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Abstract: The reduced solubility of inorganic salts in supercritical water has a significant impact on
the stable operation of desalination facilities as it may lead to surface fouling due to salt deposition. In
this study, the solubility of Na2SO4 was experimentally determined to be 0.04–15.34 mmol/kg water
at 23–25 MPa and 390–420 ◦C. To investigate the precipitation behavior of Na2SO4 in supercritical
water, a reactor with a heating bar was designed and the deposition effect of salt on the superheated
surface in an autoclave was tested at a temperature of 390 ◦C and a pressure of 23 MPa. Then, the
deposition mechanism of salt in the autoclave was analyzed and the temperature field in the reactor
was simulated using CFD commercial software. The experimental results showed that Na2SO4

was present on both the heating rod and the bottom of the autoclave with a loose salt layer. The
simulation results indicated that the temperature near the heating rod was significantly higher
than the bulk fluid temperature and it provided the temperature condition where the inorganic salt
preferentially nucleated and precipitated. Nickel foam was chosen as the porous media carrier to
investigate the selective precipitation of salt on different superheated surfaces. The results showed
that nickel foam could collect a large amount of salt on the heating rod and change the state of the
compact salt layer on the kettle bottom wall, providing a technical choice for salt recovery under
supercritical conditions.

Keywords: supercritical water; desalination; temperature effect; surface fouling

1. Introduction

Supercritical water is a fluid with a temperature greater than 374 ◦C and a pressure
greater than 22.1 MPa [1]. It is characterized by a lower dielectric constant and density
compared to those of water at a normal temperature and pressure. Specifically, the dielectric
constant reduces from 78 (T = 25 ◦C, P = 0.1 MPa) to 6 (at critical point), whereas the
density decreases from 997 kg/m3 to 280 kg/m3 [2]. Therefore, it has properties similar
to non-polar solvents, resulting in the enhanced solubility of inorganic substances and
reduced solubility of inorganic salts [3]. Due to its unique properties, supercritical water
has found widespread applications in numerous processes, including supercritical water
oxidation (SCWO) [4–7], supercritical water desalination (SCWD) [8–10], supercritical
water gasification (SCWG) [11–13], supercritical hydrothermal synthesis (SHS) [14–16],
etc. SCWO [4] is a homogeneous oxidation reaction that uses supercritical water as the
reaction medium and oxygen and air as the oxidant to rapidly convert organic matter
into harmless small molecules such as carbon dioxide and water. SCWD [8] exploits the
non-polar characteristic of supercritical water to separate salts from wastewater and achieve
zero liquid discharge of saline wastewater. SHS is commonly used for the synthesis of
nanomaterials with the advantages of fast reaction rates and high product crystallinity.
The process of SHS is particularly promising for the generation of high-performance
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nanoparticles, which can be applied in various fields, such as enhancing the functionality
of ion-selective electrodes [17].

Conventional methods for treating wastewater include membrane separation, biodegra-
dation, chemical precipitation, and incineration [18–20]. However, these methods have
limited application in treating high-salt organic wastewater. Membrane separation tech-
niques, such as reverse osmosis and nanofiltration, are ineffective at removing organic
matter from wastewater. Moreover, the membranes are susceptible to contamination during
the treatment process, leading to reduced efficiency and service life and high costs [18].
High concentrations of salt in wastewater inhibit the survival of biological cells, thereby
limiting the applicability of biological methods for large-scale wastewater treatment. In-
cineration methods are associated with secondary pollution [21]. In comparison to the
traditional methods of treating high-salinity organic wastewater, SCWO technology has
several advantages, such as a shorter reaction time, no secondary pollution, and environ-
mental friendliness [21]. However, the solubility of inorganic salts is significantly reduced
due to the decrease in the dielectric constant and density of supercritical water. For instance,
the solubility of NaCl is only 1.44–87 mmol/kg at the temperature range of 380–400 ◦C and
the pressure range of 18–23.5 MPa [22]. Similarly, the solubility of Na2SO4 decreases to
0.025–69.7 mmol/kg at a temperature range of 380–400 ◦C and a pressure of 25 MPa [23].
As a result, when the salt concentration in wastewater is high, inorganic salts precipitate
and settle rapidly, forming a sedimentary layer that can block pipelines and interfere with
heat transfer [24].

