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a b s t r a c t

The mechanism of hydrate-based desalination is that water molecules would transfer to the hydrate
phase during gas hydrate formation process, while the salt ions would be conversely concentrated in the
unreacted saltwater. However, the salt concentration of hydrate decomposed water and the desalination
degree of hydrate phase are still unclear. The biggest challenge is how to effectively separate the hydrate
phase and the remaining unreacted salt water, and then decompose the hydrate phase to measure the
salt concentration of hydrate melt water. This work developed an apparatus and pressure-driven
filtration method to efficiently separate the hydrate phase and the remaining unreacted saltwater. On
this basis, the single hydrate phase was obtained, then it was dissociated and the salt concentration of
hydrate melt water was measured. The experimental results demonstrate that when the initial salt mass
concentration is 0.3% to 8.0%, the salt removal efficiency for NaCl solution is 15.9% to 29.8% by forming
CO2 hydrate, while for CaCl2 solution is 28.9% to 45.5%. The solute CaCl2 is easier to be removed than
solute NaCl. In addition, the salt removal efficiency for forming CO2 hydrate is higher than that for
forming methane hydrate. The multi-stage desalination can continuously decrease the salt concentration
of hydrate dissociated water, and the salt removal efficiency per stage is around 20%.
© 2025 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights are reserved, including those for text and data mining, AI training, and similar technologies.

1. Introduction

Freshwater is valuable resource for the survival of the human
beings and the entire ecosystem [1e3]. However, the freshwater
resources only account for 2.5% of the Earth’s water resources, and
their distribution is uneven, which cannot guarantee people’s daily
water use [4,5]. Therefore, seawater desalination technology is of
great importance for the human beings [6,7]. Currently, common
seawater desalination technologies include solar assisted evapo-
ration [8e10], membrane separation [11e13], electrochemical
treatment [14e16] and reverse osmosis [17,18], etc.

A new type of seawater desalination method based on hydrate
technology has received widespread attention due to its advan-
tages of low energy consumption, simple equipment, and envi-
ronmental protection [19e22]. Hydrate seawater desalination
technology utilizes the salt removal effect of the hydrate formation

process. At the end of hydrate formation process, the solid hydrate
phase is separated from the remaining unreacted water, and de-
composes the hydrate to obtain fresh water. Parker [23] firstly
proposed the concept of seawater desalination based on the hy-
drate method. Dickens and Quinby-Hunt [24] determined the
phase equilibrium conditions of methane hydrate in seawater. The
results show that compared with pure water system, the average
decomposition temperature of methane hydrate in seawater sys-
tem decreases by about 1.1 K. Due to the unique cage-like structure
of gas hydrate formed at lower temperature and higher pressure
[25,26], water molecules will transfer to the hydrate phase, while
the salt will concentrate in the unreacted saline water [27,28]. Sun
et al. [29] evaluated the potential of the Span 80 enhanced HBD
technology to treat highly concentrated brine solutions, heavy
metal wastewater, and strongly acidic or alkaline solutions, as well
as the performance of a multi-stage desalination process. Ling et al.
[30] used a graphite-promoted single-stage desalination method to
test the desalination and Li enrichment properties during the for-
mation process of cyclopentane (CP) hydrate. Mi et al. [31] studied
the effect of different C3H8 concentration on the formation of CO2/
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C3H8 mixed hydrates in brine, which is helpful for the development
of hydrate-based desalination technology. Abulkhair et al. [32]
carried out a single-stage desalination experiment based on
CO2þC3H8 hydrate. Mok et al. [33] theoretically studied the
maximum water production rate and efficiency, the optimization
temperature of desalination by forming cyclopentane hydrate,
providing important guidance for process operators to choose the
optimal operating conditions of hydrate-based desalination (HBD)
from a thermodynamic perspective. Maniavi Falahieh et al. [34]
proposed a mixed seawater desalination method based on CO2
hydrate, which can remove approximately 82% Naþ and 100% Kþ,
Ca2þ and Mg2þ. Salilih et al. [35] conducted thermal analysis on
integrated hydrate seawater desalination system and intermediate
fluid liquefied natural gas vaporizers, and conducted thermal
analysis on the proposed hydrate desalination system. The above
researches have proved the feasibility of hydrate-based seawater
desalination, and focusing on the industrial scale experiments.

