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Abstract 
Phase equilibrium condition is a necessary condition for the formation and stable 
existence of natural gas hydrate. It has important theoretical value and practical 
significance for the development, transportation and storage of natural gas hydrate 
technology. In this paper, the thermodynamic promoting effect of graphene oxide (GO) 
and its recovered product (Re-GO) on the formation of hydrate in methane gas was 
experimentally studied. The phase equilibrium data of methane hydrate in the presence 
of GO at temperature 277~284K, pressure 3.8~7.3MPa and concentration 0.05g/L, 
0.2g/L and 0.3g/L were measured by observation method and constant volume 
temperature search method. Furthermore, the reusability of GO in hydrate phase 
equilibrium conditions was measured. The results show that in the experimental range, 
the phase equilibrium pressure of GO system, Re-GO-V and Re-GO-S system is lower than 
that of pure water system. The overall downward deviation of the phase equilibrium 
curve is about 053 ~ 0.80MPa, and the decrease of phase equilibrium pressure is 8.8% ~ 
13.4%. The thermodynamic promotion effect of GO has little effect with the change of 
concentration, and its reuse has little effect on the promotion effect. This work may 
provide experimental and theoretical basis for the development and industrial 
application of hydrate technology. 
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1. Introduction 

With the gradual decrease of traditional oil resources in today's world, human beings are facing a 
huge pressure of energy shortage. Governments of all countries have also increased their efforts to 
seek new energy. The demand of future energy for social development not only requires the 
technology and reserves to meet the needs of economic development, but also needs to meet the 
requirements of coordinated development between human and nature for the environment. As an 
unconventional natural gas resource, the guest molecule of nature gas hydrate (NGH) is mainly CH4, 
which is a kind of high-quality, efficient and safe energy. Methane hydrate reservoir is a huge organic 
carbon reservoir with huge resource potential, and its reserves are about 2.1×1016m3 [1], which is 
more than two times of the total reserves of traditional fossil energy (coal, oil and natural gas) 
discovered. In addition, methane hydrate plays an important role in energy, oil and gas industry, 
environmental protection, chemical industry, aerospace and biological engineering[2-7]. Therefore, 
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the research, development and utilization of methane hydrate industrialization technology is of great 
importance. 

There are many phase states in hydrate system, such as hydrate phase, liquid phase, gas phase and ice 
phase. The study of phase equilibrium thermodynamics of hydrate provides a basic theoretical basis 
for the determination of hydrate formation conditions, and is also the basis for the study of hydrate 
formation and decomposition kinetics. In addition, the study of phase equilibrium thermodynamics 
of hydrate is also indispensable in industrial practical application. The phase equilibrium data of 
hydrate is of guiding significance to determine whether the conditions of hydrate formation are 
satisfied, the conditions of hydrate decomposition and the conditions of hydrate formation. 

For NGH, currently the commonly used thermodynamic additives mainly include quaternary 
ammonium salts, such as tetrabutylammonium bromide (TBAB), tetrabutylammonium chloride 
(TBAC), tetrabutylammonium fluoride (TBAF), tetrahydrofuran (THF), cyclopentane (CP), etc. [8-
20]. In addition, some special materials have been used in laboratory scientific studies to change the 
formation characteristics of hydrate, such as teryl alcohol, leucine, polyethylene glycol, corn starch, 
biological additives L-arginine and isooctyl glycoside, carbon nanotubes, Ag nanospheres [21-28]. 
The existence of the above additives in hydrate formation and decomposition process makes hydrate 
based technology more feasible and convenient for the application of natural gas industry 
development. 

Graphene oxide (GO) is an emerging nanomaterial in the field of hydrate. It is a single atomic layer 
product of graphite powder after oxidation and stripping. The molecular structure is shown in Figure 
1. It can exist stably in solution and has excellent specific surface area and thermal conductivity, 
which can be used to accelerate the formation of hydrate. At present, the research on go in the field 
of hydrate is all about the kinetics of formation. Abedi et al. investigated the formation of propane 
hydrate in the presence of carbon nanostructures and SDS. Rezaei et al. investigated the effects of go 
and sodium dodecyl sulfate on kinetics of ethylene hydrate formation. Wang et al.  investigated the 
effects of graphene sulfonate oxide , graphite and graphene oxide on promoting CH4 hydrate 
formation and growth kinetics. In the above literature, GO has been proved to be an excellent 
promoter of various gas hydrates [29-33]. However, the phase equilibrium thermodynamics and the 
microscopic mechanism of methane hydrate formation in the presence of GO are not sufficient. 

