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A B S T R A C T

The growing scarcity of fresh water on the planet is driving intensified research to improve desalination tech
nologies for unlimited seawater and underground reservoir water resources. In addition, the process of extracting 
hydrocarbon minerals is accompanied by the forced extraction of associated reservoir waters. For the most part, 
these waters have a high level of mineralization. However, based on the capabilities of existing technologies, the 
effective desalination of such water is technically impossible or economically unfeasible. In contrast, the 
promising desalination technology based on gas hydrates is not burdened by these drawbacks. However, for 
widespread implementation, improvements and adaptations of technological operations to industrial application 
conditions are required. Based on the results of this study, a conceptual scheme for a plant for the desalination of 
produced water from coal, oil, and gas fields is proposed. The proposed scheme is unique because it uses a free-jet 
apparatus as the main element of the reactor unit. The advantages of jet technology ensure the efficient 
implementation of the following operations: mixing of the reactor contents, gas injection into the liquid, removal 
of heat of hydrate formation from the reaction zone, feeding the process with water, and removal of the produced 
gas hydrate from the reactor to the separation unit. In addition, to simplify the design of the equipment and 
increase its reliability, it is proposed to implement the process under thermobaric conditions close to equilibrium 
at a gas hydrate concentration in the mixture that does not exceed 15 wt%. % to prevent complications asso
ciated with the solid phase of the gas hydrate. The possibility of a one-stage gas hydrate desalination process 
without additional washing of the gas hydrate mass and a 79.4 % reduction in the level of water mineralization, 
on average, was demonstrated.

1. Introduction

The limitation of freshwater resources forces humanity to develop 
technologies for desalinating mineralized water and invest huge 
amounts of money in the development of seawater desalination. Tradi
tional desalination methods are classified into thermal and membrane 
methods [1,2]. The most common thermal methods are multi-stage flash 
distillation (MSF), multi-effect distillation (MED), and steam compres
sion evaporation [2].

The most common membrane methods are forward osmosis (FO) and 
reverse osmosis (RO) [1,3,4], which have drawbacks. For example, 
distillation is a popular method, but it is quite energy-intensive because 
it requires a large amount of energy to evaporate water [5,6], and the 

reverse osmosis method requires significant investment and mainte
nance [7,8]. In addition, membrane processes cannot treat heavily 
contaminated water because of fouling problems with membranes [9]. 
In addition, the membranes used in RO are sensitive to impurities, pH, 
algae, bacteria, and other contaminants [10,11]. The typical water re
covery in RO is less than 55 % [5]. In addition, seawater recovery by 
single-stage RO is usually limited to 40 % because of membrane fouling 
[12]. Simultaneously, the level of total dissolved solids (TDS) that can be 
treated by RO membranes is usually 10–60 g/L [13,14].

All desalination processes involve the separation of mineralized 
water into two streams: one with a low salt concentration and the other 
with a high salt content [15]. Depending on the target product, the 
technology can be considered as desalination (the product is fresh 
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water) or concentration (the product is a concentrate that is not part of 
the hydrate). In this case, both fresh water and concentrate can have 
commercial value. However, brines may also contain valuable resources 
such as magnesium sulfate, calcium carbonate, and lithium, which 
cannot be extracted by reverse osmosis [16].

Simultaneously, the coal, oil, and gas industries produce a huge 
amount of mineralized produced water. The chemical composition of 
produced water varies widely and depends mainly on the characteristics 
of the reservoir geology. Simultaneously, they are highly mineralized 
and contaminated with a significant amount of various impurities. 
Several technologies based on gas hydrates are currently available [17]. 
One such technology is gas hydrate-based desalination. This technology 
is based on the production of gas hydrates, which are crystalline solids 
consisting of water molecules (hosts) and hydrate-forming gases (guests) 
[18]. Gas hydrate-based desalination offers significant advantages, as 
gas molecules do not contaminate the liquid and are easily separated 
from the resulting fresh water. When gas hydrates dissociate, only gas 
and purified water are produced, without any other impurities [19–21].

Desalination based on gas hydrates is considered an alternative 
method [17,22]. This is due to the fact that ions and salts dissolved in 
liquids practically do not penetrate into gas hydrate crystals [23]. 
Desalination using gas hydrates consists of three stages: formation of 
hydrate crystals in mineralized water, separation of crystals from the 
residual concentrated solution, and melting of hydrate crystals [24].

In [25], 79.5–84.3 % of the dissolved mineral components were 
removed by a 3-stage hydrate process. This study showed that desali
nation hydrate formation can be applied to produce water with an initial 
total dissolved solids (TDS) content of up to 160 g/L. Thus, the most 
significant advantage of gas hydrate-based water treatment is that so
lutions with extremely high mineralization can be treated [13].

