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dy of methane hydrate generation
characteristics in the presence of GO and Re-GO
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Haikun Zheng,a Xiaoru Haoa and Wei Shengac

The industrial application of hydrate technology is greatly hindered by its slow generation rate, low gas

storage rate, harsh generation conditions, and poor environmental friendliness of traditional additives. In

this paper, the kinetic and thermodynamic promotion effects of graphene oxide (GO) and recovered

graphene oxide (Re-GO) on methane hydrate in different systems were studied by the constant volume

methods. The promotion mechanism was analyzed from the micro perspectives of molecular physical

properties, interfacial reaction, and nucleation sites. It is found that GO has an excellent kinetic and

thermodynamic promotion effect on CH4 hydrate generation. After the recovery process, the

thermodynamic effect of Re-GO is basically unchanged, and the kinetic promotion effect is slightly

reduced. Furthermore, it is verified that the GO material itself does not have a memory effect in hydrate

formation. The results show that GO is an excellent accelerator of CH4 hydrate formation with high

recovery value, which provides essential data and an experimental basis for the research and application

of graphene oxide and hydrate technology in energy storage and cold storage.
1. Introduction

Natural gas is the fastest growing non-renewable energy source
in the world, and its consumption is gradually increasing every
year all over the world. The main component of natural gas is
methane, which is considered as the cleanest energy source.1 It
is stored in large quantities in the form of natural gas hydrate in
the permafrost and the seabed of the outer edge of the conti-
nental shelf. It is estimated that the global natural gas hydrate
reserves are about 2.1 � 1016 m3, containing about twice as
much organic carbon as traditional fossil fuels.2 As a new kind
of energy resource, hydrate has attracted much more attention
because of its large gas storage per unit volume and excellent
environmental protection. Under standard conditions, 1 m3

natural gas hydrate can store about 164 m3 natural gas,3,4 and
the energy storage efficiency is excellent. Compared with the
liquefaction and compression of natural gas, the thermody-
namic conditions of natural gas hydrate are milder, the storage
time is longer, and the recovery rate is close to 100%. It shows
the advantages of low cost, high safety and high efficiency in the
eld of natural gas storage and transportation.5 Therefore,
natural gas hydrate has the ability to be used as the medium of
natural gas storage and transportation. In addition to its use in
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energy transportation and storage,6,7 hydrate has also achieved
great results in the elds of carbon dioxide capture,8–10 refrig-
eration11,12 and cooling storage,13,14 gas separation,15,16 seawater
desalination17,18 and so on.

However, the formation conditions of hydrate are harsh, the
formation rate is slow, and the gas storage capacity cannot
reach to the ideal value, which seriously affects its applications
in natural gas storage and transportation and the development
of other hydrate technologies. To address these problems, there
are two main solutions proposed. One is to promote gas hydrate
generation by changing the gas–liquid contact mode, increasing
the gas–liquid contact area, and enhancing the heat and mass
transfer capacity of the system, such as stirring, spraying, and
bubbling.19–22 The other one is to add promoters to improve the
thermodynamic conditions of hydrate generation or to accel-
erate the formation of hydrate and improve its kinetic param-
eters.23–26 The research of different physical methods and
additives used to change the hydrate formation kinetics has
made a great contribution to the development of hydrate tech-
nology.27 However, the operation process of physical method is
complex, and the investment and operation cost of equipment
is high. Traditional kinetic additives such as SDS will produce
bubbles during dissociation, resulting in low gas recovery and
difficult biodegradation, so they are not suitable for industrial
scale application.28,29 Commonly used thermodynamic addi-
tives, such as quaternary ammonium salt30,31 and THF,32 are
oen non reusable, contain toxic substances and have poor
environmental protection.33 They are also not suitable for
industrial scale applications.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Nanoparticles refer to micro particles of nanometer scale,
which are dened as particles less than 100 nm in at least one
dimension. Due to the advantages of high specic surface area,
high activity and good thermal conductivity, nano materials
have attracted more and more attention in the eld of hydrate.
Eastman et al.34 investigated the thermal conductivity of nano-
uids and found that the incorporation of nanomaterials
signicantly improved the heat transfer capacity of uids. Li
et al.35 drew on the idea of enhanced uid heat transfer with
nanoparticles to promote the rapid generation of gas hydrates
for the rst time. By studying the effect of nanoparticles on the
kinetic parameters of gas hydrate, Samer et al.36 found that
nanoparticles with the relatively large specic surface have the
most signicant promoting effects in the hydration reaction
process. Graphene oxide (GO) is a monatomic layer product
aer oxidation and stripping from graphite powder. Compared
with ordinary nanoparticles, graphene oxide has a superior
specic surface area and thermal conductivity, which is more
favorable to promote the nucleation and formation of gas
hydrates. Moreover, it can stably exist in an aqueous solution
and a polar solvent. Therefore, GO can be used as a promoter of
gas hydrates. Wang et al.37 experimentally studied and analyzed
the effects of SGO (sulfonated graphene oxide), GP, and GO on
the growth kinetic properties of methane hydrates. The results
showed that SGO greatly shortens the growth time of hydrate
and improves the storage capacity of natural gas. Yan et al.38