 

 
Figure 1. Molecular structure diagram of graphene oxide 
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Therefore, this study focuses on the effect of go on the equilibrium conditions of methane hydrate 
formation phase and the microscopic mechanism analysis. Observation method and constant volume 
temperature search method were used to determine the methane hydrate phase equilibrium data in the 
presence of 0.05g/L, 0.2g/L, 0.3g/L of GO and 0.2g/L of RECOVERED GO at 277~284K 
temperature and 3.8~7.3MPa pressure, respectively. 

2. Experimental 

2.1 Apparatus 

The experiment was carried out in the hydrate phase balance test device experimental system as 
shown in Figure 2. The device mainly includes reaction kettle, pressure and temperature measuring 
device, data acquisition system, constant temperature water bath, low temperature constant 
temperature bath, magnetic stirrer and so on. The high pressure reactor can be visualized to observe 
the formation and decomposition of hydrate. The design volume of the reactor is 200mL, the highest 
working pressure is 20MPa, and the allowable working temperature range is -10℃ ~ 30℃. A 
temperature sensor is arranged in the middle and lower part of the reactor to measure the temperature 
of the gas and liquid or solid-liquid mixed phase, with a precision of ± 0.1K. The reaction kettle is 
equipped with a pressure sensor to measure the gas pressure, the range is 0~20MPa, the accuracy is 
± 0.0001mpa. During the experiment, the magnetic stirrer can not only accelerate the formation of 
hydrate, but also ensure the uniformity of temperature in the kettle. The experimental data of 
temperature and pressure were collected every 5 seconds by a data collector and stored in the 
computer. 

 

 
Figure 2. Experimental apparatus for hydrate formation 

1.Gas cylinder; 2.Balance vessel; 3.Thermostatic bath; 4.reactor; 5,13.Pressure regulating valve; 
6,8,9,10.Balance valve; 11,20.Gas vent; 12.Air compressor; 14,Solenoid valve; 15,PID valve; 
16,Flowmeter; 17,Temperature of Balance vessel; 18,Gas temperature of reactor; 19,Liquid 

temperature of reactor; 20,Liquid outlet 

2.2 Materials 

 The experimental materials used in this work are shown in Table 1. Electronic balance (model JZK-
FA210, accuracy ±0.0001g) was used to accurately weigh the experimental materials. An ultrasonic 
cleaning machine (Model KQ3200DE) was used to oscillate the GO aqueous solution to ensure its 
stable and uniform dispersion in the solution. 
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Table 1. Specifications of experimental materials. 

Materials Purity Suppliers 

CH4 99.99mol% Jiaozuo Xin Bo Long Trading Company 

Graphene oxide 99%/ Shenzhen Graphene Technology Co., LTD 

Pure water / Jiaozuo Xin Bo Long Trading Company 

2.3 Procedure 

The observation method is the simplest, feasible and mature method in hydrate phase equilibrium 
experiment. When the hydrate phase equilibrium is determined by observation method, it is required 
that the hydrate formation reactor has visual characteristics, so that the experimenter can directly 
observe the hydrate formation or decomposition state and determine the phase equilibrium state point. 
The criteria of observation method are as follows: increase pressure and decrease temperature to 
produce a certain amount of hydrate in the reactor; Periodic decompression or heating operations are 
performed to facilitate the slow decomposition of hydrates. When there is only a small amount of 
hydrate solid in the reactor, the pressure and temperature conditions remain unchanged, so that the 
system can keep this state for more than 2 hours. When the temperature rises to 0.1K or the pressure 
drops to 0.01mpa, the temperature and pressure conditions before the temperature rise are the phase 
equilibrium parameters of hydrate under this condition. 

Since the hydrate reactor used in the experimental device is a transparent and visible high-pressure 
reactor, which fully meets the requirements of the observation method, the phase equilibrium 
conditions of hydrate are determined by the observation method in this experiment. The specific 
experimental steps are as follows: 

1) The hydrate reactor was cleaned with deionized water for three times and dried. The constant 
temperature water bath is cooled to the experimental temperature; 

2) Inject 50ml of the configured solution, put it into the constant temperature water bath box after 
sealing the reaction kettle, and connect the ventilation pipe; 

3) Fill the reactor with experimental gas, and perform 2 to 3 times of blowing and exhaust operation 
to ensure that there is no air in the reactor and check the air tightness of the equipment at the same 
time; 

4) Start the data acquisition system to collect and record the gas phase pressure, gas phase temperature 
and liquid phase temperature in the kettle in real time; The air compressor is used to slowly pass CH4 
gas into the reactor. After the pressure in the reactor reaches the experimental set pressure, the air 
inlet is stopped and the magnetic stirrer is opened. 