At the end of the hydrate formation stage, the system usually
consists of gas phase, hydrate phase and remaining unreacted
liquid phase. The first challenge faced by HBD is how efficiently
separate the solid hydrate phase and the residual unreacted
concentrated saltwater, so as to dissociate hydrate phase to gain
fresh water. This step would significantly determine the desalina-
tion efficiency and the industrial feasibility of HBD [30]. Zheng and
Yang [1] used gas to blow the surface of hydrate phase at low
temperature, and the average desalination efficiency after gas
blowing is about 75%. Abulkair et al. [19] designed a filter at the
bottom of the reactor to separate the hydrate from the residual
brine. Lv et al. [25] used deionized water to wash the hydrate
crystals so as to flush away the residual brine, which significantly
improves the desalination efficiency. Fakharian et al. [28] designed
a reactor with separation container that can continuously separate
hydrate fromwater and gas. Park et al. [36,37] designed a plant for
the continuous production and granulation of CO2 hydrate through
the extrusion operation of a two-cylinder unit. Chen et al. [38] used
freeze-thaw combined with liquid rinsing, and the final sodium
chloride removal efficiency ranged from 29.0% to 64.3%. Montazeri
et al. [39] used vacuum filtration to separate gas hydrate and re-
sidual saline water. Truong-Lam et al. [40] designed a new device
that can be divided into hydrate formation zone and hydrate
compression zone. In the hydrate formation zone, the device
combines a plastic scraper with a stirring device, and hydrate
crystals are easily aggregated and attached to the reactor wall after
formation. Then the stirring device rotates, driving the scraper to
scrape off the hydrate crystals on the inner wall and collecting them
in the hydrate extrusion zone. The hydrate extrusion zone is a
double piston unit structure that can separate the collected hy-
drates and residual salt water again. Babu et al. [41] designed a
cylindrical annular bed reactor, and the inner wall is composed of a
metal mesh. Hydrates were generated on the surface of the metal
mesh, and then the hydrate crystals attached to the metal mesh
were scraped off by rotating the scraper on the agitator. The
remaining saline water was discharged from the bottom. Han et al.
[42] further pointed out that the phenomenon of surface adhesion
of hydrate crystals and salt entrainment in the gaps between
crystals is the main obstacle to the commercial application of HBD
separation technology. Therefore, they used three techniques,
namely centrifugal separation, water washing, and sweating, to
further study the desalination treatment of cyclopentane hydrate
crystals. They found that the centrifugal separation has the highest
desalination efficiency, about 96%, but the cost is the highest,
indicating that the water washing method may have more appli-
cation prospects. However, the water washing method is anti-
mixing behavior for desalination process that would seriously
reduce the dehydration efficiency and practical feasibility of the

technology. Therefore, how to simply and effectively separate hy-
drate phase from the remaining unreacted saltwater is a tricky
problem.

The objective of this work is to develop a pressure-driven
filtration method that is easy to operate and can efficiently sepa-
rate the solid hydrate phase and remaining unreacted saltwater to
the most extent. Based on this method, the performance of the
seawater desalination by hydrate method was studied. The desa-
lination efficiency of different kinds of salt solution and different
guest gas species were studied. In addition, the amount of formed
hydrate, water conversion rate and multi-stage separation were
also investigated.

2. Experimental

2.1. Experimental materials and equipment

The sodium chloride (NaCl,�99.5%) and calcium chloride (CaCl2,
�99.5%) were purchased from Xilong Chemical Co., Ltd. (China).
CH4 and CO2 with purity of 99.9% were purchased from Beijing
Haipu Beifen Gas Industry Co., Ltd. (China). The deionized (DI)
water (<10�4 S$m�1) used to prepare the seawater was purchased
from Beijing Hengwei Xingye Scientific Instrument Co., Ltd. (China).

