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Abstract 

The global volume of natural gas trapped in hydrate deposits far exceeds the conventionally recoverable hydrocar-

bon reserves. However, the high costs associated with hydrate production, transportation, and storage currently 

hinder the large-scale implementation of hydrate-based technologies. A promising way to reduce these costs  

is through phase transition technology, which involves СН4 hydrate depressurization in the presence of biosurfac-

tants, followed by СО2 formation. This approach also enables carbon dioxide sequestration, addressing the  

corresponding environmental concerns. Biosurfactants, which are naturally present in many hydrate reservoirs,  

enhance hydrate growth and accelerate СН4-СО2 exchange. The newly developed method of producing highly  

porous ice using biosurfactants, presented in this research, provides higher formation rates, substantially reducing 

the time required for the process. Most importantly, this technique eliminates the risk of mixed hydrate formation – 

a major limitation, which hindered the replacement efficiency. As a result, the proposed sequential phase transition 

method decreases the total time of CO2 hydrate synthesis by two to three orders of magnitude compared to direct 

СН4-СО2 replacement. The method is particularly effective for permafrost regions and offers a more environmen-

tally friendly approach to developing gas hydrate deposits by minimizing methane emissions while enabling  

CO2 storage. 
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Introduction 

Gas hydrates (or clathrate hydrates) are crystalline compounds in which gas molecules are 

trapped within a lattice of water molecules in a frozen state [1]. Global gas hydrate reserves are found 

on land, in submarine sediments and permafrost regions [2-4]. The volume of hydrate-bound natural 

gas is estimated at 2·1016 m3 [5-7], which considerably exceeds the reserves of conventionally pro-

duced natural gas [8]. In recent decades, growing environmental concerns and increasingly stringent 

emission regulations for power plants and engines have significantly increased demand for natural 

gas as a cleaner energy source [9]. Consequently, the development of gas production from clathrate 

hydrate deposits is widely regarded as a promising solution to pressing environmental, economic, and 

energy challenges worldwide. 

Gas hydrate deposits found on the seabed and those located in sediments where temperatures are 

well above the ice melting point have been relatively well studied. However, hydrates can also exist 
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under permafrost at relatively low positive temperatures or within permafrost at negative tempera-

tures [10]. Intrapermafrost gas hydrate deposits in northern high-latitude regions remain largely un-

derstudied [11]. Time-limited onshore field tests conducted in Canada and Alaska [12], as well as in 

the mountain permafrost of China [13], have not provided sufficient data to determine the integral 

characteristics of the interrelated physicochemical processes in the reservoir or to confirm long-term 

production forecasts. The formation mechanism of intrapermafrost gas hydrates on the Alaska North 

Slope is described in the study [14]: thermogenic gas migrated upwards from deeper sources along 

fractures of Mount Elbert and accumulated in the permeable sandstone overlain by an impermeable 

shale layer. Quaternary glaciation subsequently created favorable conditions for the formation and 

preservation of a large clathrate reservoir on the Alaska North Slope. A similar mechanism of hydrate 

formation was identified in the Messoyakha field in Russian permafrost [15]. In the Qilian Mountain 

permafrost, gas generation from source rock was controlled by tectonic subsidence and uplift, gas 

migration and accumulation was controlled by fault and tight formation, and finally gas hydrate for-

mation and accumulation was controlled by permafrost [13]. 

Nevertheless, important aspects of these deposits still require further investigation, including the 

natural gas content, vertical distribution of hydrates, and properties of hydrate-bearing sediments [16]. 

In permafrost regions, gas hydrate reservoirs exist at depths of up to 100 m.  

Over the recent years, there has been growing interest in the study of gas hydrate deposits in the 

Arctic and Siberia. Low temperatures in these regions create favorable conditions for natural gas 

hydrate formation, particularly in shallow shelf seas [17, 18]. Large volumes of natural gas in the 

hydrate form were identified in several regions of the Chukchi Sea [19, 20]. The prospects and tech-

nical challenges associated with natural gas production from permafrost hydrate deposits have been 

discussed in several studies [21, 22]. Among the most promising methods for gas extraction from 

hydrates are depressurization [23], thermal stimulation [24, 25], using chemical inhibitors and hydrate 

promoters [26, 27], and CH4-CO2 replacement [28-30]. 