However, all desalination processes for separating salts from water 
require significant amounts of energy. Therefore, minimizing the cost of 
desalination processes is an important technological challenge [26].

In 1997, Yu. F. Makogon showed that gas hydrate desalination 
technology can be cheaper than thermal and membrane methods [17] 
because the formation of hydrates requires less severe thermodynamic 
conditions (T < 20 ◦C and P > 30 bar) than other phase transition 
methods. Therefore, gas hydrate-based technology is potentially less 
energy-intensive than MSF and RO [27]. However, in the absence of 
currently implemented projects, only an approximate assessment of its 
technical and economic indicators can be provided.

Simultaneously, a comparison of the characteristics of existing 
desalination plants of all types, for example, those given in [28,29] 
(Table 1), shows a significant (sometimes several times) range of their 
main characteristics. The fact that they have been operating for a long 

time indicates, at a minimum, their profitability.
A distinctive feature of gas hydrate-based technologies is the need to 

conduct the process under high pressure and low temperature. For 
highly mineralized water, such as formation water, and methane-based 
gas mixtures, this means a pressure of over 5 MPa and a temperature 
below 263 K [17], which requires the use of appropriate equipment. 
Simultaneously, the maximum energy consumption of the technology is 
associated with the cooling of mineralized water and the utilization of 
heat from the exothermic process of hydrate formation. The enthalpy of 
formation/dissociation of natural gas hydrates is in the range of 
520–540 kJ/kg [30].

However, similar to other desalination technologies, the use of effi
cient heat exchange equipment allows up to 80 % of the energy to be 
recovered. Simultaneously, one of the advantages of this technology is 
the relatively narrow range of “comfortable” temperatures for the for
mation and dissociation of gas hydrates. This allows several regions to 
use low-potential energy from daily and seasonal fluctuations in 
ambient temperature. As for the consumption of electrical energy during 
the operation of the pump-compressor equipment complex of a gas 
hydrate-based desalination plant, there is no reason to believe that it will 
be higher than the consumption of most traditional technologies, that is, 
within 1.5–3.0 kWh/m3 (Table 2). Therefore, gas hydrate-based desa
lination projects will be competitive when implemented.

One reason for the delay in implementing this technology is the 
difficulty in separating crystals from concentrated salt solutions and 
removing dissolved hydrate-forming agents from desalinated water. 
Theoretically, hydrates in the solid phase can be separated from the 
liquid and gas phases. However, there are still some difficulties in the 
hydrate separation process under certain temperature and pressure 
conditions [30]. Previous studies have shown that the desalination effect 
is not satisfactory without the effective separation of the resulting hy
drates and concentrated brine [25,31]. It is important to remove resid
ual water from the hydrate mass in a simple and rapid manner. 
Therefore, many studies have been devoted to the development of 
methods and apparatus for separating hydrates from concentrated res
idues [25,30–33].

In [6], a stirred bed reactor was used to remove salts from model- 
associated waters (salinity of 9 wt%), with a desalination efficiency of 
90 %. Previous studies [22] demonstrated a continuous production unit 
for CO2 hydrate granules with a desalination efficiency of 75 %. Studies 
[34,35] presented a ring bed reactor based on the characteristics of 
water migration caused by propane hydrate. In one study [36], an 
apparatus with a movable plunger that could divide the reactor into two 
chambers for hydrate formation and separation was presented. In [31], 
an apparatus was designed for the continuous production and extraction 
of granular CO2 hydrate from a reactor using a squeezing device in the 
form of a perforated double cylinder covered with a metal mesh.

The available data on the kinetics of hydrate formation indicate low 
process rates and a low degree of water-to-hydrate conversion. This 
significantly hinders the practical application of gas hydrate technology 

Table 1 
Current state-of-art of desalination techniques development [28,29].

Technology Average 
capacity 
(103 m3/ 
day)

Recovery 
ratio

Energy consumption Water 
cost 
($/m3)

Electrical 
(kWh/m3)

Thermal 
(kJ/kg)

Multi-effect 
distillation

0.6–30 0.25 1.5–2.5 230–390 0.52–1.50

Thermal vapor 
compression

10–35 0.25 1.5–2.5 145–390 0.87–0.95

Multi-stage 
flash

50–70 0.22 4–6 190–390 0.56–1.75

Mechanical 
vapor 
compression

0.1–3.0 − 6–12 − 2.0–2.6

Seawater 
reverse 
osmosis

1–320 0.42 3–6 − 0.45–1.72

Brackish water 
reverse 
osmosis

≤98 0.65 1.5–2.5 − 0.26–1.33

Electrodialysis ≤145 0.90 2.64–5.50 − 0.60–1.05

Table 2 
Analysis of the rate of gas entry into the gas hydrate depending on the method of 
contacting the phases in the reactor.