The application of SCWO has been limited due to issues of corrosion and blockage.
These issues arise from the deposition of salts originating from the raw material solution
or the oxidative decomposition of organic matter. To mitigate salt deposition during the
SCWO process, the existing research has mainly focused on controlling salt concentration
in the material to reduce deposition or on conducting one-step pretreatment to remove
a portion of salt before entering the reactor [25]. Alternatively, reactor design can be
employed to reduce salt deposition on the walls. Samuel et al. [8] designed a secondary
separation process for the desalination of seawater, utilizing the non-polar properties of
SCW to remove salt from brine in a separator.

In summary, reducing inorganic salt deposition in applications is typically achieved
through reactor design and raw material pretreatment. However, methods to provide
crystalline carriers have not been extensively studied. Dell’Orco et al. [26] added γ-Al2O3
spheres to provide the surface area for non-homogeneous precipitation when determining
the solubility of NaNO3 at 24.8–30 MPa and 450–525 ◦C, but the effect of γ-Al2O3 spheres
on inorganic salts was not described. Moreover, few studies have explored the deposition
characteristics of inorganic salts in the reactor, although it is suggested that superheated
surfaces are more likely to be preferential sites for salt nucleation to occur [27]. Porous
metals may provide a better medium to induce directed salt deposition due to their low
density, large specific surface area, and good thermal conductivity.

In this study, a reactor with an in-built suspended heating rod was designed. Taking
typical type II Na2SO4 salt as a representative, the deposition of salt in the autoclave was
tested at the temperature of 390 ◦C at 23 MPa, and the induction of deposition of the
inorganic salt by nickel foam was also tested. The effect of gravity and different heating
walls on salt crystallization was comprehensively investigated. Additionally, temperature
and velocity field distributions in the autoclave were obtained through CFD simulations to
analyze the results of salt deposition.

2. Experiment
2.1. Chemicals

Sodium sulfate (analytically pure, ≥99%) was purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. (Shanghai, China), and deionized water was purchased
from Shanghai Huazhen Technology Co., Ltd. (Shanghai, China). The details of the
chemical reagents are listed in Table 1. Considering the corrosion effect under supercritical
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conditions, nickel foam was selected as the primary experimental material. In this study,
two different sizes of nickel foam were used: 50 × 50 × 5 (mm3), and 25 × 25 × 5 (mm3),
both with a porosity of 20 PPI (pores per inch).

Table 1. Chemical reagents used in this work.

Chemical
Reagent Source Mass Fraction Purity Purification

Method CAS No.

Sodium
sulfate

anhydrous

Aladdin (Shanghai
Aladdin Biochemical
Technology Co., Ltd.,

Shanghai, China)

AR, 99% None 7757-82-6

deionized
water

Shanghai Huazhen
Technology Co., Ltd.,

Shanghai, China

Conductivity
< 1.75 µS/cm None 7732-18-5

2.2. Device Process

Figure 1 illustrates the process of the device, in which the autoclave is made of
Inconel625 alloy to resist corrosion in the supercritical state. Figure 2 displays a diagram
of the experimental setup. The prepared test material was placed at the bottom of the
autoclave or fixed to the heating rod with nickel wire. A specific concentration of salt
solution was prepared by dissolving a weighed amount of the sample salt in deionized
water and pumping it into the preheater with a high-pressure pump (10–100 mL/min).
After preheating to 200–300 ◦C, the solution entered the reactor, where the brine was
heated to the supercritical temperature (390–450 ◦C) using an electric heating furnace.
Under the supercritical condition, salt particles were precipitated from the supercritical
water. The desalinated solution was filtered by a filter (SS10TF-MM-2, Swagelok, OH,
USA), and cooled to ambient temperature by a condenser. The overall pressure of the
plant was controlled at 23 MPa by the back pressure valve (R42LG-BBG-11-11-P, Amflo,
Shanghai, China).
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The device operation and data measurements were controlled and acquired, respec-
tively, by a computer. The relationship between the concentration of the inorganic salt
solution and the conductivity was described by a linear equation, and the salt concentration
in the solution was calculated from the conductivity values. The relationship between salt
concentration and conductivity can be expressed as follows:

S = 0.0055·σ − 0.03826 (1)

where S is the salt concentration in mmol/L; σ is the conductivity in µS/cm. The corre-
lation coefficient R2 = 0.99932 indicated that the relationship between concentration and
conductivity was linear over the experimental concentration range. Figure 3 depicts the
concentration of the Na2SO4 solution as a function of conductivity.

