12.63 15.54 71.55 49.68 50.32 1,826.27 1.2303 1.3545 1.3760 7.14
7 7.42 21.93 69.95 29.13 70.87 1,781.77 1.2516 1.4386 1.3761 7.19
8 3.59 26.81 69.60 13.99 86.01 1,760.01 1.2752 1.5671 1.3763 7.22
9, Cb 0.00 31.80 68.20 0.00 100.00 1,690.49 1.3040 1.8172 1.3769 7.26

aStandard uncertainties u are u(T) = 0.05 K; u(P) = 0.5 kPa; u(NaCl) = 0.003; u(Na2SO4) = 0.005; u(nD) = 0.0002; u(η) = 0.05; u(ρ) = 0.001; u(pH) = 0.01.
bPoints: A, NaCl; E, (NaCl + Na2SO4); C, Na2SO4.
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curve AE shows that NaCl is saturated in the wastewater, 
where NaCl is precipitated. However, along with the curve 
CE, Na2SO4 shows priority to precipitate. In addition, IV 
is the unsaturated solution region of NaCl and Na2SO4, in 
which no salt will reach saturation and crystallize out from 
the solution. Three crystallization fields are corresponding 
to I (NaCl), II (Na2SO4), and III (NaCl + Na2SO4) in coal- to-
liquids. The crystallization region of Na2SO4 is greater than 
that of NaCl and the solubility of Na2SO4 always increases 
with decreasing NaCl concentration at 323.15 K. As shown 
in Eq. (2), the concentration of Na+ will increase due to the 
dissolution of Na2SO4 in the saturated NaCl solution. As a 
result of the ion effect, the dissolution equilibrium in Eq. (3) 

moves to the left and leads to a decrease in the solubility of 
NaCl. The larger crystallization region means that the sol-
ubility of Na2SO4 in the (NaCl + Na2SO4 + H2O) system in 
wastewater is low and Na2SO4 will salt out of the solution 
easily with increasing NaCl concentration. A double salt or 
solid solution was not discovered in this system at 323.15 K. 
Furthermore, the components of the equilibrium solid 
phases were further studied by X-ray diffraction (XRD). 
The XRD pattern in Fig. 3 shows that point E is the ternary 
co-saturation point of Na2SO4 and NaCl in this system. The 
experimental results from XRD characterization are consis-
tent with Schreinemaker’s method [26], which also proves 
the above conclusions:

Fig. 1. Phase diagram for (NaCl + Na2SO4 + H2O) in pure water at 323.15 K and P = 88.4 kPa. (●) experimental data; (●) literature data.

Table 3
Solid–liquid equilibrium of saturated solutions of the ternary system (NaCl + Na2SO4 + H2O) in coal-to-liquids wastewater at 323.15 K 
and P = 88.4 kPaa

No. Composition of the 
liquid phase, 100w

Composition of wet 
residue, 100w

Liquid composition 
(J/mol (100 mol dry salt)–1)

Equilibrium 
solid phaseb

Na2SO4 NaCl Na2SO4 NaCl JNS JNC JH2O

1, Ac 4.01 24.29 0.01 84.35 11.96 88.04 1,681.60 Cl
2 4.81 24.12 1.21 61.82 14.10 85.90 1,636.85 Cl
3, Ec 5.35 23.74 10.46 59.27 15.65 84.35 1,628.72 Cl + S
4 5.59 22.86 15.83 20.04 16.76 83.24 1,684.08 S
5 6.99 19.65 27.26 15.42 22.65 77.35 1,864.91 S
6 11.01 15.33 33.57 11.57 37.16 62.84 1,944.56 S
7 15.53 11.38 42.33 7.46 52.91 47.09 1,941.50 S
8 20.60 7.28 55.05 3.62 69.97 30.03 1,902.92 S
9, Cc 25.53 3.12 64.25 1.58 87.07 12.93 1,883.49 S

aStandard uncertainties u are u(T) = 0.05 K; u(P) = 0.5 kPa; u(NaCl) = 0.003; u(Na2SO4) = 0.005.
bCl: NaCl; S: Na2SO4.
cPoints: A, NaCl; E, (NaCl + Na2SO4); C, Na2SO4.
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Na SO s Na aq   SO aq2 4 4
22( ) ( ) ( )→ ++ −  (2)