One promising approach currently under active investigation is gas hydrate formation from  

ice powder, which can enhance the efficiency of gas production from natural deposits by replacing 

methane with carbon dioxide. This process is used to explore alternative methods of natural  

gas extraction, especially from remote deposits, such as those in submarine and permafrost  

environments. Methane replacement with carbon dioxide allows for the extraction of natural gas 

from hydrate structures while maintaining the reservoir stability and preventing greenhouse gas 

emissions. 

Porous ice can be produced at pressures below hydrate formation point. Hydrate formation 

from ice is faster than from liquid water, and the resulting hydrate typically exhibits higher gas 

uptake [31]. The large surface area of porous ice provides numerous nucleation sites, thereby ac-

celerating hydrate formation [32]. When investigating secondary methane hydrate formation from 

porous ice obtained by decomposing primary gas hydrate, the authors of [33] demonstrated that the 

secondary hydrate formation rate from porous ice is twice as high as the primary hydrate formation 

rate from liquid water. A kinetic model of hydrate formation from ice that accounts for the gas 

pressure drop has been proposed in the study [34]. In this process, gas permeates ice particles to 

form a growing hydrate layer. The permeation of CO2 molecules through bulk hydrate is found to 

be about three times faster than that of CH4 [35]. Thus, methane replacement with carbon dioxide 

in a highly porous ice can significantly accelerate methane recovery without disturbing the reservoir 

stability. 

Gas hydrate reservoirs host various types of biosurfactants that can enhance hydrate formation 

kinetics [36]. These biosurfactants often act as promoters accelerating hydrate growth due to their 

molecular structure containing three long alkyl chains and several sulfonate groups, which strengthens 

their interaction with water and gas molecules. However, the macroscopic mechanisms governing the 
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interaction between different additives and the hydrate remain poorly understood and require experi-

mental research using setups of different scales. 

A wide variety of microorganisms inhabit gas hydrate deposits both on the seabed and onshore [37]. 

Microbial activity is notably higher in hydrate-bearing sediments compared to hydrate-free  

sediments [38]. Analysis of naturally occurring gas hydrate samples from the Gulf of Mexico has 

revealed the presence of bacteria and archaea, dominated by gene sequences related to several 

groups of Proteobacteria, as well as Actinobacteria and low-G+C Firmicutes [39]. In addition, 

Bacillus subtilis and Pseudomonas aeruginosa were also identified in gas hydrate deposits in the 

same region [40].  

Biosurfactants produced by various Bacillus species are among the most effective as they re-

duce the air/water surface tension from 72.5 to as low as 27 mN/m [41]. These biosurfactants de-

crease the gas hydrate induction time by 71 % in sandy and clayey sediments saturated with sea-

water compared to the control sample without biosurfactants [42]. They also promote the growth 

of large nodular hydrates [43]. Rhamnolipids, produced by Pseudomonas aeruginosa strain A11, 

reduce the water surface tension from 72 to 36 mN/m with a critical micelle concentration of 

70 mg/l [44]. When used in a C-type silica gel bed system, Rhamnolipids increased the methane 

hydrate formation rate by 42.97 % and reduced the induction time of hydrate formation by 22.63 % 

as compared to water-saturated C-type silica gel [44]. Among the most extensively studied biosur-

factants in terms of their properties and influence on the hydrate formation kinetics are Surfactin, 

Rhamnolipid, Emulsan, and Snomax.  

Despite growing interest, there is still limited data on the influence of certain biosurfactants on 

hydrate dissociation characteristics. In particular, Lipoamino acid biosurfactants and Lipopeptides pro-

duced by bacterial genera such as Bacillus, Lactobacillus, Streptomyces, Pseudomonas and Serratia 

remain largely unexplored [41]. These microorganisms and biosurfactants are widely distributed in 

submarine sediments worldwide, but their influence on the growth of CO2, CH4, and CH4-CO2  

hydrates is still unknown. The CH4-CO2 replacement technology enables both the extraction of  

natural gas from hydrate reservoirs and CO2 sequestration [45-47]. Important simulation studies on 

natural gas production from hydrates using CH4-CO2 replacement are presented in studies [48, 49]. 