Agitation 
mode

The 
volume of 
fluid in 
the 
reactor 
(L)

Pressure 
in the 
reactor 
(MPa)

Temperature 
(K)

Gas 
intake 
rate (L/ 
L per 
min)

Reference

Mechanical 0.3 5.6 273 0.2 [42]
Mechanical 0.3 5.8 277 0.1 [43]
Mechanical 1.0 5.5 279 1.3 [44]
Mechanical 5.6 5.4 277 1.8 [45]
Mechanical 9.6 7.1 283 2.0 [46]
Liquid 

stream
3.7 3.0 278 4.8 Present 

study
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[37].
Under static conditions of hydrate formation (without mixing the 

reactor contents), after the appearance of crystallization centers, active 
hydrate growth occurs on the free water–gas surface. Water was covered 
with a continuous hydrate film. The hydrate formation process was 
significantly slowed down. Its intensification requires the continuous 
destruction of the hydrate film to renew the water–gas contact. For this 
purpose, the reactor contents were stirred.

For the efficient production of gas hydrates in reactors, water–gas 
interfacial contact can be realized by bubbling gas into a liquid, spraying 
water in a gas atmosphere, or a combination of these injection methods. 
In the case of gas atomization in the water–gas contact zone, hydrate 
formation occurs according to the following mechanism [38]: 

1) gas hydrate germs are formed at the interfragment boundary;
2) a gas hydrate crust (up to 0.04 mm thick) forms on the surface of the 

droplet;
3) the hydrate crust gradually thickens to 0.24 mm, and water comes 

into contact with the gas through the capillaries present in the hy
drate. The rate of hydrate formation decreased significantly.

Because water is a relatively incompressible compound, the gas 
pressure from the outside cannot break the hydrate crust. Consequently, 
a significant portion of the water is trapped in the droplets, making it 

difficult to separate or convert to hydrate. However, in the case of gas 
bubbling into water, a gas hydrate crust forms on the surface of the 
bubbles [39]. When the pressure outside the bubble increases, the “egg 
effect” is observed, in which the crust collapses inward, after which 
hydrate formation occurs around the crust fragments. Consequently, 
when water is bubbled with hydrate, significantly fewer gas bubbles are 
captured, thereby improving the quality of the target product. Much of 
the research has focused on the kinetics of gas hydrate formation and 
dissociation [39,40].

According to the analysis of these studies, their formation in labo
ratory reactors is relatively slow, taking several hours to several days. 
Simultaneously, the development of technologies based on gas hydrates 
that are acceptable for industrial implementation requires significant 
intensification of their production. In addition, the water–gas contact 
area is one of the determining parameters of the rate (productivity) of 
gas hydrate production. However, because hydrate formation is an 
exothermic process, the realization of a continuous and high- 
performance industrial process requires efficient heat removal, as heat 
removal from the reaction zone is one of the key parameters of this 
process.

Thus, although gas hydrate desalination technology can potentially 
have a number of advantages over conventional methods and has a 
sufficiently deep theoretical justification, there are currently no oper
ating pilot plants for its implementation. Therefore, the purpose of this 

Fig. 1. Laboratory setup for studying the processes of formation and separation of gas hydrates: reactor unit (a); separator (b); schematic diagram (c): 1 – pump; 2 – 
refrigeration unit; 3 – gas source; 4, 14 – heat exchanger; 5 – separator; 6 – transparent window; 7 – reactor; 8 – jetting apparatus; 9 – gas bubbling device; 10 – LEDs; 
11 – water–gas hydrate mixture outlet; 12 – piston with filter element; 13 – hydraulic press rod; 15 – stirrer; I – water; II – gas; III – water–gas hydrate mixture; IV – 
water–gas hydrate mixture depleted of gas hydrate.
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study was to substantiate the basic principles and design solutions of the 
technological chain of production and separation of gas hydrates from 
formation waters of oil, gas, and coal fields to produce desalinated water 
and salt concentrate.

2. Materials and methods

Experimental studies were performed using the laboratory setup 
shown in Fig. 1.

The main purpose of the laboratory setup in this configuration was to 
study the fundamental possibilities and parameters of the process of 
continuous production and separation of gas hydrates. Gas hydrate was 
formed in reactor 7 as a result of mixing its contents with a water jet 
from jet apparatus 8. The water–gas hydrate mixture (stream III) was 
discharged from the reactor through connection 11 to separator 5. The 
main part of the free water is separated because of the pressure differ
ence between the volume of the separator and outlet line IV, which is 
created during the operation of pump 1. Water filtration occurs through 
a filter element mounted on the piston 12. In addition, the hydrate mass 
can be compacted by moving piston 12 through rod 13 using a hydraulic 
press (not shown in the diagram). The volume of reactor 7 was 5.4 L, that 
of the separator was 5 – 1.4 L, and that of heat exchanger 14 with the 
pipeline was 1.1 L.