To investigate the impact of the superheated surface on salt deposition in the su-
percritical state, a heating rod (Figure 4) was designed for the autoclave, and the upper
temperature of it could reach 600 ◦C. After the brine was injected for a certain time, when
the conductivity value was maintained within a certain range, the solution was stopped.
To avoid the residual gas in the kettle from redissolving the precipitated salt particles, a
section of the nitrogen booster was placed at the front end of the reactor. An air compressor
was used to pressurize nitrogen into the autoclave and bring out the residual water vapor.
After depressurizing and waiting for the temperature to drop to a normal temperature, the
carrier material was removed and the experimental phenomena were observed.
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3. Model and Theory

In recent decades, various mathematical and numerical methods have been developed
to study different supercritical fluid processes and analyze phenomena such as thermo-
dynamics, hydrodynamics, crystal nucleation and growth, etc. These methods allow the
prediction of nucleation times, temperature field distributions and supersaturation field
distributions that are difficult to obtain experimentally. Computational fluid dynamics
(CFD) software has been successfully applied to simulate flow, heat transfer and reactions
under various supercritical conditions [28–31]. In a numerical simulation study of super-
critical water desalination, Voisin et al. [32,33] used all the experimentally measured data
as fitting parameters for numerical modeling and simulated the nucleation and growth of
Na2SO4 particles under supercritical conditions, without considering crystal fragmentation
and aggregation, and the simulation results were in good agreement with the experimental
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data. Therefore, based on previous studies, CFD software was selected to simulate the
temperature field inside the reactor to provide a better illustration of the effect of the heating
rod on the temperature field inside the reactor and salt deposition.

3.1. Physical Model

The reactor comprises inlet piping, outlet piping, internal heating rods and an external
heating furnace. To simplify the model, the flow paths inside the reactor were modeled,
and the heating rod was approximated to the inner wall surface. Similarly, the external
heating furnace was simplified to the outer wall’s surface. Figure 5a,b shows the simplified
physical model and the mesh of the model after meshing, respectively. The total number of
cells was 872,842 and the specific information is summarized in Table 2 below.
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Table 2. Information for the mesh.

Cells Faces Nodes Partitions

872,842 1,798,513 184,791 12 cell zones, 9 face zones

3.2. Grid Sensitivity Test

The grid sensitivity test was performed at a brine flow rate of 10 mL/min and an inlet
temperature of 350 ◦C, under the heating rod surface temperature of 600 ◦C. Five grid sizes
were compared: 5 mm, 3 mm, 1.5 mm, 1 mm, and 0.5 mm.

From the simulation results (Figure 6), it can be seen that the grid size of 0.5 mm
did not improve the accuracy over that of 1 mm, so the grid size of 1 mm was used in
the simulation.

3.3. Fluid Dynamics

Numerical calculations were carried out using the commercial software ANSYS FLU-
ENT. Under the conditions studied in this work, the pressure was above the critical pressure.
To simplify the calculation, it was assumed that the water at the entrance vaporized instan-
taneously. The vaporization was too fast to absorb heat from the surrounding environment,
it would lead to the cooling of itself to provide heat of vaporization, while converting
itself into water vapor. Furthermore, it was assumed that the average temperature of the
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autoclave was 390 ◦C, and the state of water at the entrance (350 ◦C; 22.9 MPa) was liquid
with the enthalpy of 1632 kJ/kg.
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The inlet flow rates were set at 10, 20 and 50 mL/min, with an inlet temperature of
350 ◦C. The temperature of the heating rod was set at 600 ◦C and 900 ◦C, while the autoclave
wall temperature was set at 350 ◦C. An implicit pressure-based solver was selected for the
calculation and the coupling method of pressure and velocity was calculated using the
SIMPLE algorithm. The residual convergence value was set at 10−3.

The continuity equation is defined as follows:

∂ρ

∂t
+∇

(
ρ
→
v
)
= 0 (2)

For turbulence modeling, the standard k-εmodel with standard wall functions is used
as a near-wall treatment. In this model, the turbulent kinetic energy, k, and its dissipation
rate, ε, are obtained from the following transport equations:

∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xj

[(
µ+

µt

σk

)
∂k
∂xj

]
+ Gk + Gb − ρε−YM (3)

∂

∂t
(ρε) +

∂

∂xi
(ρεui) =

∂

∂xj

[(
µ+

µt

σε

)
∂ε

∂xj

]
+ cε1

ε

k
(Gk + cε3Gb)− cε2ρ

ε2

k
(4)

where Gk denotes the turbulent kinetic energy due to the mean velocity gradient, Gb
represents the turbulent kinetic energy due to buoyancy, and YM represents the effect of
fluctuating expansion in compressible turbulence on the turbulent kinetic energy. cε1, cε2
and cε3 are constants with values of 1.44, 1.92 and 0.09, respectively; σk and σε are Prandtl
numbers with values of 1.0 and 1.3, respectively.