NaCl s Na aq   Cl aq( ) ( ) ( )→ ++ −  (3)

In addition, Fig. 4 indicates the relationship between the 
physical properties (ρ, η, nD, and pH) and the mass fraction 
of Na2SO4 in the wastewater. As the concentration of Na2SO4 
increases, the physical properties also change. All E points 
were obvious turning points. With increasing Na2SO4 con-
centration, the viscosity and density values show a similar 
trend to increase, but the refractive index and pH values 
show different behaviors. The refractive index increased 

first and then decreased with increasing w (Na2SO4), but 
the pH values decreased first and then increased with 
increasing w (Na2SO4). This means that different physical 
properties will change with the increase in Na2SO4 and 
show different rules.

3.3. Metastable phase diagrams for the ternary system 
(NaCl + Na2SO4 + H2O) in coal-to-liquids wastewater

The metastable zone refers to the distance between the 
super solubility curve and the solubility curve of the sys-
tem. In the process operation, it is necessary to control the 
operation in the stable zone to prevent deterioration of the 
crystallization product, so the metastable zone has import-
ant guiding significance for the actual production operation. 
The saturated solution for different points in pure water 
and coal-to-liquids wastewater was evaporated at 323.15 K, 
respectively. The solutions of 1−9 illustrated in Tables 2 and 
3 were boiled to evaporate at 323.15 K with an evaporation 
rate of 3.8 g (d cm2)−1 (water). The primary points and the 
width of the metastable zones are displayed in Table 5, 
and the metastable phase diagrams are shown in Fig. 5.

When comparing the metastable phase diagrams for the 
(NaCl + Na2SO4 + H2O) system in pure water and coal-to-
liquids wastewater, as shown in Fig. 5, the metastable curve 
of the NaCl-rich side shows little change, besides that of 
the Na2SO4-rich side shifting slightly downwards, and the 
co-saturated point obviously shifting left in coal-to-liquids 
wastewater. This demonstrated that the impurities in the 
wastewater had an effect on the crystallization of NaCl and 
Na2SO4 and that the effect on Na2SO4 was more significant. 
In other words, the nucleation rate and crystal growth of 
Na2SO4 were slowed down compared to NaCl, and the 
driving force required for nucleation was significantly 
increased in coal-to-liquids wastewater [28].

3.4. Phase diagram comparison

As shown in Fig. 6, a similar trend was obtained for 
the solubility of the (NaCl + Na2SO4 + H2O) system in pure 

Table 4
Physical properties of saturated solutions of the ternary 
system (NaCl + Na2SO4 + H2O) in coal-to-liquids wastewater 
at 323.15 K and P = 88.4 kPaa

No. Physical properties of liquid phase

ρ/(g cm–3) η/10–3 Pa s–1 nD pH

1, Ab 1.2285 1.3105 1.3801 7.67
2 1.2288 1.3137 1.3810 7.61
3, Eb 1.2331 1.3197 1.3813 7.58
4 1.2301 1.3160 1.3803 7.61
5 1.2204 1.2921 1.3789 7.72
6 1.2275 1.3179 1.3758 7.80
7 1.2427 1.4007 1.3745 7.88
8 1.2654 1.4340 1.3740 7.97
9, Cb 1.2826 1.6152 1.3746 8.04

aStandard uncertainties u are u(T) = 0.05 K; u(P) = 0.5 kPa; 
u(nD) = 0.0002; u(η) = 0.05, u(ρ) = 0.001; u(pH) = 0.01.
bPoints: A, NaCl; E, (NaCl + Na2SO4); C, Na2SO4.