Coal mine methane was used as the hydrate-forming gas with the 
following composition (%): CH4 = 91.8, C2H6 = 4.1, C3H8 = 1.8 and 
CO2 = 2.3. Produced water with a total salinity of 183 g/L was used to 
demonstrate the fundamental possibility of desalinating highly miner
alized fluids from coal mines, as well as oil and/or gas fields. The 
composition of the studied water samples was as follows (g/L): Ca2+ =

7.21, Mg2+ = 1.95, Na+ + K+ = 53.1, HCO3
– = 0.58, SO4

2– = 16.5 and Cl– 

= 96.7. The water sample density was 1.107 g/cm3, pH was 5.94, and 
TDS was 6.71.

The temperature in the thermal chamber was maintained at 277 K, 
and the temperature in the reactor was maintained at 260 K (above the 
freezing point of the initial concentration of the solution). The gas 
pressure in the reactor was maintained at 6.5 MPa (above the hydrate 
equilibrium pressure of the components of this system). First, 5.2 L of 
produced water was fed into the reactor and saturated with a hydrate- 
forming gas. To do this, the contents of reactor 7 were first evacuated, 
then blown through a bubbling device 9 for 2–3 min with mine methane, 
the pressure was raised to 7–8 MPa and maintained for 30 min at a 
temperature of approximately 293 K. The procedure was repeated three 
to four times. Subsequently, the jet apparatus 8 was put into operation. 
During circulation, the mine water filled separator 5, heat exchanger 14, 
and the pipeline. Subsequently, approximately 2.7 L of liquid remained 
in the reactor. The fill level and process in the reactor were monitored 
using window 6.

To ensure that no supersaturated solution was formed in reactor 7 
and that no salt crystals were carried over into separator 5, together with 
the gas hydrate, the depth of its concentration was limited by selecting 
10–12 % of water in the hydrate composition (i.e., no more than 0.6 L of 
the volume of the sample under study). Approximately, this selection 

corresponded to the volume of separator 5 1.4 L (Fig. 1c) after maximum 
filling with hydrate, considering its porosity before the pressing stage. 
The volume of the separator was preliminarily selected by changing the 
cylindrical inserts.

The level of filling of the separator with the solid phase was 
controlled using a transparent window 6. After filling separator 7, the 
liquid captured from the gas hydrate was squeezed out by piston 12 
using a hydraulic system 13 (Fig. 1c). To remove the sample, the gas 
pressure in the separator was reduced to atmospheric pressure, and the 
upper flange with window 6 was dismantled. After melting the sample, 
the total mineralization of water was determined.

To study the features of the separation of the formed gas hydrate in 
detail, experiments were conducted in a transparent cylindrical reactor 
with a moving piston (Fig. 2).

A filter mesh with a diameter of approximately 0.1 mm was mounted 
on the piston. When the piston moved, the liquid phase was mechani
cally squeezed out, and the hydrate mass was compressed. A similar 
piston was used in separator 5 of the laboratory setup to study the 
processes of formation and separation of gas hydrates (Fig. 1, element 
12).

When determining the rate of hydrate formation when used as a 
device to create contact between the phases of the jet apparatus and a 
free-falling water jet, the dependence of the gas flow rate from the 
cylinder at a constant pressure (3 MPa) in reactor 1 (Fig. 1) on the liquid 
pressure in the nozzle section was observed. To initiate the gas hydrate 
formation process, the gas supply valve to the reactor was opened, and 
pump 17 was simultaneously turned on. The water supply to the nozzle 
of the jet apparatus was adjusted under pressure according to the 
repetition in the range of 3.5–7.0 MPa (the difference between the jet 
pressure and the pressure in the reactor was 0.5–4.0 MPa). The tem
perature in the reactor stabilized at 278.2–278.8 K after 40–70 s from 
the beginning of its circulation.

Based on the characteristics of the jet apparatus and the experi
mental values of the fluid pressure, the jet velocity was determined using 
the following equation: 

Qwater = μHωH
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2gp/ρg

√
=

̅̅̅̅̅̅̅̅̅̅
2p/ρ

√
μHωH (1) 

where Qwater is the fluid flow rate through the nozzle (m3/s), μH is the 
nozzle flow coefficient, ωH is the cross-sectional area of the nozzle (m2), 
P is the pressure (Pa), ρ is the density of the fluid (kg/m3), and g is the 
acceleration of free fall (m/s2). 