5) After the formation of obvious hydrate solid crystals is observed, all valves are closed. The system 
was slowly heated up at a step of 0.2K to decompose the hydrate, and the temperature was kept for 
2h each time. 

6) When only a very small amount of hydrate solids in the reactor can remain stable for 2h and the 
hydrate crystals will decompose when the temperature and pressure point corresponding to the 
complete decomposition of hydrate are the phase equilibrium parameters of hydrate; 

7) Stop the experiment, empty the gas in the reaction kettle, and stop collecting data. 

3. Results and Discussion 

3.1 Phase Equilibrium Experiment of Methane Hydrate in Pure Water System 

In order to verify the correctness of experimental equipment, experimental materials and operation 
methods and reduce experimental errors, phase equilibrium state parameters of methane hydrate in 
pure water system were measured first, and compared with experimental data done by Nakamurad et 
al. [34] in the literature. 
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The results of phase balance data determination of methane hydrate in pure water system are shown 
in the table 2, and the comparison between data and literature is shown in the figure 3. The results 
show that in the experimental temperature range, the phase equilibrium pressure of methane hydrate 
increases with the increase of experimental temperature, showing a positive correlation trend, and 
generally presents a concave rising curve. In addition, according to the comparison between the 
measured data in this experiment and the experimental data in the literature, it can basically maintain 
a consistent state, which can prove the feasibility and correctness of the experimental device and 
method adopted in this experiment. 

 

Table 2. Phase equilibrium data of methane hydrate in pure water system 

Serial Number Temperature/K Pressure/MPa 

1 276.85 3.79 

2 278.15 4.28 

3 279.75 5.04 

4 281.55 6.22 

5 282.35 6.77 

6 283.75 7.82 

Uncertainties u are u(T) = ± 0.15 K, u(P) = ± 0.01 MPa. 

 

 
Figure 3. Phase equilibrium curve of methane hydrate in pure water system 

3.2 Effect of go on Phase Equilibrium of Methane Hydrate 

The phase equilibrium parameters of methane hydrate with 0.05g/L, 0.2g/L and 0.3g/L of go at 
different temperatures were measured and compared with the phase equilibrium curves of pure water 
system. The experimental data are shown in the table 3-5. 
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Table 3. Phase equilibrium data of methane hydrate in the presence of 0.05g/L graphene oxide 

Serial Number Concentration Temperature/K Pressure/MPa 

1 

0.05g/L 

278.15 3.84 

2 278.95 4.22 

3 279.75 4.59 

4 280.75 5.11 

5 281.65 5.58 

6 282.75 6.27 

Uncertainties u are u(T) = ± 0.15 K, u(P) = ± 0.01 MPa. 

 

Table 4. Phase equilibrium data of methane hydrate in the presence of 0.2g/L graphene oxide 

Serial Number Concentration Temperature/K Pressure/MPa 

1 

0.2g/L 

278.45 4.09 

2 279.45 4.56 

3 281.45 5.65 

4 282.65 6.37 

6 283.55 7.06 

Uncertainties u are u(T) = ± 0.15 K, u(P) = ± 0.01 MPa. 

 

Figure 4 shows the phase equilibrium curve of methane hydrate at different GO concentrations. In 
the presence of GO, the phase equilibrium pressure of methane hydrate increases with the increase of 
experimental temperature, which is the same as that of pure water system, and generally presents a 
concave rising curve. At any temperature within the experimental range, the phase equilibrium 
pressure of the three systems in which GO exists is lower than that of the pure water system. The 
curve is downshifted by about 053~0.80MPa in the range of 277~284K, and the phase equilibrium 
pressure decreases by 8.8%~13.4%. This indicates that the existence of GO can improve the phase 
equilibrium conditions of methane hydrate to a certain extent. Through comparative analysis of phase 
equilibrium curves of methane hydrate in 0.05g/L, 0.2g/L and 0.3g/L with different concentrations, 
it is found that the overall trend of the three curves is the same in the temperature range studied, and 
the data difference is very small. This indicates that the effect of go on the improvement of phase 
equilibrium conditions of methane hydrate is little affected by the change of concentration. 