The energy balance (equation) was used to consider the effect of heat transfer on
fluid dynamics.

∂

∂t
(ρE) +∇

(→
v (ρE + p)

)
= ∇

(
ke f f∇T−∑

j
hj
→
J j+

(
τe f f

→
v
))

(5)

where ke f f is the effective thermal conductivity and
→
J j is the diffusive flux of the sub-

stance. The terms on the right-hand side indicate the energy transfer, diffusion and viscous
dissipation caused by the conducting substance.
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4. Results and Discussion
4.1. Solubility Data for Na2SO4

The solubility data for Na2SO4 in water at 380–420 ◦C and 23–25 MPa are shown
in Table 3. The solubility range is 0.04–15.34 mmol/kg. The relationship between the
experimental solubility data and temperature/pressure is illustrated in Figure 5.

Table 3. Solubility data for Na2SO4 at various temperatures and pressures.

P/MPa T/◦C Solubility of Na2SO4 (mmol/L)

23 380 0.18
390 0.07
400 0.06
410 0.05
420 0.04

24 380 1.02
390 0.45
400 0.35
410 0.32
420 0.26

25 380 15.34
390 1.58
400 1.00
410 0.44
420 0.33

The solubility of Na2SO4 in supercritical water gradually decreases with increasing
temperature and decreasing pressure. As shown in Figure 7, the solubility of Na2SO4 under
supercritical conditions is strongly influenced by temperature and decreases significantly
with increasing temperature, but its decreasing trend slows down when the temperature
reaches 410 ◦C. After the temperature reached 390 ◦C, the solubility value was less than
2 mmol/L at any pressure (23–25 MPa). The effect of pressure on the solubility is more
significant in the low-temperature zone, where the value falls with decreasing pressure.
The influence of temperature and pressure on the solubility of salt is essentially an effect of
the density of water. Thus, only in the lower temperature range, when the pressure has a
greater impact on the density of water, will there be a significant change in the solubility of
salt. After a temperature increase to a certain point, the water enters the low-density zone
again, at which point the impact of pressure on solubility is no longer apparent.
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4.2. Results of Na2SO4 Salt Deposition Experiments

The experiments on salt deposition were conducted mainly at 390 ◦C due to the ex-
tremely low solubility of Na2SO4 under supercritical conditions (removal rate up to 90%).
Table 4 lists a series of experimental information showing that there was no nickel foam on
the heating rod and the bottom of the autoclave. The experiments of salt deposition with
different heating rod temperatures and amounts of solution were conducted. The exper-
imental results show that the superheated surface had a greater effect on the deposition
form of Na2SO4, and loose salt particles could be seen on the heating rod and the bottom of
the kettle (Figure 8a,b). The condition of the kettle bottom after the removal of the loose
salt is shown in Figure 8c,f,i. It can be observed that at low heater rod temperatures, a thick
compact layer of salt developed at the bottom of the kettle and that this layer had high
mechanical strength making it difficult to remove, seriously affecting heat transfer efficiency
and blocking. A comparison in Figure 8a,d indicates that when the heating rod temperature
is higher, the kettle deposits more of the loosely shaped salt rather than the dense salt layer
shown in Figure 8b, which is undoubtedly more beneficial for industrial operations.

Table 4. Experimental information of Na2SO4 with no materials.

Run P/MPa T1 a/◦C T2 b/◦C T3 c/◦C Amount of Solution/L

1 22.9 390 500 655–736 1.0
2 22.9 390 600 622.3–710.3 0.5
3 22.9 390 600 628.1–695.1 1.0

a T1 is the temperature in the kettle during the experiment. b T2 is the temperature of the heating rod. c T3 is the
temperature of the heating furnace.
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As shown in Figure 8d, a dense salt layer is more likely to form on the heating rod
when the amount of solution is low. This is probably due to the fact that when the salt



Processes 2023, 11, 1779 10 of 17

concentration entering the reactor is low, the salt particles tend to nucleate on the heating
rod. At this point, the nucleation rate is much higher than the growth rate, resulting in
the formation of a salt film that covers the heating rod. However, the nucleation sites on
the heating rod are covered as the solution is continuously introduced. Additionally, salt
particles grow in aggregates on the formed salt nuclei, which are deposited at the bottom
after being continuously detached by gravity, thus forming a loose salt lump.