νp = Q/ω =
̅̅̅̅̅̅̅̅̅̅
2p/ρ

√
μH (2) 

where ѵp is the average fluid velocity at the nozzle outlet (m/s), and μH 
= 0.82 (for a given cylindrical nozzle).

The formula provided in [41] was used to determine the injection 
capacity of the free jet. 

Q = 5, 4⋅10− 6(ρ⋅d3⋅v3
p/σ)⋅(l/dH)

0,75⋅(sinα)− 0.2 (3) 

where Q is the injection capacity (m3/s), d is the nozzle diameter (m), σ 
is the surface tension coefficient (N/m), l is the nozzle length (m), and α 

Fig. 2. Demonstration reactor with a moving piston with a filter element: a – exterior; b – piston design with a filter element.
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is the angle of inclination of the injected jet to the horizontal plane.

3. Results and discussion

3.1. Study of the hydrate formation process

Hydrate formation involves dissolving gas in water under appro
priate thermobaric conditions, provided that effective interfacial contact 
is created; hydrate structures form and grow with the release of an 
appropriate amount of process heat [17].

Gas-liquid contact can be created at the expense of energy: 

1) Compressed gas (bubbling columns and gas lifters).
2) Mechanical mixers (self-priming stirrators).
3) Circulation pumps (injection-jet pumps).
4) Simultaneous energy input into the gas and liquid phases (when gas 

is forced into jet dispersers or under mechanical stirring).

To evaluate the efficiency of hydrate formation, it was assumed that 
gas hydrate germ formation occurred instantaneously. After the instal
lation reaches the required process parameters, a sufficient number of 
crystallization germs are constantly present in the liquid phase, as their 
size makes it impossible to separate (the bulk of the crystallization 
germs). The system that describes this process consists of gas bubbles 
and hydrate crystals dispersed in water, and their size gradually in
creases. Mass transfer occurs between the three phases, and the growth 
of crystals is accompanied by a change in the concentration of the dis
solved gas. In this case, the gradient of the concentration in the bubble- 
crystallization model is the driving force of the process.

Fig. 3 shows the dependence of the gas flow rate on the hydrate 
formation process in the reactor volume with respect to the water 
pressure at the nozzle section of the free-flowing jet apparatus.

The results indicate a linear relationship between the liquid pressure 
in the jetting apparatus and the gas consumption during hydrate for
mation. This dependence is described by an approximate linear function 
as follows: 

y = a⋅p+ b (4) 

where y is the rate of gas entry into the gas hydrate (gas flow rate) (m3/ 
s), a and b are empirical coefficients, and p is the water pressure at the 
nozzle cut of the jetting apparatus (MPa).

The results of the calculations according to Eq. (4) in the form of the 
dependence of the rate of gas entry into the hydrate composition on the 
amount of injected gas per the entire volume of liquid in the reactor are 

given in Fig. 4.
The experimental dependence is described by the following equa

tion: 

y = 0.6829x+0.2893 (5) 

where x is the gas injection rate (m3/s).
The resulting coefficient of 0.6829 corresponds to the portion of gas 

that is part of the gas hydrate. The gas composition in the reactor, which 
was not included in the hydrate structure, was as follows (%): CH4 =

99.64, C2H6 = 0.15, C3H8 = 0.03, and CO2 = 0.18. For comparison, 
when mechanical stirrers are used, the coefficient a of gas incorporation 
into the gas hydrate is 0.44–0.56 [42].

The remaining gas, in the form of bubbles, entered the surface of the 
liquid. An increase in the hydrate formation rate was observed with 
increasing gas injection rate. Simultaneously, the intensity of release 
and efficiency of heat removal during hydrate formation, as determined 
from the heat balance, limit this process.

According to the proposed method of hydrate formation, intensive 
gas injection into the liquid (with a significant excess) occurs mainly 
because of its circulation inside the reactor between the gas cap and the 
water–gas hydrate mixture. At the same time, its replenishment with a 
new portion occurs only as a substitution after the corresponding 
amount of gas available in the reactor is included in the gas hydrate. 
Considering the significant specific consumption of liquid (water–gas 
hydrate mixture circulating in the system through the reactor), the 
average rate of gas entry into the gas hydrate composition per 1 L of 
liquid volume in the reactor was 0.8•10− 4 m3/s (4.8 L/min). Table 1
shows the rate of hydrate formation depending on the phase contact 
method.