The schematic diagram of single-stage seawater desalination
experimental apparatus is shown in Fig. 1. It consists of a sapphire
reactor, a gas storage tank, and a data acquisition system (DAS),
which has been introduced in previous works [43,44]. The platinum
resistance temperature sensor was installed at the top of the sap-
phire reactor. The pressure sensors were installed at the top and
bottom of sapphire reactor, respectively. A piston was installed
inside the sapphire reactor and can be controlled by a hand pump.
In order to improve gaseliquid mass transfer, a magnetic stirrer
was installed in the reactor. A metal sinter-plate filter was installed
at the bottom of the sapphire reactor, which can achieve the sep-
aration of solid hydrate crystals and unreacted salt water. The
temperature of the entire system is controlled by an air bath.
Monitor and control generated system (MCGS) can record experi-
mental temperature and pressure per minute.

The schematic diagram of multi-stage seawater desalination
experimental apparatus is shown in Fig. 2. It consists of a vertical
tubular high-pressure vessel (2500 mm � 38 mm) and auxiliary
equipments. The bottom of the high-pressure vessel is made of
PEEK material, through which the formation and decomposition of
gas hydrate can be visually observed. The maximum working
pressure of the high-pressure vessel is 15 MPa. The piston was
installed inside the high-pressure vessel and connected to the hand
pump. The auxiliary equipment consists of a water bath
(273.15e373.15 K), a gas cylinder and a data acquisition system. The
accuracies of platinum resistance thermometer detector (Pt 100)
and a pressure sensor are 0.1 K and 0.01 MPa, respectively. Simi-
larly, a metal sinter-plate filter was installed at the bottom to
separate solid hydrate crystals and the discharged brine.

2.2. Experimental procedures

(1) Establishing the standard curve

In order to determine the salt concentration of hydrate disso-
ciated water, it has to establish the standard curve firstly. The
multiple concentrations of NaCl and CaCl2 standard solution were
firstly prepared, then the conductivity of each standard solution
was measured. The experimental results are shown in Fig. 3. The
conductivity meter (FiveEasy Plus FE38) was purchased from
Mettler Toledo Instruments Co., Ltd. (Switzerland), with a range of
0.01e500 mS$cm�1 and an accuracy of ±0.5% F.S.
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Fig. 1. The schematic diagram of a single-stage seawater desalination apparatus: 1 e air bath; 2 e sapphire cell; 3 e piston; 4 emagnetic stirrer; 5 e beaker; 6e conductivity meter;
V e 1,2,3,4,5,6,7,8 e valves; GT e gas tank; RTD e Pt resistance temperature detector; P e pressure transducer.

Fig. 2. Schematic diagram of multi-stage seawater desalination experimental apparatus.

Y. Wu et al. / Chinese Journal of Chemical Engineering 85 (2025) 66e7568



Based on the experimental data, the standard curves between
the salt concentration and conductivity of NaCl and CaCl2 solution
are achieved by polynomial fitting, as shown in Eqs. (1) and (2).

s1 ¼ � 0:243cs2 þ 15:038cs þ 0:837 (1)

s2 ¼ � 0:365cs2 þ 14:603cs þ 0:741 (2)

where cs represents the mass fraction of salt. s1 represents the
conductivity of NaCl solution, mS$cm�1. s2 represents the con-
ductivity of CaCl2 solution, mS$cm�1.

(2) Experimental procedures

The NaCl or CaCl2 was firstly dissolved into the deionized water
to prepare salt solution with predicted concentration. The initial
conductivity of prepared salt solution was measured by conduc-
tivity meter. The reactor and pipelines were cleaned twice with the
prepared salt solution. Then the air bath was turned on and the
experimental temperature was set at the 274.15 K. 30 ml saltwater
was injected into the reactor through a hand pump. The gas was
added into the reactor until reaching the experimental pressure.
The magnetic stirrer was turned on to accelerate hydrate formation
process. During the experiment, the system pressure inside the
reactor can be controlled by adjusting the position of piston. When
a large amount of gas hydrate has formed, the growth rate of gas
hydrate would become extremely slow and the curve of system

pressure tends to stabilize. The hydrate sample preparation stage
can be end.