To further verify the effect of nickel foam on salt deposition on the heating rod and
at the bottom of the autoclave, several sets of experiments were conducted by varying
the amount of brine passed (Table 5). When no material was placed on the heating rods,
salt also appeared on the heating rods but did not accumulate as much as it did when the
material was available (Figure 8g). The salt was mainly concentrated in the bottom space
of the kettle. After arranging the nickel foam, it was evident that the salt was deposited
preferentially on top of the nickel foam. When the nickel foam was set up close to the
bottom wall, the deposited particles covered the material, in contrast to the case in the
absence of material, when the dense salt layer disappeared close to the wall. The presence
of nickel foam effectively inhibited the formation of a dense salt layer on the bottom of the
autoclave. As the amount of solution passing through increases, the morphology of the salt
deposited on the bottom tends to be more and more loose.

Table 5. Experimental information of Na2SO4 with materials on the heating rod and bottom of
the kettle.

Run P/MPa T1 a/◦C T2 b/◦C T3 c/◦C Amount of Solution/L

1 22.9 390 600 608–690 0.5
2 22.9 390 600 637.8–673 0.75
3 22.9 390 600 627.7–706.8 1.0

a T1 is the temperature in the kettle during the experiment. b T2 is the temperature of the heating rod. c T3 is the
temperature of the heating furnace.

It is noteworthy that the salt deposited on the material on the heating rod was primarily
concentrated on the feed side, with salt particles also appearing on the reactor wall in the
opposite position. Comparing the results on the heating rods (Figures 8g and 9g), it is
evident that nickel foam effectively enhanced the induced crystallization of Na2SO4 on the
heating rods.

4.3. Numerical Simulation Results

In order to better visualize the velocity distribution in the autoclave, the velocity
field at different flow rates was simulated under a heating rod temperature of 600 ◦C and
900 ◦C. Figures 10 and 11 show the velocity field and the streamlines at different flow rates,
respectively under a heating rod temperature of 600 ◦C, while the velocity field and the
streamlines at different flow rates under a heating rod temperature of 900 ◦C are shown
in Figures 12 and 13, respectively. At the three flow rates, the velocity in the autoclave
tended to decrease gradually from the inlet to the inside of the kettle and formed a low-
velocity zone in most of the area between the bottom of the heating rod and the bottom of
the autoclave.

Figures 14 and 15 shows the temperature distribution at different flow rates when
the heating rod temperature was 600 ◦C and 900 ◦C. It can be seen that despite the over-
all similarity in temperature distribution across the three flow rates, the temperature in
proximity to the heating rod wall was significantly higher. Additionally, the region of
the highest temperature within the autoclave was predominantly situated in the middle
area of the heating rod. This phenomenon may explain the initial deposition of inorganic
salts at the inlet following the placement of nickel foam on the heating rod. Considering
the influence of temperature on the precipitation of inorganic salts under supercritical
conditions, the heating rod surface serves as a preferential site for inorganic salt nucleation
and precipitation, with sodium sulfate undergoing heterogeneous nucleation on the heating
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rod. At the same time, due to the phase characteristics of sodium sulfate, after nucleation,
it continues to grow and agglomerate and deposits at the bottom of the autoclave under
the effect of gravity. This accounts for our observation of loosely packed large particle salt
blocks at the bottom of the autoclave.

Processes 2023, 10, x FOR PEER REVIEW 11 of 18 
 

 

in the opposite position. Comparing the results on the heating rods (Figures 8g and 9g), it 
is evident that nickel foam effectively enhanced the induced crystallization of Na2SO4 on 
the heating rods. 

 
Figure 9. Deposition results of Na2SO4 with materials on the heating rod and bottom of the kettle. 
Heating rod: (a,d,g). Bottom of the reactor: (b,e,h). After removing the material and salt: (c,f,i). 

4.3. Numerical Simulation Results 
In order to better visualize the velocity distribution in the autoclave, the velocity field 

at different flow rates was simulated under a heating rod temperature of 600 °C and 900 
°C. Figures 10 and 11 show the velocity field and the streamlines at different flow rates, 
respectively under a heating rod temperature of 600 °C, while the velocity field and the 
streamlines at different flow rates under a heating rod temperature of 900 °C are shown 
in Figures 12 and 13, respectively. At the three flow rates, the velocity in the autoclave 
tended to decrease gradually from the inlet to the inside of the kettle and formed a low-
velocity zone in most of the area between the bottom of the heating rod and the bottom of 
the autoclave. 