Unlike pure depressurization, this method does not cause significant disturbance to deep-water eco-

systems [50, 51]. However, its efficiency is often limited by the dense structure of hydrate-bearing 

sediments, which hinders carbon dioxide diffusion into deeper layers. Preliminary depressurization 

of the reservoir to form highly porous ice is expected to enhance both the rate and the overall effi-

ciency of the replacement process. 

The use of CO2 to replace methane trapped in clathrate hydrates has attracted increasing attention 

as a promising technique for simultaneous gas production and CO2 sequestration [52]. СО2 emissions 

are a major driver of climate change [53, 54], with a considerable portion originating from industrial 

production [55-57]. Storing carbon dioxide in hydrate form can serve as a temporary solution until 

more effective СO2 sequestration technologies are developed. The СН4-СО2 exchange process offers 

a double advantage: it enables gas production from hydrates without damaging the reservoir, while 

also reducing carbon dioxide emissions [58]. Although the thermodynamic feasibility of CH4-CO2 

replacement has been confirmed in several studies [17, 52, 59-61], the method remains technically 

challenging and has not yet been optimized for real gas compositions. 

During oil and gas transportation, gas hydrate plugs may form in pipelines [62-64], leading to 

significant economic losses. Surfactants are known to effectively prevent such plugging. However, 

there is currently no data on the influence of biosurfactants – particularly lipopeptides, which are 

abundant in hydrate reservoirs – on methane hydrate nucleation and dissociation kinetics, or on the 

kinetics of CH4-CO2 replacement. Furthermore, CH4-CO2 replacement in highly porous ice formed 

after methane hydrate depressurization remains understudied as well. The combined use of biosur-

factants and preliminary reservoir depressurization to produce highly porous ice is expected to im-

prove the efficiency of CH4-CO2 replacement and enhance gas production from hydrate reservoirs. 
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Experimental methods 

Gas hydrates were formed from distilled water with biosurfactants (lipopeptides) at a concentra-

tion of 0.1 % and without them. After adding the biosurfactant to distilled water, the solution was 

stirred in a magnetic stirring chamber at 1000 rpm for 60 min. The physical properties of water were 

as follows: density 998.2 kg/m3, surface tension 0.0727 N/m, dynamic viscosity 0.001 Pa·s. Water 

with 0.1 % lipopeptides had the following physical properties: density 998.2 kg/m3, surface tension 

0.0382 N/m, dynamic viscosity 0.001 Pa·s. Surface tension was measured by the ring method, density 

was determined using a tensiometer, and viscosity was measured using a rotational viscometer (measure-

ment range (1-6)·106 mPa∙s, relative error ±1 %). 

Figure 1 presents the experimental setup for methane hydrate formation and dissociation,  

as well as for СН4-СО2 replacement. The reactor temperature was controlled by a thermostat  

with a temperature range from –20 to +200 °C (accuracy ±0.1 °C). The reactor was cooled  

by liquid circulation. Pressure inside the reactor was monitored using sensors with a range of  

0-250 bar. Heat and mass transfer in the reactor chamber was enhanced by a magnetic stirrer with 

a constant rotation speed. For hydrate formation, 150 ml of water (with or without the biosurfactant) 

was loaded into the reactor. The chamber was first evacuated using a vacuum pump to remove  

air, after which the temperature was maintained at approximately –2 °C. Methane or carbon dioxide 

was then introduced until the pressure reached 80 bar. The magnetic stirrer was operated  

at 300 rpm. 