demonstrated the existence of an optimal facilitating concen-
tration of 50 ppm for GO in the generation of CO2 hydrate.
Abedi et al.39,40 studied the formation of methane hydrate and
propane hydrate in the presence of carbon nanostructures
successively. The results suggested that the presence of carbon
nanostructures such as GO had a positive effect on the nucle-
ation and growth rate of hydrate. Rezaei et al.41 experimentally
studied the promotion of ethylene hydrate by GO and SDS. The
results showed that the use of graphene oxide suspensions
signicantly contributed to the induction time and effective
energy storage of ethylene hydrate. Zhong et al.42 accelerated the
separation of CH4 from low concentration coalbed methane by
Fig. 1 Experimental apparatus for hydrate formation. (1) Methane gas cy
pressure-regulating valve; (6)–(10) balance valve; (11) and (20) gas vent; (1
the temperature of the balance vessel; (18) the gas temperature of the r

© 2022 The Author(s). Published by the Royal Society of Chemistry
adding GO. The results showed that the addition of GO
increased the hydrate formation rate and gas consumption.

Above all, it is shown that GO has been proved to be an
excellent accelerator for a variety of gas hydrates. Nevertheless,
there is still a lack of research on the recovery of graphene oxide
and its memory effect based on hydrate formation. In addition,
there are few reports on the thermodynamic effects of GO and
the micromechanical investigation of the induction stage of
hydrate generation. Therefore, this study emphasizes the ther-
modynamic characteristics and kinetic parameters of methane
hydrate generation in the presence of GO and Re-GO, the
memory effect of GO in hydrate generation, and themicroscopic
promotion mechanism of the formation stage.

2. Experimental section
2.1 Apparatus

The experimental setup utilized in this study is schematically
illustrated in Fig. 1. The primary experimental setup includes
a high-pressure reactor, control device, gas supply equipment,
buffer tank, magnetic coupling stirring, data acquisition
system, and refrigeration unit. The reactor is fully transparent
and visible. Its main body is 316L stainless steel, the observa-
tion surface is sapphire, the volume is 200 mL, the bearing
pressure range is 0–20 MPa, the bearing temperature range is
�10 to 40 �C, and the measurement and control accuracy of
temperature and pressure are �0.1 �C and 0.01 Mpa respec-
tively. The temperature sensor model is XT5213-RDSC,
produced by Hangzhou XueZhongTan Constant Temperature
Technology Co., Ltd. The pressure sensor model is TRAFAG
8252.81, which is produced by Shanghai Bogu Automation
Equipment Co., Ltd. The stirring speed is 100–1400 rpm, and
the speedmeasurement accuracy is 1400� 2 rpm. The reactor is
immersed in a thermostatic water tank of 80 � 80 � 80 cm, and
the cold capacity is continuously provided by the cryostat. The
cryostat has a temperature control accuracy of �0.1 �C and
a temperature control range of�10 to 15 �C. The cryostat model
is DFY-30L, produced by Hai'an Hongmai Machinery Co., Ltd.
The data acquisition system is a self-developed HMFY-II hydrate
linder; (2) balance vessel; (3) cryostat; (4) hydration reactor; (5) and (13)
2) air compressor; (14) solenoid valve; (15) PID valve; (16) flowmeter; (17)
eactor; (19) the liquid temperature of the reactor; (20) liquid outlet.

RSC Adv., 2022, 12, 8760–8770 | 8761
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formation experimental device, which collects and records
experimental data in real time.
2.2 Materials

(1) Experimental gas methane, purity 99.99%, Henan Yuanz-
heng Special Gas Co., Ltd.