After that, the solid hydrate crystals and remaining unreacted
saltwater and gas were separated by pressure-driven filtration
method through moving the position of internal piston. The sche-
matic diagram and actual pictures of the experimental procedures
are shown in Figs. 4 and 5, respectively. Firstly, the concentrated
saline water was discharged from the outlet. The conductivity of
the unreacted saline water was measured by the conductivity
meter. Secondly, the piston kept moving downward to discharge
the gas phase and tightly compress the gas hydrate. Thirdly, the
piston was moved upward, gas hydrate would begin to decompose
under depressurization. After the gas hydrate has been totally
decomposed, the hydrate melt water was collected, and the con-
ductivity of the corresponding melt water was measured and used
to determine the salt concentration.

(3) Calculation equations

The difference between the initial salt concentration of fresh
brine and the salt concentration of hydrate melt water versus the
initial salt concentration of fresh brine is defined as the desalina-
tion efficiency factor (hd), as shown in Eq. (3).

hd ¼
c0 � c1

c0
� 100% (3)

where c0 and c1 represent the mass fractions of salt in the initial
fresh brine and the hydrate dissociated water, respectively.

Fig. 3. The relationship between conductivity and salt mass concentration for (a) NaCl solution and (b) CaCl2 solution.

Fig. 4. Schematic diagram of pressure-driven filtration method for studying the seawater desalination by HBD.
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The water recovery rate of HBD method is defined as Eq. (4).

R¼m1 � ð1� c1Þ
m0 � ð1� c0Þ

� 100% (4)

where m0 represents the initial mass of brine, g. m1 represents the
mass of the solution decomposed from gas hydrate, g. According to
Eq. (4), thewater conversion rate for forming gas hydrate is equal to
the water recovery rate.

3. Results and Discussion

3.1. The influence of extrusion pressure on desalination efficiency

At the end of the hydrate formation process, the system contains
hydrate phase and remaining unreacted gas phase and liquid phase.

One of the challenges faced by hydrate-based desalination is how to
separate the hydrate phase and the remaining unreacted concen-
trated saltwater. This work proposes a pressure-driven filtration
separation method that can high-efficiently separate hydrate phase
and residual unreacted concentrated saltwater. On this basis, the
desalination efficiency of HBD was studied.

As for pressure-driven filtration method, the extrusion pressure
may significantly affect the separation degree of hydrate phase and
liquid phase. Hence, the influence of extrusion pressure on the
desalination efficiency was firstly studied. The CO2 hydrate was
formed under 274.15 K and 3.5 MPa, with initial NaCl concentration
of 3.5%. According to Fig. 6(a), as the extrusion pressure increases,
the desalination efficiency of the hydrate phase would gradually
increase. When the extrusion pressure is higher than 5 MPa, the
desalination efficiency of the hydrate phase tends to be stable and
reach the maximum value. According to Fig. 6(b), the water re-
covery rate significantly decreases with the increase of extrusion
pressure. When the extrusion pressure increases to above 5 MPa,
the compaction degree of hydrate crystals tends to stabilize and the
water recovery rate tends to stabilize accordingly. It indicates that
the solid hydrate has been fully compacted and the residual water
wasmaximally squeezed out. Therefore, the extrusion pressurewas
set at 5 MPa for subsequent experiments, then the other influence
factors, such as water state (salt concentration, types of salt ions,
water conversion to the gas hydrate), gas source (guest gas species),
and operation mode (single stage, multi-stage) on the desalination
efficiency for the hydrate-based desalination method were studied.