Once the methane hydrate formation was complete, the thermostat was set to –7 °С and the pres-

sure was relieved. The resulting methane hydrate was a loose powder consisting of agglomerates no 

larger than 5 mm. These agglomerates were weakly bonded particles that showed no adhesion to the 

reactor walls or to each other. Hydrate formation continued until thermodynamic equilibrium was 

reached: СН4 – Teq = 0 C, Peq = 26.4 bar; СО2 – Teq = 0 C, Peq = 12.3 bar. The detailed procedure 

for СН4 and СО2 hydrate formation is described in studies [65, 66].  

Once the hydrate synthesis was complete, the thermostat was set to –7 °С. When the thermos-

couple 11 in the control module 13 indicated a temperature of –5 °С (actual temperature in the reac-

tor), the pressure was relieved by opening the relief valve 12. This step promoted the self-preservation 
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 Fig.1. Schematic and photograph of the experimental setup for hydrate synthesis and dissociation 
 

1 – vacuum pump; 2 – CH4 cylinder; 3 – СО2 cylinder; 4 – thermostat; 5 – filling funnel; 6 – pressure safety valve;  

7 – gas supply valve; 8 – electric motor; 9 – manometer; 10 – pressure sensor; 11 – thermocouple; 12 – pressure relief valve;  
13 – control module; 14 – reactor; 15 – magnetic stirrer; 16 – water jacket  
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of methane hydrate and prevented its premature dissociation. The remaining methane was then 

evacuated from the reactor using the vacuum pump 1, and the thermostat was adjusted to –5 °С. 

Carbon dioxide was introduced from the cylinder 3 into the reactor 14 by opening the gas supply 

valve 7 until the pressure reached 30 bar. At this point, the СН4-СО2 replacement process began. 

During the formation of СО2 hydrate from СН4 hydrate, three gas cap samples were collected 

from the reactor for compositional analysis. Temperature and pressure readings were continuously 

recorded by the control module 13 throughout the experiment. The replacement process was con-

sidered complete when both the pressure and temperature in the reactor remained constant for 60 min. 

Highly porous ice was produced as a result of pressure relief and methane hydrate dissociation. Car-

bon dioxide was then supplied to the reactor, and СО2 hydrate was synthesized with and without the 

biosurfactant at –3 °C and +3 °C. The mass fraction of gas was approximately 11.04 % in the methane 

hydrate and 25.1 % in the carbon dioxide hydrate. 

Results and discussion 

The presence of surfactants accelerated hydrate growth, resulting in a 1.5-fold shorter hydrate 

formation time (Fig.2). Under real-life static conditions (when heat and mass transfer is not intensified 

by stirring), surfactants may have a far more powerful effect (at high porosity of reservoirs). Adding 

surfactants to water led to faster hydrate dissociation (Fig.2, d). Surfactant-driven intensification of 

hydrate growth and dissociation is accounted for by two factors: a reduced size of hydrate particle 

aggregates (the reaction area increase) and reduced surface tension of water. 

Fig.2. Pressure P (а), temperature T (b) and gas absorption (c) during formation 

and pressure during dissociation (d) of methane hydrate 
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When gas hydrate formation was over at a final temperature of –2 °С, a temperature of –3 °С 

was set on the thermostat, and the pressure was relieved to 0 bar (i.e., to atmospheric pressure). Dis-

sociation started when the pressure was below equilibrium pressure. Methane hydrate dissociation 

was considered complete when the pressure in the reactor was constant for more than 30 min. After 

30 min, the reactor lid was opened for visual inspection of the hydrate dissociation. The absence of 

hydrate and presence of water once again confirmed the process termination.  

Self-preservation marked by an abnormally low dissociation rate is peculiar only to the thick gas 

hydrate sheet (with zero porosity of the layer) or for large particles [24]. Particles less than 1 mm in 

diameter hardly undergo self-preservation [24]. Particle aggregates should not be considered as single 

particles, but as a porous layer consisting of particles. The relatively high dissociation rate of methane 

hydrate (Fig.2, b) suggests that self-preservation can be neglected, and the size of particles in the 

aggregates is less than 1 mm. Natural reservoirs have areas of monolithic hydrate with large gas 

hydrate particles and more porous areas with numerous inclusions of sand, minerals, clay, and ice, 

forming a sandy silt matrix. In the dissociation of large monolithic areas (with a size of 1-10 mm and 

larger), it is necessary to take account of both self-preservation and porosity of the ice crust forming 

in the gas hydrate particle dissociation, as well as the hydrate-bearing system porosity and permea-

bility.  