(2) Experimental monolayer graphene oxide, Shenzhen Gra-
phene Technology Co., Ltd. The material was characterized by
FTIR to determine its functional group species, and the results
are shown in Fig. 2. It indicates that GO mainly contains
carboxyl (–COOH), hydroxyl (–OH), carbonyl (–C]O) and epoxy
groups (–CH–O–CH).

(3) Deionized water, made in the laboratory.
(4) Electronic balance, model jzk-fa210, accuracy �0.0001 g,

Fuzhou Huazhi Scientic Instrument Co., Ltd.
(5) Ultrasonic cleaner, model kq3200de, Kunshan Ultrasonic

Instrument Co., Ltd.
(6) Automatic surface tension analyzer, model qbzy-1,

sensitivity 0.1 mN m�1, Shanghai Fangrui Instrument Co., Ltd.
(7) Bt-802 automatic circulating dispersion injection system

and bt-9300se laser particle size distribution instrument, Dan-
dong Baite Instrument Co., Ltd.
2.3 Solution preparation and recovery process

Prepare GO solutions with concentrations of 0.05, 0.1, 0.2, 0.4 g
L�1, respectively, and ensure the uniformity of the solution
through ultrasonic oscillation.

GO in the solution was recovered by vacuum drying and
water bath evaporation. The vacuum dryingmethod is to put the
beaker into the vacuum drying oven and set the temperature to
50 �C to prevent the properties from being damaged by high
temperature until it is completely dried, which can ensure the
complete recovery of graphene oxide. The water bath stirring
and steaming method is to put the beaker on the constant
temperature magnetic stirrer of the water bath, set the
temperature at 50 �C, tie the fresh-keeping lm with several
Fig. 2 FTIR spectra of graphene oxide nanomaterials.

8762 | RSC Adv., 2022, 12, 8760–8770
holes to facilitate the outow of water vapor, use stirring to
accelerate the evaporation of water, turn off stirring when there
is no obvious water, and use the constant temperature water
bath to completely dry it.

2.4 Procedures

2.4.1 Kinetic experiment. In the experimental preparation
stage, the hydration reactor was repeatedly washed and dried
three times with deionized water. Add 50 mL of the prepared
solution, seal the reactor, and put it into a constant temperature
water bath that cooled to the experimental temperature.
Conduct 2–3 times of air blowing and exhaust operation for the
reactor to ensure no air in the reactor. Inject CH4 gas slowly into
the reactor, and stop injecting methane aer the pressure
condition in the reactor is up to the experimentally set value.
When the system temperature drops back to the design
temperature, start the magnetic stirrer 500 rpm. The tempera-
ture and pressure in the kettle are collected and recorded in
real-time through the data acquisition system, and the acqui-
sition cycle is 1 s. When the temperature and pressure condi-
tions in the kettle are stable and maintained for 1 h, it is
considered that hydrate is completely formed. To eliminate
randomness and reduce error, each set of experiments was
repeated 4–5 times.

2.4.2 Thermodynamic experiment. The preparation of the
experiment was performed in the same way as we did in the
kinetic experiment section. When CH4 is introduced, continu-
ously inlet air to keep the pressure same as the predetermined
experimental pressure. In addition, higher cooling capacity is
set to ensure rapid and complete hydrate generation. Aer the
complete hydrate formation is observed, close all valves, slowly
increase the temperature of the system to break down the
hydrates. When only a tiny amount of hydrate solids in the
reactor can remain stable for 2 h, and hydrate crystals will
decompose when increased by 0.1 K, the temperature and
pressure conditions before temperature rise are the phase
equilibrium parameters of hydrate under this working
condition.

2.5 Calculation methods

According to the gas law equation and combined with the actual
gas parameters, the gas absorption is calculated by the
following equation:39

Dn ¼ 1

R

�
P0V0

Z0T0

� PtVt

ZtTt

�
(1)

where Dn is the gas consumption, R represents the universal gas
constant, X0 and Xt are the gas parameters at the initial reaction
conditions and time t, respectively, and X can be P, V, and T. Z is
the gas compression coefficient, which is calculated using the
Peng–Robinson equation.

In eqn (1), A and B are calculated using the following
equation

A ¼ ðacaÞP
ðRTÞ2 (2)
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Temperature and pressure diagram of methane hydrate
formation.
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B ¼ bP

RT
(3)

ac ¼ 0:45724
R2Tc

2

Pc
2

(4)

b ¼ 0:07780
RTc

Pc

(5)

where Pc and Tc are the critical pressure and critical tempera-
ture of methane gas respectively.