 

Table 5. Phase equilibrium data of methane hydrate in the presence of 0.3g/L graphene oxide 

Serial Number Concentration Temperature/K Pressure/MPa 

1 

0.3g/L 

278.65 4.16 

2 279.95 4.77 

3 280.65 5.14 

4 282.25 6.12 

5 283.35 6.89 

Uncertainties u are u(T) = ± 0.15 K, u(P) = ± 0.01 MPa. 
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Figure 4. Phase equilibrium parameters of methane hydrate in pure water and GO system 

3.3 Effect of Recovered Products of GO on Phase Equilibrium of Methane Hydrate 

The thermodynamic promoting effects of 0.2g/L go at different temperatures were determined by 
vacuum drying and water bath stirring drying processes respectively. The experiments were compared 
with the phase equilibrium conditions in pure water system. The data comparison results are shown 
in Table 6. 

As shown in the figure 5, compared with the pure water system at any same temperature, the phase 
equilibrium pressure in the Re-Go system is reduced, and the overall downward deviation of the curve 
is about 0.6mpa within the research range of 278~284K. There is no difference in the thermodynamic 
effect of Re-Go compared with GO after different recovery processes. Therefore, it can be inferred 
that the effect of GO on the thermodynamic improvement of methane hydrate is limited and almost 
constant. 

 

Table 6. Phase equilibrium data of methane hydrate in the presence of 0.2g/L Re-GO system 

Serial Number Concentration Temperature/K Pressure/MPa 

1 

0.2g/L Re-GO-V 

277.95 3.79 

2 280.25 4.95 

3 281.85 5.90 

4 283.85 7.25 

1 

0.2g/L Re-GO-S 

278.35 3.94 

2 279.95 4.77 

3 281.75 5.75 

4 283.45 6.99 

Uncertainties u are u(T) = ± 0.15 K, u(P) = ± 0.01 MPa. 
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Figure 5. Phase equilibrium parameters of methane hydrate in GO and Re-GO system 

3.4 Mechanism Analysis 

Conventional kinetic accelerators such as surfactants have little influence on thermodynamic phase 
equilibrium conditions of gas hydrates. However, the phase equilibrium curve of the corresponding 
system was established after completing the thermodynamic experiment to provide a reference for 
the analysis of the dynamic experiment. 

For example, Park et al. studied the phase equilibrium conditions of methane hydration when the 
pressure range was 3MPa~9MPa and the MWCNT concentration was 0.004wt % in 2010. The results 
showed that the phase equilibrium temperature of methane hydrate in MWCNT system decreased by 
about 0.5K compared with pure water system under the same pressure. This indicates that the nano-
fluid MWCNT system has a slight promoting effect on the thermodynamics of methane hydrate. In 
2012, they studied the thermodynamic promoting effect of OMWCNT (oxidized multi-walled carbon 
nanotubes) at a concentration of 0.003wt % on methane hydrate, and the results showed that the 
promoting effect of OMWCNT was slightly enhanced compared with MWCNT, but the difference 
was not significant [26, 27].  

For nanoparticles, the influence mechanism of gas hydrate phase equilibrium curve has not been 
determined, in this study that is due to GO the size of the nanoparticles in solution evenly dispersed 
effect, large specific surface area and GO itself results in the decrease of water molecules in the 
surrounding permutation order activity of water molecules, resulting in the shift of phase equilibrium 
curve to the lower right. 

4. Conclusion 

In this section, the feasibility and correctness of the experimental device and the experimental method 
are verified by the experiment of methane hydrate phase equilibrium in pure water system using 
observation method. The experiment of the effect of GO on methane hydrate phase equilibrium and 
the experiment of the effect of go recovered products on methane hydrate phase equilibrium are 
completed. The effects of GO system, Re-GO-V system and Re-GO-S system on phase equilibrium 
conditions of methane hydrate under different conditions were measured, and their promoting 
mechanism was analyzed. The study reached the following conclusions: 

(1) The presence of go or its recovered products can improve the phase equilibrium conditions of 
methane hydrate to a certain extent. Compared with pure water system, the phase equilibrium pressure 
of GO system, Re-GO-V system and Re-GO-S system is reduced. In the range of 277~284K, the 
curve is shifted downward about 053~0.80MPa as a whole, and the phase equilibrium pressure 
decreases by 8.8%~13.4%. 
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(2) The effect of go on improving phase equilibrium conditions of methane hydrate is little affected 
by concentration change. The phase equilibrium curves of methane hydrate in 0.05g/L, 0.2g/L and 
0.3g/L with different concentrations have the same overall trend, and the data difference is very small. 

(3) The effect of GO on the thermodynamics of methane hydrate is limited and almost constant. There 
is no difference in the thermodynamic effect of Re-Go compared with GO after different recovery 
processes. 
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