Figure 9. Deposition results of Na2SO4 with materials on the heating rod and bottom of the kettle.
Heating rod: (a,d,g). Bottom of the reactor: (b,e,h). After removing the material and salt: (c,f,i).

Processes 2023, 10, x FOR PEER REVIEW 12 of 18 
 

 

 
Figure 10. The contour of velocity in the reactor at different brine flow rates under a heating rod 
temperature of 600 °C: (a) 10 mL/min, (b) 20 mL/min, and (c) 50 mL/min. 

 
Figure 11. The streamlines in the reactor under a heating rod temperature of 600 °C at different brine 
flow rates: (a) 10 mL/min, (b) 20 mL/min, and (c) 50 mL/min. 

Figure 10. The contour of velocity in the reactor at different brine flow rates under a heating rod
temperature of 600 ◦C: (a) 10 mL/min, (b) 20 mL/min, and (c) 50 mL/min.



Processes 2023, 11, 1779 12 of 17

Processes 2023, 10, x FOR PEER REVIEW 12 of 18 
 

 

 
Figure 10. The contour of velocity in the reactor at different brine flow rates under a heating rod 
temperature of 600 °C: (a) 10 mL/min, (b) 20 mL/min, and (c) 50 mL/min. 

 
Figure 11. The streamlines in the reactor under a heating rod temperature of 600 °C at different brine 
flow rates: (a) 10 mL/min, (b) 20 mL/min, and (c) 50 mL/min. 
Figure 11. The streamlines in the reactor under a heating rod temperature of 600 ◦C at different brine
flow rates: (a) 10 mL/min, (b) 20 mL/min, and (c) 50 mL/min.

Processes 2023, 10, x FOR PEER REVIEW 13 of 18 
 

 

 
Figure 12. The contour of velocity in the reactor at different brine flow rates under a heating rod 
temperature of 900 °C: (a) 10 mL/min, (b) 20 mL/min, and (c) 50 mL/min. 

 
Figure 13. The streamlines in the reactor under a heating rod temperature of 900 °C at different brine 
flow rates: (a) 10 mL/min, (b) 20 mL/min, and (c) 50 mL/min. 

Figures 14 and 15 shows the temperature distribution at different flow rates when 
the heating rod temperature was 600 °C and 900 °C. It can be seen that despite the overall 
similarity in temperature distribution across the three flow rates, the temperature in prox-
imity to the heating rod wall was significantly higher. Additionally, the region of the high-
est temperature within the autoclave was predominantly situated in the middle area of 
the heating rod. This phenomenon may explain the initial deposition of inorganic salts at 
the inlet following the placement of nickel foam on the heating rod. Considering the in-
fluence of temperature on the precipitation of inorganic salts under supercritical condi-
tions, the heating rod surface serves as a preferential site for inorganic salt nucleation and 
precipitation, with sodium sulfate undergoing heterogeneous nucleation on the heating 
rod. At the same time, due to the phase characteristics of sodium sulfate, after nucleation, 
it continues to grow and agglomerate and deposits at the bottom of the autoclave under 
the effect of gravity. This accounts for our observation of loosely packed large particle salt 
blocks at the bottom of the autoclave. 

Figure 12. The contour of velocity in the reactor at different brine flow rates under a heating rod
temperature of 900 ◦C: (a) 10 mL/min, (b) 20 mL/min, and (c) 50 mL/min.

Processes 2023, 10, x FOR PEER REVIEW 13 of 18 
 

 

 
Figure 12. The contour of velocity in the reactor at different brine flow rates under a heating rod 
temperature of 900 °C: (a) 10 mL/min, (b) 20 mL/min, and (c) 50 mL/min. 

 
Figure 13. The streamlines in the reactor under a heating rod temperature of 900 °C at different brine 
flow rates: (a) 10 mL/min, (b) 20 mL/min, and (c) 50 mL/min. 