For porous areas abounding with impurities, the porosity of the whole layer should be taken into 

account. At positive temperatures, only the reservoir porosity is considered. At negative temperatures 

in the reservoir, it is essential to take account of the porosity of the multiphase reservoir and the 

porosity of gas hydrate particles themselves, due to the formation of an ice crust on their surface. Due 

to slow ice melting, gas hydrate is formed from the mixture of ice with water (wet ice) saturated with 

carbon dioxide. 

The present experimental research does not address the scale-up of the findings or extrapolate 

them to a real reservoir, as the necessary conditions are impossible to reproduce using the experi-

mental setups. One of the main objectives was a comparative analysis of ways to increase the rates 

of methane hydrate dissociation, while reducing the pressure and forming CO2 hydrate from CH4 

hydrate, when the diffusion resistance of the reservoir is insignificant. The setup and reservoir had 

different dimensions. In future research, it is necessary to take account of the reservoir geometry 

(geometric scaling) and rate of gas release from the reservoir, which depends both on the reservoir 

porosity and on the ratio of the transverse to longitudinal size of the reservoir (reservoir length). It is 

assumed in the experiment that these sizes are of the same order of magnitude, and the diffusion 

resistance of the porous reservoir (powder layer) is much lower than the resistance of porous ice. 

The pressure drop increases the porosity of particles consisting of gas and porous ice. Ice porosity 

is crucial for the hydrate dissociation rate. Written in the general form, the equation for methane 

hydrate dissociation is related to the kinetic resistance kr and filtration (diffusion) resistance kd [25]. 

Without self-preservation of hydrate and at high porosity, the pressure in the pores of the particle and 

layer Pf becomes equal to the ambient pressure P0. Pf  is related to the equilibrium hydrate pressure 

Peq using the parameter reflecting the effect of pore resistance (β = f(kr, kd) [25, 26]:  

 
 0 β

.
1 β

eq

f

P P
P





   (1) 

It was assumed that at high porosity (with pore density σp = 1010 1/m2 [25]) the condition β ≈ 0 

is satisfied. Porosity is understood as the number of pores on the surface of the external ice shell of 

gas hydrate (1/m2). The pressure in pores becomes equal to the ambient pressure (Pf ≈ P0), and then 

the dissociation rate is determined only by the kinetics (kinetic resistance) and heat and mass transfer 

of hydrate with the environment. In this case, β → 0. The equation for methane hydrate dissociation 

is written as: 
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where Mh – the current mass of gas hydrate; M0 – the initial mass of gas hydrate; b – methane con-

centration; R0 – particle radius; j – hydrate dissociation rate; ρ
h
 – gas hydrate density. 

The parameter β equals kd
–1, while kd equals (σp)

3(dp)
8 [25]. At higher pore density, the condition 

β → 0 is satisfied. The dissociation rate is related to pore density by a cubic function. The presence 

of surfactant reduces the particle size R0 and increases porosity. This contributes to the dissociation 

rate increase according to the equation (2). This equation has a threshold asymptotic value at β → 0. 

The methods of carbon dioxide hydrate formation are shown in Fig.3. According to the experi-

mental method described, for all the curves, methane hydrate was first formed at a temperature 

close to 0 °С. It dissociated at a negative temperature (−3 °С). After methane hydrate dissociated 

and the pressure was below the equilibrium point of CO2 hydrate (5 bar), carbon dioxide was in-

jected. It filled ice pores without forming gas hydrate (since the growth of a hydrate shell, even a 

porous one, would create additional diffusion resistance for the diffusion of gas into the porous ice 

particle). The filling of pores with carbon dioxide accelerated the diffusion during subsequent hy-

drate growth. Then the temperature and pressure gradually rose to the hydrate formation conditions. 