As the jet enters the liquid volume, gas is injected into the liquid and 
dispersed with the formation of the smallest bubbles of poorly water- 
soluble hydrocarbon gases, allowing for efficient recirculation of gas 
from the upper part of the reactor that has not had time to react without 
the use of additional compressor equipment. It is assumed that in the 
zone of turbulent mixing and pressure pulsations, gas bubbles undergo 
periodic deformation while forming a hydrate crust on their surface. 
This results in the continuous destruction of the hydrate crust (the “egg 
effect”) and the formation of a new crust on the free surface [39]. The 
gas hydrate produced by this method will contain a minimum amount of 
trapped water (as part of the droplets preserved by the hydrate crust and 
film). This will greatly simplify the implementation of further separation 
of the water–gas hydrate mixture.

Thus, the requirement for intensive contact between the gas and 

Fig. 3. Dependence of the gas flow rate on the formation of hydrate formation 
on the water pressure at the nozzle section of the jet apparatus with a free jet.

Fig. 4. The rate of entry of the gas under study into the gas hydrate compo
sition depending on the amount of injected gas (T = 278.2 K, P = 3.0 MPa; 
liquid volume in the reactor – 3.7 L).
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water is satisfied by reactors equipped with appropriate jetting devices. 
Among them, free-flow injection devices are the most promising in terms 
of simplicity, reliability, efficiency, and maximum consideration of gas 
hydrates.

3.2. Justification of process parameters and structural elements of the 
pilot plant

One of the problems that delay the industrial implementation of gas 
hydrate technologies is the threat of uncontrolled accumulation of gas 
hydrates on the surface of equipment and the formation of hydrate 
plugs. Therefore, the process of gas hydrate production may be signifi
cantly complicated up to its complete shutdown. Therefore, in addition 
to choosing an effective method of hydrate formation, it is equally 
important to organize a continuous production process by circulating 
material flows between the devices of a gas hydrate plant.

The formation of macrostructures (larger than 1 mm) of gas hydrate 
occurs as a result of the simultaneous coagulation of microcrystals with 
the hydrate formation process (in a continuous process simultaneously 
with the formation of nuclei and massive crystal growth) [17]. In the 
case of excess water in the hydrate formation process at temperatures 
above 273 K, the artificially formed gas hydrate is an amorphous porous 
hydrate mass formed as a result of crystal coagulation, with a significant 
amount of water trapped between the crystals. This mass is quite plastic, 
easily gives up most of its free water during separation and pressing, and 
is easily compacted.

Fig. 5 shows the stages of separation of the water–gas hydrate 
mixture and compaction of the gas hydrate in a demonstration reactor 
using a piston with a built-in filter element.

To ensure a continuous gas hydrate production process, it is neces
sary to create conditions for the constant and uninterrupted removal of 
the hydrate from the reactor, supply of gas and water to the reactor, and 

Fig. 5. Sequence of separation stages (a–f) of the water–gas hydrate mixture (removal of water through the filter element in the piston).
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removal of the hydrate formation heat. The most critical part of the 
process is the removal of the reactor. The difficulty lies in the fact that 
within the thermobaric parameters of the process, the property of gas 
hydrate structures to grow rapidly and actively agglomerate is man
ifested. Simultaneously, the accumulation of gas hydrate solid phases in 
the process lines is undesirable, as it leads to complications associated 
with their blockage, formation of stagnant zones in the reactor, and 
deterioration of heat removal, and hence the intensity of hydrate 
formation.

During the separation process, it is impossible to completely separate 
free water from hydrate and part of the hydrate from water. Micro
crystals and germs of hydrate formation penetrate the filter element in 
the piston and continue to grow and coagulate to sizes visible to the 
naked eye. Consequently, a significant number of unfiltered hydrate 
crystals were present in the area under the piston (Fig. 5c–e).

Consequently, a sufficient number of gas hydrate crystallization 
centers constantly entered the reactor with the circulation flow. This 
conclusion completely eliminates the need to activate the hydrate for
mation process by adding certain substances (e.g., surfactants) to the 
reactor. This makes it possible to obtain (under certain conditions) high- 
quality desalinated water after the dissociation of the gas hydrate.

Based on the proposed method of hydrate formation and the need for 
constant recirculation of water into the reactor as a raw material and 
working fluid for bubbling gas into a liquid volume, it would also be 
logical to remove the majority of the main amount of heat energy of 
hydrate formation from the reactor along with the water–gas hydrate 
mixture. Owing to the low concentration of gas hydrate in the stream, 
this method of heat removal will allow the refusal to use the method of 
cooling through the reactor walls or an integrated heat exchanger. Thus, 
the utilization of hydrate energy in an external heat exchanger will be as 
simple and efficient as possible.