3.2. Effect of water conversion rate on desalination efficiency

Owing to the desalination effect of hydrate formation process,
the salt concentration in residual liquid phase and in hydrate
dissociated water may be affected by the water conversion rate to
hydrate phase. Therefore, the water conversion rate is an important
parameter in HBD. The NaCl concentration is 3.5%, and the guest gas
species is pure CO2. The water conversion rate was adjusted by
controlling the reaction time, and then the residual unreacted
liquid phase and gas phases were discharged from the outlet at the
bottom of the reactor under the pressure of 5 MPa, accompanied by
the filtration and tight compression of hydrate crystals into cylin-
drical shape. After that, the hydrate crystals were dissociated by
depressurization method and the salt concentration of hydrate
melt water was measured. According to Fig. 7, the water conversion
rate for forming CO2 hydrate is in the range of 20.39% to 43.01%, and
the corresponding desalination efficiency ranges from 52.54% to
20.75%. This result reveals the importance of water conversion rate
in desalination efficiency. Although the experimental temperature,
pressure, and driving force can be precisely controlled, the quality
of the formed hydrate cannot be measured in real-time and

Fig. 5. The actual pictures taken during the experiment: (a) preparing hydrate sample, (b) discharge the residual unreacted brine and gas, accompanying by tightly compress solid
hydrate crystals, (c) the piston was moved upward to decompose gas hydrate. The experimental conditions are summarized in Table 1. P and T represent the experimental pressure
and temperature during hydrate formation process, respectively.

Table 1
The experimental conditions of HBD.

Run
No.

Guest
molecule

Salt
type

Salt mass
concentration/
%

Compaction
pressure/
MPa

P/MPa T/K Desalination
stage

1-1 CO2 NaCl 3.5 3.0 3.5 274.15 Single
1-2 CO2 NaCl 3.5 3.5 3.5 274.15 Single
1-3 CO2 NaCl 3.5 4.0 3.5 274.15 Single
1-4 CO2 NaCl 3.5 5.0 3.5 274.15 Single
1-5 CO2 NaCl 3.5 6.0 3.5 274.15 Single
1-6 CO2 NaCl 3.5 7.0 3.5 274.15 Single
1-7 CO2 NaCl 3.5 8.0 3.5 274.15 Single
2-1 CO2 NaCl 0.3 5.0 3.5 274.15 Single
2-2 CO2 NaCl 1.0 5.0 3.5 274.15 Single
2-3 CO2 NaCl 2.0 5.0 3.5 274.15 Single
2-4 CO2 NaCl 3.0 5.0 3.5 274.15 Single
2-5 CO2 NaCl 4.0 5.0 3.5 274.15 Single
2-6 CO2 NaCl 5.0 5.0 3.5 274.15 Single
2-7 CO2 NaCl 6.0 5.0 3.5 274.15 Single
2-8 CO2 NaCl 7.0 5.0 3.5 274.15 Single
2-9 CO2 NaCl 8.0 5.0 3.5 274.15 Single
3-1 CO2 CaCl2 0.3 5.0 3.5 274.15 Single
3-2 CO2 CaCl2 1.0 5.0 3.5 274.15 Single
3-3 CO2 CaCl2 2.0 5.0 3.5 274.15 Single
3-4 CO2 CaCl2 3.0 5.0 3.5 274.15 Single
3-5 CO2 CaCl2 4.0 5.0 3.5 274.15 Single
3-6 CO2 CaCl2 5.0 5.0 3.5 274.15 Single
3-7 CO2 CaCl2 6.0 5.0 3.5 274.15 Single
3-8 CO2 CaCl2 7.0 5.0 3.5 274.15 Single
4-1 CH4 NaCl 0.3 5.0 10.0 274.15 Single
4-2 CH4 NaCl 1.0 5.0 10.0 274.15 Single
4-3 CH4 NaCl 2.0 5.0 10.0 274.15 Single
4-4 CH4 NaCl 3.0 5.0 10.0 274.15 Single
4-5 CH4 NaCl 4.0 5.0 10.0 274.15 Single
4-6 CH4 NaCl 5.0 5.0 10.0 274.15 Single
4-7 CH4 NaCl 6.0 5.0 10.0 274.15 Single
5-1 CO2 NaCl 3.5 5.0 3.5 274.15 Three
5-2 CO2 NaCl 2.0 5.0 3.5 274.15 Three
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precisely controlled. Controlling the quality of formed hydrate re-
mains a challenge in experimental research. Therefore, even under
the same experimental conditions, the quality of the formed hy-
drate is not completely the same, resulting in deviations of removal
efficiency.