Figures 14 and 15 shows the temperature distribution at different flow rates when 
the heating rod temperature was 600 °C and 900 °C. It can be seen that despite the overall 
similarity in temperature distribution across the three flow rates, the temperature in prox-
imity to the heating rod wall was significantly higher. Additionally, the region of the high-
est temperature within the autoclave was predominantly situated in the middle area of 
the heating rod. This phenomenon may explain the initial deposition of inorganic salts at 
the inlet following the placement of nickel foam on the heating rod. Considering the in-
fluence of temperature on the precipitation of inorganic salts under supercritical condi-
tions, the heating rod surface serves as a preferential site for inorganic salt nucleation and 
precipitation, with sodium sulfate undergoing heterogeneous nucleation on the heating 
rod. At the same time, due to the phase characteristics of sodium sulfate, after nucleation, 
it continues to grow and agglomerate and deposits at the bottom of the autoclave under 
the effect of gravity. This accounts for our observation of loosely packed large particle salt 
blocks at the bottom of the autoclave. 

Figure 13. The streamlines in the reactor under a heating rod temperature of 900 ◦C at different brine
flow rates: (a) 10 mL/min, (b) 20 mL/min, and (c) 50 mL/min.



Processes 2023, 11, 1779 13 of 17Processes 2023, 10, x FOR PEER REVIEW 14 of 18 
 

 

 
Figure 14. Temperature distribution at 600 °C of heating rod surface under different brine flow rates: 
(a) 10 mL/min, (b) 20 mL/min, and (c) 50 mL/min. 

 
Figure 15. Temperature distribution at 900 °C of heating rod surface under different brine flow rates: 
(a) 10 mL/min, (b) 20 mL/min, and (c) 50 mL/min. 

4.4. Analysis of the Mechanism of Salt Deposition 
The nucleation mechanisms of crystals can be classified into two categories: homoge-

neous and non-homogeneous. Homogeneous nucleation occurs in the main fluid, while 
non-homogeneous nucleation occurs mainly on various surfaces. When the concentration 
of the brine in the autoclave is higher than the solubility under supercritical conditions, 
spontaneous homogeneous nucleation occurs in the solution [21]. The primary cause of 
salt precipitation is the significant alteration in the properties of the solvent water near the 
critical point. At the same time, the higher the temperature, the greater the supersaturation 
of the salt solution, and the faster the rate of salt crystallization and nucleation. As the 
autoclave is mainly heated by an external heater, the temperature of the wall is much 
higher than that of the fluid. Therefore, a large temperature gradient is formed near the 
walls, making the properties of the fluid preferentially change near the hot surface. The 
hot surface itself can also provide more adsorption sites for salt ions, resulting in a greater 
tendency for salt to nucleate on the high-temperature surface in non-homogeneous nucle-
ation. 

Figure 16b shows the binary phase diagram of Na2SO4 under a pressure of 25 MPa. 
Voisin [34] showed that aqueous Na2SO4 solution has a phase change under supercritical 
conditions. With an increase in temperature and concentration, Na2SO4 can precipitate 
readily as a solid phase (Figure 16b), instead of forming a gas–liquid coexistence state as 

Figure 14. Temperature distribution at 600 ◦C of heating rod surface under different brine flow rates:
(a) 10 mL/min, (b) 20 mL/min, and (c) 50 mL/min.

Processes 2023, 10, x FOR PEER REVIEW 14 of 18 
 

 

 
Figure 14. Temperature distribution at 600 °C of heating rod surface under different brine flow rates: 
(a) 10 mL/min, (b) 20 mL/min, and (c) 50 mL/min. 

 
Figure 15. Temperature distribution at 900 °C of heating rod surface under different brine flow rates: 
(a) 10 mL/min, (b) 20 mL/min, and (c) 50 mL/min. 

4.4. Analysis of the Mechanism of Salt Deposition 
The nucleation mechanisms of crystals can be classified into two categories: homoge-

neous and non-homogeneous. Homogeneous nucleation occurs in the main fluid, while 
non-homogeneous nucleation occurs mainly on various surfaces. When the concentration 
of the brine in the autoclave is higher than the solubility under supercritical conditions, 
spontaneous homogeneous nucleation occurs in the solution [21]. The primary cause of 
salt precipitation is the significant alteration in the properties of the solvent water near the 
critical point. At the same time, the higher the temperature, the greater the supersaturation 
of the salt solution, and the faster the rate of salt crystallization and nucleation. As the 
autoclave is mainly heated by an external heater, the temperature of the wall is much 
higher than that of the fluid. Therefore, a large temperature gradient is formed near the 
walls, making the properties of the fluid preferentially change near the hot surface. The 
hot surface itself can also provide more adsorption sites for salt ions, resulting in a greater 
tendency for salt to nucleate on the high-temperature surface in non-homogeneous nucle-
ation. 