 
0 25 50 75 100

0

25

50

75

100 0

25

50

75

100

Na2SO4NaCl

H2O

A
E

C

 

 

 

I

II

III

IV

Fig. 2. Phase diagram for (NaCl + Na2SO4 + H2O) in coal-to- 
liquids wastewater at 323.15 K and P = 88.4 kPa. (●) Equilibrium 
liquid phase composition; (●) moist solid phase composition; A, 
the solubility of NaCl in coal-to-liquid wastewater at 323.15 K; 
C, the solubility of Na2SO4 in coal-to-liquid wastewater at 
323.15 K; E, invariant point of NaCl and Na2SO4 in coal-to- liquid 
wastewater.

 

10 20 30 40 50 60 70 80

 

2-Theta

JCPDS:37-1465 Na2SO4

JCPDS:75-0306 NaCl

 

In
te

ns
ity

 

Fig. 3. XRD pattern of the invariant point E of the ternary system 
Na+//Cl–, SO4

2––H2O in coal-to-liquids wastewater at 323.15 K.



L. Zhu et al. / Desalination and Water Treatment 197 (2020) 121–130126

water, coal-to-liquids wastewater, and literature at 323.15 K. 
AE and CE are the solubility curves of NaCl and Na2SO4, 
respectively. It is worth noting that because coal-to-liquids 
wastewater already contains NaCl and Na2SO4, AE and CE 
will not intersect with BW and DW in coal-to-liquids waste-
water, respectively. Apparently, the crystallization region 
of Na2SO4 in coal-to-liquids wastewater was larger than 
that in pure water, but the crystallization region of NaCl 
shows no significant change in coal-to-liquids wastewater 
and pure water. Furthermore, the solubility curve of Na2SO4 
in coal-to-liquids wastewater is obviously higher than 
that in pure water at 323.15 K, revealing that the solubility 
of Na2SO4 grows lower in coal-to-liquids wastewater than 
that in pure water at 323.15 K. Su et al. [17] and Becheleni 
et al. [29] also found that the presence of phenol has a sig-
nificant effect on the solubility of Na2SO4, which reduces 
the solubility of Na2SO4 in water. However, the results of 
this work are exactly the opposite of those obtained by Lu 
et al. [16] in coal gasification wastewater at 323.15 K. In the 
study of Lu et al. [16], the solubility of Na2SO4 in coal gas-
ification wastewater was higher than that in pure water at 
323.15 K, and the solubility of NaCl did not change much. 
This indicates that the solubility of Na2SO4 in wastewa-
ter produced in different process stages is not the same. 
Therefore, all the results can prove that the presence of 
impurities in wastewater has a greater impact on the solu-
bility of Na2SO4 and less on NaCl.

The stable and metastable phase diagrams for the sys-
tem in pure water and coal-to-liquids wastewater at 323.15 K 
and 88.4 kPa are shown in Figs. 7 and 8, respectively. The 
salt-forming region is mainly determined by thermodynamic 
conditions and is a region where salt can be formed by pri-
mary nucleation or crystal growth. Primary nucleation is 
further divided into homogeneous nucleation or heteroge-
neous nucleation according to the difference between a spon-
taneous process and foreign particle catalysis. In this work, 
primary nucleation is homogeneous nucleation because no 
foreign particles are added. At this time, the primary region 
(PR) is where the homogeneous nucleation of the considered 
salt can arise during isothermal concentration.

As shown in Figs. 7 and 8, the solubility region (SR) is an 
area in which the solution is equilibrated. O and O* are the 
co-saturated and co-nucleation points of the stable and meta-
stable equilibria phase diagrams, respectively. The projec-
tion points for O, O* parallel to the water-free edge, indicate 
the widths of the solubility region SRNC, SRNS, and primary 
region PRNC, PRNS, respectively. Due to the SR and PR bound-
ary relationship, the phase law also applies to the primary 
region where SRNC + SRNS = 1, PRNC + PRNS = 1 [23]. As shown 
in Fig. 7, O, and O* deviate from each other, resulting in 
SRNC < PRNC. Similarly, a similar phenomenon is observed in 
Fig. 7, but the deviation between O and O* is relatively small.