According to Fig. 8, there are many hydrate particles formed
during the hydrate formation process. After the drainage stage,
there is still some concentrated salt solution remains in the pore
space formed by hydrate particles. According to the reported arti-
cles [25,42,45], the desalination efficiency can increase to over 80%
by applying post-treatment steps, such as DI water washing,
centrifuging, and sweating. Therefore, the post-treatment steps can
improve the salt removal efficiency by reducing the residual
concentrated salt solution in the pore space. The amount of
concentrated salt solution remains in the pore space highly de-
pends on the effectiveness of the pressure-driven filtration, which
further affect the final desalination efficiency. Previous research
works [46,47] show that the surface of gas hydrate is hydrophilic
and the hydrate surface is fully wetted by water. Therefore, some
concentrated salt solution may also adsorb on the surface of gas

hydrate, which is hardly be removed. And this part of salt solution
will affect the final desalination efficiency. Therefore, the salt so-
lution remains in the pore space of hydrate particles, and the salt
solution adsorbs on the surface of hydrate particles, jointly affecting
the final desalination efficiency. According to Fig. 8, compared with
hydrate formation in the pure water, the nucleation of CO2 hydrate
in the NaCl solution is widely dispersed in the bulk liquid phase.
The presence of NaCl may affect nucleation behavior by changing
the local water molecule structure or gaseliquid interface proper-
ties [48e51]. It may attach to the surface of hydrate crystals, or mix
into the hydrate crystals along with the residual saltwater, even
take part in hydrate formation process. This requires further veri-
fication through molecular dynamics simulation.

3.3. The influence of salt concentration and ions on the desalination
efficiency

Seawater usually contains different kinds of salt ions, such as
Naþ, Kþ, Ca2þ, Mg2þ, etc. In addition, salt has a significant ther-
modynamic inhibition effect on the growth of gas hydrate [52,53].
The increase of salt concentration will lead to lower hydrate phase
equilibrium temperature and even affect the water conversion ratio
to gas hydrate [54e56], which may further affect the desalination
efficiency. Therefore, this work investigated the desalination effi-
ciency of seawater with different salt concentration and ion types
by HBD. The salt concentration of seawater sample was set from
0.3% to 8.0%, which covers the salt concentration of actual seawater.
The desalination efficiency of NaCl and CaCl2 solutions were

Fig. 6. The relationship between extrusion pressure and desalination efficiency by forming CO2 hydrate with initial salt concentration of 3.5%: (a) salt removal efficiency, (b) water
recovery rate.

Fig. 7. The relationship between water conversion rate by forming CO2 hydrate and
desalination efficiency at salt concentration of 3.5%.

Fig. 8. The picture was taken during the formation of carbon dioxide hydrate in the (a)
pure water and (b) NaCl aqueous solution.
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studied and compared in this work. When the experimental tem-
perature is 274.15 K, keep increasing pressure may cause CO2 to
transfer from gas phase to the liquid phase. In order to ensure that
all experiments were conducted under gaseous CO2 condition, the
salt concentration range of CaCl2 solution is 0.3% to 7.0%, while that
of NaCl solution is 0.3% to 8.0%. To compare the desalination effi-
ciency of CaCl2 and NaCl solutions, the horizontal axis was set
within the same range, as shown in Fig. 9. The desalination effi-
ciency of NaCl solution by hydrate-based desalination ranges from
15.90% to 29.80%, and has no obviously relationship with salt
concentration. Although inorganic salts can change hydrate equi-
librium conditions, they wouldn’t change hydrate formation rate
and even promote hydrate formation rate at low concentration
[48e51,57,58]. Meanwhile, all the experimental results show that
the desalination efficiencies of CaCl2 solution systems are higher
than that of NaCl solution systems. It indicates that solute CaCl2 is
easier to be removed than solute NaCl by the HBD. Park et al. [36]
also found that ion rejection by the hydrate process strongly de-
pends on the ionic size and charge, and the mechanism of ion
rejection needs to be clarified. Fig. 7 shows that the desalination
efficiency decreases with the increase of water conversion ratio.
The more gas hydrates formed, the higher the water conversion
ratio, and the corresponding ion concentration in the unreacted
residual salt solution will also increase. Solution with higher ion
concentrations adsorbs on the surface of gas hydrate, resulting in
lower desalination efficiency. On the contrary, solution with lower
ion concentration adsorbs onto the surface of gas hydrate, thereby
improving desalination efficiency. As shown in Table 2, the water
conversion ratio of NaCl solution is higher than that of CaCl2 solu-
tion. Therefore, the ion concentration of NaCl solution adsorbed on
the surface of gas hydrate is higher than that of CaCl2 solution. This
may result in a higher desalination efficiency of HBD for CaCl2 so-
lution than NaCl solution. Therefore, the salt solution adsorbed on
the surface of gas hydrate has a significant impact on the desali-
nation efficiency of HBS. Another possibility for the difference in
desalination efficiency between NaCl and CaCl2 solutions is that the
particle size of CO2 hydrate crystals may depend on the type of salt
present in the system.