Simultaneously, the rate of hydrate formation at such a pressure 
directly depends on the process temperature, which, in turn, depends on 
the rate of heat removal from the hydrate. With a high-quality phase 
contact and the onset of equilibrium conditions, the main parameter that 
determines the rate of hydrate formation, according to this method, is 
the method of heat utilization.

The minimum temperature of the water entering the reactor can be 
273–274 K. Also, and the amount of heat from the hydrate formation 
process that can be neutralized by the cooled feed gas stream is negli
gible. In addition, the maximum process temperature is limited by the 
equilibrium stability parameters of gas hydrates. Therefore, the most 
effective way to maintain the required temperature in the reactor is to 
remove the heat energy of hydrate formation during the circulation of 
the material flow (a mixture of water and gas hydrates) through external 
heat exchangers. In addition, for economic and technical reasons, 
considering the results of the studies described below, as well as those 
given in [47] regarding the conditions for preventing equipment 
blockage by the gas hydrate mass, it is necessary to provide the process 
at thermobaric parameters close to equilibrium. Based on the typical 
composition of the associated gases and reservoir waters of coal and oil 
and gas fields, such conditions lie in the ranges of 281–288 K and 
3.8–5.5 MPa. It has been established that to prevent the clogging of 
technological lines with gas hydrates, their concentration in the mixture 
should not exceed 15 wt%.

It is evident that when the thermobaric parameters in the reactor 
approach the equilibrium hydrate formation rate, the process rate de
creases. Simultaneously, with an increase in the mass flow rate of the 
circulating flow (at a constant gas pressure), the rate of hydrate for
mation may increase, or the process parameters may become more 
stringent; that is, the temperature in the reactor will decrease if the 
phase contact area is limited.

Similarly, when the process parameters approach equilibrium hy
drate formation, the rate of hydrate particle coagulation decreases. If we 
take into account the mechanical effect of stirring with a liquid jet 
(dispersion), we can conclude that the release of a solid hydrate phase 

will not occur. Thus, the coagulation of gas hydrate microparticles can 
be prevented by the active stirring of the reactor contents in combina
tion with the process under relatively mild thermobaric conditions. 
Thus, the application of the proposed method for hydrate formation will 
allow for a continuous production process without complications.

As mentioned above, the most difficult element of mineralized water 
desalination based on gas hydrate technology is the hydrate separation 
stage. Based on the kinetics of the hydrate formation process in the 
presence of soluble salt ions, the size of the formed crystals of the solid 
phase of the hydrate at the stage of mass crystallization is, on average, at 
the level of microns. However, under certain conditions (e.g., growth, 
coagulation, and separation), hydrate crystals can accumulate as a 
continuous porous mass (e.g., hydrate plugs in industrial pipelines). 
However, these two states of the produced hydrate phase do not satisfy 
the conditions for implementing this technological process.

In this regard, experiments were conducted to demonstrate the 
fundamental feasibility of the process and to establish the parameters of 
coagulation, separation of the gas hydrate mass, and prevention of hy
drate plugs. The main source of information was the visual control of the 
process through the reactor windows (photo and video recordings). 
Simultaneously, the thermobaric parameters of the process were recor
ded. In order for the system to reach equilibrium conditions as soon as 
possible (in this case, by increasing the temperature), the initial pressure 
was set at 2.4 MPa. The equilibrium conditions in the reactor were 
achieved after 95 s from the beginning of the experiment when the 
temperature in the reactor increased to 279.9 K.

After 8–10 s from the start of mixing, the water in the reactor became 
cloudy, and after 15 s, it was white. During the mixing time of 4 min, no 
signs of solid-phase formation were observed in the water–gas hydrate 
mixture. At the same time, the liquid droplets that hit the walls of the 
reactor and its elements, starting from the fifth minute (when the con
centration of gas hydrate reached a certain level) and the mixture in the 
inspection window nozzle (where a stagnant zone was formed) began to 
form a jelly like structure (Fig. 6). After 30–90 s (depending on the 
repetition), obvious phase separation was observed. The same phe
nomenon occurred in the entire reactor volume after the stirrer was 
turned off.

A similar pattern was observed for the hydrate formation process in 
the demonstration reactor (Fig. 7). However, in our opinion, because the 
thermobaric conditions were more severe for this gas composition 
(typical coal mine methane composition) and the hydrate concentration 
was quite high at the time of fixation, the reactor contents after stopping 
the mixing were a rather unstable suspension of hydrate particles in the 
water, and the gas hydrate content was approximately 24 vol%. More
over, these particles were visible to the naked eye (above the piston) and 
had a fairly uniform size (0.2–0.4 mm). Simultaneously, after stopping 
the stirring, unlike the first case, phase separation due to active coagu
lation occurred within 3–5 s (Fig. 6b).