Due to slow ice melting, gas hydrate is probably formed from the mixture of ice with water (wet 

ice) saturated with carbon dioxide. During СО2 hydrate formation, the temperature in the reactor 

increased by 0.5-1.5 °C due to the exothermic nature of the reaction. The lowest rate of CO2 hydrate 

formation was recorded when no biosurfactants were used (curve 1, Fig.3). In this case, the average 

derivative of dP/dt is minimum. The amount of ice not converted to hydrate is maximum (20-40 % 

for different experiments). At t ≥ 50 min, a quasi-horizontal region of pressure has a minimum 

value for the three curves. 

The gas hydrate formation rate is maximum for the maximum derivative of the pressure as a 

function of time for the most part of the formation interval (curve 3, Fig.3) The amount of ice and 

CO2 converted to hydrate is also maximum for curve 3 (minimum pressure for the final plateau). The 

presence of surfactant (curve 2, Fig.3) leads to a decrease in diameters of ice particle aggregates and 

to greater defectiveness of ice than the water without surfactant exhibits (curve 1, Fig.3). Gas hydrate 

aggregates are smaller (with an average size of approximately 0.5-1 mm), when surfactants are added 

to water. The average size was determined after gas hydrate powder was taken out of the reactor after 

formation. Higher porosity of gas hydrate in the case of using surfactant was reported in a lot of 

studies involving microscope observations. Hy-

drate formation at a negative temperature pro-

ceeds at about the same rate as at a positive tem-

perature (curve 3, Fig.3) only for regime 1. 

Approximately 30 % of ice converts to hydrate 

(end of regime 1). The amount of gas hydrate 

formed is calculated by determining how many 

moles of gas have been converted to hydrate, with 

the pressure recalculated relative to the total num-

ber of moles of gas present at the end of the hy-

drate formation process. Curve 3 (Fig.3) demon-

strates a much faster hydrate formation rate than 

curve 2. It can be hypothesized that a stronger gas 

hydrate shell is formed in regime 2. This signifi-

cantly retards the diffusion of CO2 into the ice 

particle (curve 2, Fig.3). Positive temperatures 
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lead to the formation of a water film at the reaction front (phase transition boundary (Fig.4). This 

increases the CO2 diffusion rate and reduces the difference of thermodynamic potentials of the phase 

transition (in the presence of ice, water, and surfactant (curve 3, Fig.3). Due to slow ice melting, gas 

hydrate is formed from the mixture of ice with water (wet ice) saturated with carbon dioxide. 

Without highly porous ice generation or initial methane removal, the hydrate formation rate is dozens 

of times lower than when the considered methods are used (Fig.3) For instance, in the study [18] the  

CH4-CO2 replacement along with simultaneous methane hydrate dissociation, partial methane re-

moval, carbon dioxide injection, and CO2 hydrate formation occurred in 120 h. The amount of  

methane hydrate formed was 15-20 times lower than that obtained using the formation methods de-

scribed in this study. A significant increase in the sample mass results in a proportional increase in 

the total time needed for CH4-CO2 exchange. Direct replacement of CH4 with CO2 produces mixed 

hydrate of methane and carbon dioxide. Some of methane molecules are occupied by hydrate cells. 

This impairs the efficiency of this technology. These negative effects can be mitigated by adaptive 

management of heat and mass transfer processes in the hydrate reservoir. 

Gas hydrate formation in highly porous ice can be analyzed by analogy with methane hydrate 

dissociation using the equation (2). High porosity (β ≈ 0) means that there is no diffusion resistance. 