3.4. The influence of gas species on the desalination efficiency

The gas species is a key factor for determining the physical
properties of gas hydrate. Meanwhile, the guest gas species also can
affect hydrate formation conditions, induction time, growth rate,

and hydrate crystal structure, which may further affect the desali-
nation efficiency of HBD. Therefore, the gas species is very impor-
tant for seawater desalination projects. The formation conditions of
carbon dioxide hydrates are milder and more suitable for hydrate-
based seawater desalination technology [59,60]. However, the
offshore oil extraction platform requires a large amount of fresh-
water resources, which are currently transported by ship. On the
other hand, offshore oil extraction platforms have abundant asso-
ciated gas from oil fields. Therefore, in addition to studying the
desalination ability of carbon dioxide hydrate, we also attempted to
investigate the potential of hydrate-based desalination by forming
alkane hydrate, such as forming methane hydrate. According to
Fig. 10(a), when the NaCl concentration is below 3.0%, the desali-
nation efficiency of methane hydrate is higher than that of carbon
dioxide hydrate. However, when the initial salt concentration is
above 3.0%, the desalination efficiency of methane hydrate be-
comes lower than that of carbon dioxide hydrate. As shown in
Fig. 10(b), when under the same initial salt concentration condi-
tions, the water recovery rate for forming carbon dioxide hydrate is
higher than that of forming methane hydrate. On one hand, the
hydrate formation conditions of CO2 hydrate are milder than that of
methane hydrate. On the other hand, the experimental results
show that for the formation of gas hydrate in the brine, the
nucleation of methane hydrate mainly occurs at the liquidegas
surface, while the nucleation of CO2 hydrate widely dispersed in
the bulk liquid phase, as shown in Fig. 8. This may result in that the
water conversion for forming CO2 hydrate is larger than that of
formingmethane hydrate. Therefore, as for HBD, the CO2 molecules
is better than methane molecules to form gas hydrate, which has
higher water recovery rate and salt removal efficiency.

3.5. Multi-stage seawater desalination efficiency

As discussed in the above experimental results, the desalination
efficiency of single stage is mainly below 50% for HBD when the
liquid-hydrate two phases were separated by pressure-driven
filtration method. In order to further improve the desalination ef-
ficiency, it is necessary to continue decreasing the salt concentra-
tion of hydrate dissociated water. Therefore, multi-stage operation
mode was applied to study the capacity of hydrate-based desali-
nation method. A large-scale experiment setup was designed and
developed, as shown in Fig. 2. The experimental procedures of
multi-stage hydrate desalination are similar to that of single stage
hydrate desalination process. The solid hydrate crystals and
concentrated saltwater were separated by pressure-driven filtra-
tion method, then followed by hydrate dissociation process. The
conductivity of hydrate dissociated water was measured. After that,
gas hydrate reformed from the dissociated water and the next
recycle process started. The salt removal efficiency of three-stage
hydrate desalination experiment was studied in this work. The

Fig. 9. The relationship between salt mass concentration and the desalination effi-
ciency of CO2 hydrate.

Table 2
Water conversion ratio in NaCl solution and CaCl2 solution.