In addition, a significant portion of the gas hydrate remained in the 
solution with a size of less than 0.1 mm. Fig. 7 shows how a translucent 
liquid with no visible signs of solid-phase formation passes through the 
filter element of the piston, which has a mesh size of ≤ 0.1 mm. How
ever, in the area under the piston, 30–60 s after the cessation of stirring, 
clear signs of the coagulation of hydrate crystals and their gravitational 
separation (a layer of clear liquid on the border of the lower flange of the 
reactor) were recorded (Fig. 5d and 5e).

Thus, according to the results of experimental studies, when a system 
with gas hydrates approaches equilibrium conditions and with intensive 
mixing of the reactor contents, the coagulation of solid-phase particles 
slows down. In the future, the process in the reactor and process lines 
will proceed without complications (without blockage by the hydrate 
mass), provided that the pressure is maintained at 0.3–0.5 MPa above 
the equilibrium pressure at the corresponding temperature. A similar 
approximate range of parameters for the slow coagulation of gas hy
drates for natural gas was observed previously in [48].

Thus, based on the studies performed, the following can be 
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concluded: 

1) The process of hydrate formation to prevent the coagulation of gas 
hydrate (and, as a result, reactor plugging) should be carried out 
under thermobaric conditions close to equilibrium.

2) Exceeding the concentration of hydrate in the mixture above a 
certain critical level leads to the active release of the solid phase of 
gas hydrate; therefore, it is necessary to continuously remove it.

3) In the process of industrial production, the length of the line for 
moving the water–gas hydrate mixture from the reactor to the 
separator, its speed, and the thermobaric conditions created should 
be such that by the time the target product enters the separator, it is 
qualitatively coagulated.

4) By controlling the cooling rate of the circulating flow in the external 
heat exchangers of the plant, it is possible to control and regulate the 
intensity of gas hydrate formation in the reactor and its concentra
tion in the mixture.

The separation efficiency of the formed gas hydrate mass and the 
level of desalination of the brine were determined. The gas hydrate mass 
accumulated in the separator was compressed using a moving piston to 
maximize liquid removal. Simultaneously, the liquid was removed 
through the filter element built into it. The principle of this process is 
illustrated in Fig. 5 (sectors c–f). Samples for the study were obtained 
from the main separator (Fig. 1b) at a pressure of 15 MPa. After melting 
the samples, the average mineralization of the water was reduced by 
79.4 % (i.e. from 183 to 37.7 mg/L).

This variant of the final stage of the technological process 

(separation) is quite effective; however, in our opinion, its stage (accu
mulation–pressing–melting) is not ideal for industrial implementation 
and therefore requires further improvement.

Thus, the experiments have shown the fundamental possibility of 
organizing the process of continuous production and separation of gas 
hydrates in a laboratory setup (Fig. 1), the schematic diagram and 
design solutions of which are proposed as a prototype for an industrial 
installation.

The implementation of projects for the industrial implementation of 
the technology for desalination of produced water from oil, gas, and coal 
fields based on gas hydrate technology should begin with the study and 
justification of the following interrelated factors: 

1) Based on the energy balance of technological process elements (cold 
production, compression, hydrate melting, hydrate solid phase sep
aration, and regenerative heat exchange between streams), 
economically acceptable depth of desalination of produced water, 
gas concentration (e.g., coal mine methane), and brine if it is the 
target product.

2) Technically achievable depth of desalination of produced water, gas 
concentration, and/or produced water at the current level of 
technology.

4. Conclusions

A schematic diagram of a plant for desalinating water with high 
mineralization (e.g., produced water from coal, oil, and gas fields) is 
proposed, in which a free-jet apparatus is the main element of the 
reactor unit, ensuring the effective implementation of the technological 
process. Its use will simplify the design of the equipment but increase 
reliability and simultaneously ensure the following operations: mixing 
the contents of the reactor, injecting gas into the liquid, removing the 
heat of hydrate formation from the reaction zone, feeding the process 
with water, and removing the produced gas hydrate from the reactor to 
the separation unit.

To prevent the clogging of technological lines with gas hydrate de
posits, it is proposed to implement the process under thermobaric con
ditions close to equilibrium, when the coagulation of the formed hydrate 
crystals in the reactor is minimal. These conditions are met by the 
process pressure, which is only 0.3–0.5 MPa higher than that of equi
librium hydrate formation. Also, for this purpose, it is proposed to 
maintain the concentration of gas hydrate in the reactor no higher than 
15 wt%.

In preliminary experimental studies, it was established that it is 
possible to reduce the level of water mineralization by an average of 
79.4 % in a one-stage gas hydrate desalination process (without addi
tional washing of the gas hydrate mass, but with effective mechanical 
squeezing of the concentrate).
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