The region between the solubility and the super solubility 
curve is defined as the metastable region. A certain driving 

 
Fig. 4. Physical properties vs. w (Na2SO4) of (NaCl + Na2SO4 + H2O) in coal-to-liquids wastewater at 323.15 K and P = 88.4 kPa. 
(a) Density values w (Na2SO4), (b) viscosity vs. w (Na2SO4), (c) refractive index vs. w (Na2SO4), and (d) pH vs. w (Na2SO4).
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force is needed during the salt formation process to help it 
nucleate as quickly as possible. However, different salts have 
different metastable zone widths (MSZW), which means that 
nucleation of different salts requires different driving forces, 
leading to deviations between the salt-forming region and 
the solubility region.

The average MSZW is the average value of all the MSZW 
corresponding to the test point with the same equilibrium 
solid phase in a system and can be calculated by using Eq. (4).

A
W
ns

i=
∑( )

 (4)

where A stands for the average MSZW value, s stands 
for the equilibrium solid phase, W expresses the MSZW 

 value of the test point i, n represents the number of test 
points with the same equilibrium solid phase.

The average MSZW for the ternary system in 
pure water and coal-to-liquids wastewater is listed in 
Table 6. As shown in Table 6, comparing the average MSZW 
of Na2SO4 in pure water and coal-to-liquids wastewater, the 
average MSZW of Na2SO4 was significantly broadened in the 
coal-to-liquids wastewater. The average MSZW of Na2SO4 
increased by approximately 76.89%, revealing an increase 
in the nucleation driving force of Na2SO4. That is, the nucle-
ation rate and crystal growth of Na2SO4 were slowed down, 
which is not conducive to the crystallization of Na2SO4. This 
may be due to the presence of some organic impurities in 
the wastewater, which affects the properties of Na2SO4 in 
water. At the same time, the average MSZW change in the 
NaCl-rich side was slightly widened, indicating that the 
presence of organic impurities in the wastewater had little 
effect on the nucleation driving force of NaCl. Therefore, 
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organic impurities in the wastewater were strictly controlled 
during the evaporation crystallization process to ensure that 
high-quality salts were obtained with a small driving force.

4. Conclusion

The ternary system of (NaCl + Na2SO4 + H2O) in coal-
to-liquids wastewater was studied at 323.15 K. According 
to experimental results, the stable and metastable phase 
diagrams for coal-to-liquids wastewater were investigated 
and compared with those for pure water. It was found 
that the NaCl-rich side showed little change, besides that 
of the Na2SO4-rich side in the stable and metastable phase 
diagrams. In stable phase diagrams, the Na2SO4-rich side 
was found to be lower in coal-to-liquids wastewater than 
in pure water. In metastable phase diagrams, the Na2SO4-
rich side shifted slightly downwards in coal-to-liquids 
wastewater, and the co-nucleation points obviously shifted 
left in the metastable phase diagrams. The average MSZW 
is significantly enlarged in the Na2SO4-rich side, increasing 
by approximately 76.89%. Organic impurities in wastewa-
ter have a significant effect on Na2SO4, which leads to a 
decrease in the solubility of Na2SO4 and an increase in the 
crystalline region. The nucleation driving force for Na2SO4 
was greatly affected, which caused the nucleation rate and 
crystal growth rate for Na2SO4 to slow down. All results 
obtained in this experiment can be used for the desalina-
tion process for NaCl and Na2SO4 in industrial production 
and further theoretical studies.
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Symbols

XRD — X-ray powder diffraction
CTLW — Coal-to-liquids wastewater
nD — Solution refractive index
η — Solution viscosity
ρ — Solution density

J — Dry salt mole percentage
m —  Mole concentration for each molecular based 

component
u(T) — Standard uncertainty of temperature
u(P) — Standard uncertainty of pressure
u(nD) — Standard uncertainty of refractive index
u(η) — Standard uncertainty of viscosity
u(ρ) — Standard uncertainty of density
u(pH) — Standard uncertainty of pH
PR — Primary region
SR — Solubility region
MSZW — Metastable zone width
A — Average metastable zone width
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