Figure 16b shows the binary phase diagram of Na2SO4 under a pressure of 25 MPa. 
Voisin [34] showed that aqueous Na2SO4 solution has a phase change under supercritical 
conditions. With an increase in temperature and concentration, Na2SO4 can precipitate 
readily as a solid phase (Figure 16b), instead of forming a gas–liquid coexistence state as 

Figure 15. Temperature distribution at 900 ◦C of heating rod surface under different brine flow rates:
(a) 10 mL/min, (b) 20 mL/min, and (c) 50 mL/min.

4.4. Analysis of the Mechanism of Salt Deposition

The nucleation mechanisms of crystals can be classified into two categories: homoge-
neous and non-homogeneous. Homogeneous nucleation occurs in the main fluid, while
non-homogeneous nucleation occurs mainly on various surfaces. When the concentration
of the brine in the autoclave is higher than the solubility under supercritical conditions,
spontaneous homogeneous nucleation occurs in the solution [21]. The primary cause of
salt precipitation is the significant alteration in the properties of the solvent water near the
critical point. At the same time, the higher the temperature, the greater the supersaturation
of the salt solution, and the faster the rate of salt crystallization and nucleation. As the
autoclave is mainly heated by an external heater, the temperature of the wall is much higher
than that of the fluid. Therefore, a large temperature gradient is formed near the walls, mak-
ing the properties of the fluid preferentially change near the hot surface. The hot surface
itself can also provide more adsorption sites for salt ions, resulting in a greater tendency
for salt to nucleate on the high-temperature surface in non-homogeneous nucleation.

Figure 16b shows the binary phase diagram of Na2SO4 under a pressure of 25 MPa.
Voisin [34] showed that aqueous Na2SO4 solution has a phase change under supercritical
conditions. With an increase in temperature and concentration, Na2SO4 can precipitate
readily as a solid phase (Figure 16b), instead of forming a gas–liquid coexistence state as it
does in aqueous sodium chloride solutions (V + L region in Figure 16a). Thus, Na2SO4, as
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a type II salt, is anticipated to preferentially crystallize in the region where supersaturated
concentrations and high temperatures exist. Thereafter, rapid growth and aggregation are
driven by concentration gradients and settling at the bottom is driven by gravity (Figure 17).
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Foam metal exhibits better thermal conductivity than inorganic porous materials such
as molecular sieves do due to its metallic nature. Direct contact with the superheated wall
surface can extend the range of high-temperature regions near the wall. It can also provide
a larger surface area, which facilitates the heterogeneous nucleation of Na2SO4. Due to
the characteristics of its porous medium, Na2SO4 crystals have limited space to grow in it,
making it difficult for the crystals to grow stably in a single direction. This may explain
its effectiveness at inhibiting the formation of compact salt layers at the bottom of the
autoclave (Figure 18).
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5. Conclusions

In this study, solubility data for Na2SO4 were initially obtained at 23–25 MPa and
380–420 ◦C. The removal rate of Na2SO4 from brine can reach more than 90% under
supercritical conditions. Subsequently, a continuous apparatus with a heating rod was
utilized to investigate the deposition characteristics of Na2SO4 in an autoclave at 23 MPa
and 390 ◦C. The effect of superheated surfaces on the preferential nucleation growth of
salt under supercritical conditions was examined. The findings indicated that Na2SO4
was deposited on the surface of the heating rod as well as on the bottom of the autoclave.
This is related to the phase behavior of the salt; under supercritical conditions, the Na2SO4
separated into a gas phase and a solid phase, which was preferentially nucleated by the
heater bar and grew along the inlet on it before being deposited due to the effect of gravity.
Simulations using CFD software were conducted to obtain the temperature distribution in
the reactor. The results showed that the temperature near the heating rod wall was higher
than that of the main fluid, which was where the inorganic salts preferentially nucleated
under supercritical conditions.

In addition, nickel foam was utilized as a porous medium to provide a large surface
area for the superheated surface. As a carrier, it could accumulate significant amounts of
salt on the heating rod, altering the state of the compact salt layer on the bottom of the
autoclave. This presents a novel approach for the industrial recovery of inorganic salts
under supercritical conditions.

However, hypersaline wastewater typically contains more than just Na2SO4, and for
the supercritical water oxidation process, there is the oxidative transformation of organic
matter as well. Therefore, it is crucial to investigate the phase behavior of other types of
inorganic salts, the deposition phenomena, and whether or not the oxidation process of
organic matter affects the deposition of inorganic salts in future work.
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