Salt mass
concentration/%

Water conversion ratio/%

NaCl solution CaCl2 solution

0.3 42.08 36.91
1.0 46.25 30.92
2.0 52.66 31.58
3.0 49.88 37.66
4.0 51.83 36.71
5.0 39.52 29.38
6.0 41.48 28.70
7.0 43.97 36.70
8.0 37.28 e
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initial NaCl concentration was set at 3.5%, which is close to the
actual salt concentration of seawater. The experimental results are
shown in Fig. 11. After three stages of seawater desalination ex-
periments, the NaCl concentration decreases from the initial 3.5% to
1.6%, and the cumulative desalination efficiency of the three-stage
desalination process was 54.48%. The results indicate that the
desalination efficiency at each stage is approximately 23.00%.
Therefore, seawater can be desalinated and purified through HBD
by adding a seawater desalination stages.

As the salt concentration of hydrate dissociated water after the
third stage desalination treatment is still higher than the drinking
water standard. Therefore, other three-stages desalination experi-
ment was conducted with initial NaCl concentration of 2.0% to
further test the salt concentration of hydrate dissociated water. The
experimental results are shown in Fig. 12. After three stages of
seawater desalination experiments, the salt concentration
decreased from the initial 2.0% to 0.8%. The cumulative desalination
efficiency of the three-stage desalination process is 58.76%. The
desalination efficiency of each stage is 34.94%, 25.44%, and 14.97%,
respectively. The desalination efficiency of each cycle varies, which
may be due to different water conversion rate. It proves that HBD is
an efficient desalination technology and increasing the desalination
stages is a good way to continue to decrease the salt concentration

of hydrates dissociated water. The pressure-driven filtration
method can be used to strengthen the separation process of solid
hydrate, residual unreacted gas and concentrated brine. Mean-
while, it is still need to optimize desalination stages, operation
conditions and reactor to meet the water standard.

4. Conclusions

How to efficiently separate the hydrate phase and residual
unreacted saltwater is one of the challenges for HBD. A pressure-
driven filtration method was proposed in this work, which is
simple and high-efficiently to separate the solid hydrate phase and
residual concentrated saltwater. Based on this method, the salt
removal efficiency of HBD was systematically studied. The experi-
mental results show that when the extrusion pressure is higher
than 5 MPa, the salt removal efficiency tends to stabilize, indicating
that the solid gas hydrate and residual brine are maximally sepa-
rated. When forming CO2 hydrate from saltwater, the water con-
version rate for single stage is around 20.39% to 43.01%, the
corresponding highest salt removal efficiency is 52.54%, and the
lowest desalination efficiency is 20.75%. The increase of water
conversion rate will lead to the decrease of salt removal efficiency
for HBD. When the initial salt concentration ranges from 0.3% to

Fig. 10. The relationship between guest types and hydrate desalination efficiency: (a) salt removal efficiency, (b) water recovery rate.

Fig. 11. The salt concentration and salt removal efficiency in three-stage desalination
process with initial NaCl concentration of 3.5%.

Fig. 12. The salt concentration and salt removal efficiency in three-stage desalination
process with initial NaCl concentration of 2.0%.
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8.0%, the salt removal efficiency of NaCl is 15.9% to 29.8%, while the
salt removal efficiency of CaCl2 is 28.9% to 45.5%, indicating the
removal efficiency of solute CaCl2 is higher than that of solute NaCl.
The water recovery rate and salt removal efficiency for forming CO2
hydrate is higher than that of forming methane hydrate. A large-
scale experimental apparatus was developed to study the salt
removal efficiency of multi-stage HBD. The NaCl concentration can
decrease from 3.5% to 1.6% in three-stage hydrate desalination
process, with a total salt removal efficiency of 54.48%. The NaCl
concentration can further decrease from 2.0% to 0.8% in three-stage
hydrate desalination process, with a total salt removal efficiency of
58.76%. It proves that the pressure-driven filtration is an effective
method for separating to solid hydrate phase and residual
unreacted saltwater phase to the most extent. The salt removal
efficiency can be improved through adding the desalination stages.
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