The formation rate is determined by the kinetics of growth, diameter of particles (their specific surface 

area), and heat and mass transfer. High formation rates confirm the weak role of diffusion. The  

СН4-СО2 replacement proceeding with methane in the reservoir results in the formation of mixed 

hydrate (СН4-СО2). Methane production can be increased by implementing a combination of different 

techniques. During drilling, conditions for artificial depressurization of the hydrate reservoir are  

created, resulting in reduced pressure and CH4 hydrate degradation. The methane released can be 

extracted. The heating of the reservoir by circulating the heat transfer fluid increases the temperature, 

which reduces the hydrate stability and accelerates methane release. Biosurfactants promote the hy-

drate structure destruction, accelerating the release of methane from the reservoir. Methane release is 

broken down into three stages: initial drilling of the reservoir and its depressurization allowing for 

gradual hydrate destruction; thermal exposure increasing the temperature and creating favorable con-

ditions for hydrate destruction; adding biosurfactant facilitating methane release and minimizing the 

risk of hydrate re-formation. Thus, methane is completely removed by successively using the speci-

fied methods, providing maximum gas extraction before carbon dioxide injection for subsequent re-

placement. Coupling depressurization and thermal stimulation in the gas hydrate reservoir (curve 3, 

Fig.3) allows for ice melting and water film formation. This enhances the effect of surfactants and 

promotes the kinetics. The СН4-СО2 replacement during the formation of highly porous fine-grained 

ice is schematically shown in Fig.4. 

Surfactant present in the water film enhances the hydrate growth kinetics. Adding surfactants 

reduces the excess surface energy and the difference of thermodynamic potentials Δµ during the 

phase transition from gas and liquid to CO2 hydrate. Thus, high rates of СН4-СО2 replacement are 

Methane hydrate 

aggregate 

 

СН4 СО2 

Depressurization 

Thermal  

stimulation 
+ 

СО2 flow 

Ice 

Рh < Peq 

Th < 0 °С 
Рh > Peq 

Th > 0 °С 

Ice + Water + СО2 hydrate 

Ice 

СО2 hydrate 

СО2 hydrate Water film 

Biosurfactant 

Fig.4. Diagram of СН4-СО2 replacement during formation of highly porous fine-grained ice 
 

Ph – hydrate pressure; Peq – equilibrium hydrate pressure; Th – hydrate temperature 
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ensured by the following factors: decreased sizes of particles and aggregates, high porosity of ice 

particles and layer of particles, and reduced difference of thermodynamic potentials. 

The obtained research findings can be used for developing the technologies of natural gas pro-

duction from hydrate-bearing reservoirs using the depressurization method, supplying biosurfactants 

and injecting СО2. Once a hydrate-bearing reservoir is drilled and depressurized, methane is released 

from it. As a result, the hydrate reservoir becomes more porous. This is crucial, as the gas hydrate 

reservoir initially exhibits low permeability, which prevents the penetration of biosurfactant into it. 

After drilling and depressurization, biosurfactant is injected into the hydrate-bearing reservoir. This 

breaks the crystal lattice, which also facilitates methane release. Then carbon dioxide is injected into 

the reservoir, and natural gas is evacuated at the same time. This process is feasible, as with biosur-

factants carbon dioxide hydrate is more likely to form than methane hydrate. A separator is installed 

at the well outlet to separate СО2 in the extracted methane. The gas produced passes through water 

in the separator, resulting in the dissolution of СО2 in the water and the formation of purified methane 

at the outlet. The mathematical equations derived will make it possible to predict methane hydrate 

dissociation time, which would remove the uncertainty associated with carbon dioxide injection into 

the reservoir. 

Conclusion 

Biosurfactants accelerate both the growth and dissociation of methane hydrates. The enhanced 

growth rate in the presence of biosurfactants is primarily attributed to the reduced size of hydrate particle 

aggregates and lower water surface tension. The increased dissociation rate results from the higher  

porosity of ice achieved by reducing the reactor pressure. Biosurfactants also promote faster CO2  

hydrate formation. The high СН4-СО2 replacement rate is achieved through the following key factors: 

reduction in the size of particles and aggregates, attainment of high porosity in both particles and the 

ice layer, and favorable thermodynamic conditions resulting from decreased water surface tension. 

The proposed sequential phase transition method is expected to reduce the total time required 

for CO2 hydrate synthesis by two to three orders of magnitude compared to direct СН4-СО2 replace-

ment. Furthermore, methane replacement with carbon dioxide in highly porous ice effectively pre-

vents the formation of mixed (methane-carbon dioxide) hydrates. 
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