Vt ¼ Vcell � VSO
+ VRWt

� VHt
(6)

where, Vcell is the volume of the reactor, VSO is the initial volume
of the injected solution, VRWt

is the volume of reaction water and
VHt

is the volume of hydrate formation.
The gas absorption rate at any time during hydrate forma-

tion, expressed as r, is dened as follows:

r ¼ dnH

dt
¼ dng

dt
¼ ng;i�1 � ng;iþ1

tiþ1 � ti�1

(7)

where nH and ng are the moles of hydrate generated and the gas
consumption, respectively, as well as ni�1 and ni+1 represent the
moles of methane gas in the reactor at ti�1 and ti+1,
respectively.

The conversion rate of water to hydrate stands for the ratio of
the moles of initial water to the hydrate generated at the end of
the reaction.

Conversionw/H ratio ð%Þ ¼ MDn

nw0

(8)

whereM is the hydration number, the value here is 5.75, and nw0
is the moles of water before the reaction.
3. Results and discussions
3.1 Analysis of experimental process

The experiment was carried out at 279.15 K and 5 MPa. Fig. 3
illustrates the variation of temperature and pressure for
methane hydrate formation by GO under this condition. From
the trend of the curve, the whole reaction stage can be divided
into four parts: cooling dissolution stage, formation induction
stage, mass formation stage, and complete formation stage.
The initial 5 min is the gas dissolution stage. Aer the gas is
introduced into the reactor, it is rapidly dissolved in water, and
the pressure drops rapidly. The presence of graphene oxide can
reduce the surface tension of the solution. At the same time,
coupled with the role of stirring, it speeds up the dissolution
rate of methane gas, resulting in a extremely short time of gas
dissolution stage. Aer 5 min, the hydrate enters the formation
induction stage. Within 5–25 minutes, methane gas and GO
solution dissolved in methane reach fugacity equilibrium, the
pressure in the kettle remains stable. This period is the
formation stage of hydrate crystal nucleus, and the macro
characteristics will hardly change. Aer 25 minutes, the
induction period come to end. The growth of a large number of
hydrate nuclei breaks through the critical size. At this time,
© 2022 The Author(s). Published by the Royal Society of Chemistry
a large number of hydrates begin to form and suddenly
increase with the slope of the gas pressure curve. In addition,
the process is accompanied by an increase in temperature
because of the water and the reaction release heat. However,
due to the large volume of the thermostatic water tank where
the reactor is located and the high thermal conductivity
generated by the huge specic surface area of go, the heat
generated by the reaction can be eliminated in a very short
time, resulting in little temperature change in the system. With
the progress of hydration process, the gas pressure in the
reactor gradually decreases, and the slope of pressure curve
also gradually decreases, indicating that the formation rate of
hydrate is slowing down until the system reaches a stable
temperature and pressure state. This is because the pressure
driving force of the system gradually decreases, and the
formation and decomposition rate of hydrate gradually reach
a balance state.

Fig. 4 shows the temperature–pressure diagrams of the
methane hydrate generation process for the pure water
system, the GO system, and the Re-GO system with two
recovery methods. It can be observed that the trend of the
methane hydrate generation process is approximately the
same for each system except for the difference in the length of
induction time.

Fig. 5 shows the growth of hydrate in the reactor with time.
Combined with the temperature and pressure analysis of
hydrate formation process: at 10 min, the gas–liquid interface
differentiated obviously, the liquid had a certain light trans-
mittance, and the air pressure remained stable. It indicates
that the system is still in the formation induction stage. 25
minutes aer the critical size of hydrate nucleus increases to
saturation state, the hydrate induction stage ended. At this
point, the slope of the gas pressure curve suddenly increases,
accompanied by temperature uctuations with the
exothermic generation, cloud-like hydrates are generated on
the inner wall of the reactor, and the translucency of the
liquid decreases, while granular hydrates are observed to
RSC Adv., 2022, 12, 8760–8770 | 8763
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Fig. 4 Pressure of methane hydrate formation in GO, Re-GO and pure
water systems.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
M

ar
ch

 2
02

2.
 D

ow
nl

oa
de

d 
on

 1
2/

6/
20

25
 4

:5
1:

02
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
begin to be generated at the gas–liquid contact interface. At
60 min, the inner wall is full of fog-like and cloud-like hydrate,
and there is a lot of granular and wafer hydrate in the solu-
tion. The system is in a vigorous formation stage. With the
increase of time, the slope of the pressure curve gradually
decreases until it tends to be at and reaches complete
formation.
3.2 Dynamic effect

The kinetic experiment was carried out under the designed
conditions of 279.15 K and 5 MPa. The effects of GO and Re-GO
at the concentrations of 0.05, 0.1, 0.2, and 0.4 g L�1 on the
kinetic effect of methane hydrate were studied were studied
respectively. Aer the rst formation experiment of methane
hydrate, keep the temperature constant and reduce the pressure
to below the phase equilibrium pressure to promote the
decomposition of methane hydrate. When the decomposition is
Fig. 5 Formation image of hydrate in GO system. (a) 10 min. (b) 25 min

8764 | RSC Adv., 2022, 12, 8760–8770
complete, replenish qi to the original experimental set pressure,
continue the dynamic experimental steps, and complete the
dynamic experiment of memory effect.

The induction times of each system at 279.15 K and 5 MPa
are shown in Table 1. It was found that the induction time for
the pure water system was long at 264.5 min under these
experimental conditions. Aer adding GO, the induction time
of each system was signicantly reduced, and the kinetic
promotion effect was extremely effective. Among them, the
addition of GO at a concentration of 0.05 g L�1 minimized the
induction time of the system by 96.8% compared to the pure
water system. The promotion of Re-GO is slightly lower than
GO, about 85%, which still has high economic value and can be
improved by the recycling process.

Due to the characteristics of the hydrate memory effect, the
water produced by hydrate decomposition is more accessible to
form hydrate again than the water without hydrate formation
history, and the induction time at the second regeneration will
be shorter. On the premise of ensuring that the physical prop-
erties of GO materials do not change, the water in the hydrate
decomposition solution is evaporated dry by vacuum drying and
water bath stirring, and the formation experiment is carried out
again. It was found that aer removing the memory effect of the
hydrate itself, the induction time of each system in the presence
of GO was longer than that of the rst formation experiment. It
can be proved that GOmaterial itself does not have the memory
effect of methane hydrate formation.

Fig. 6 shows the change of gas consumption in the progress
of hydration at 5 MPa 279.15 K. It is observed that the gas
consumption undergoes a stabilization period early in the
early hydration process, which is the induction stage. Aer
that, gas consumption increases rapidly, and gas is rapidly
captured during the initial stages of large-scale hydrate
generation, leading to a signicant increase in gas consump-
tion. In the progress of hydration, the temperature and pres-
sure gradually reach a steady state, and the growth of gas
consumption gradually tends to be at until being stable. It
can be seen that the gas storage capacity, compared to the pure
. (c) 60 min.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Induction time of methane hydrate formation

Concentration, g L�1
Ind time, min
(fresh)

Ind time, min
(memory)

Ind time, min
(vacuum drying)

Ind time, min
(water bath stirring)

Pure water 264 � 5
0.05 8 � 1 6 � 1 40 � 2 18 � 1
0.1 21 � 2 15 � 1 46 � 2 24 � 1
0.2 16 � 1 11 � 1 47 � 3 21 � 1
0.4 24 � 2 19 � 2 61 � 3 30 � 2

Fig. 6 Gas consumption during hydrate formation.
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water system, with the addition of GO, is increased in all cases,
with a maximum increase of 16.2%. It indicates that the
addition of GO can lead to an increase in gas storage during
hydrate generation.

Fig. 7 shows the gas absorption rates of each system during
the reaction. It can be observed that all systems will have
a strong peak, indicating that the gas absorption rate reaches
Fig. 7 Gas consumption rate of methane hydrate.

© 2022 The Author(s). Published by the Royal Society of Chemistry
the highest. The strong peaks of GO and Re-GO systems are
higher than those of the pure water, and GO at a concentration
of 0.2 g L�1 works best for the rst generation. The kinetic
promotion effect of recovered Re-GO is slightly reduced,
resulting in a slight decrease in gas absorption rate. Aer that,
the rate will gradually decrease until the system is stable. The
appearance of the strong peak of gas absorption rate was
signicantly earlier aer the addition of GO, in comparison
with the pure water system, indicating that the induction time
was signicantly reduced.

Fig. 8 shows the percentage of water converted to hydrate
aer complete hydrate formation in each system. It was
observed that at the end of the hydrate reaction, the addition of
GO, compared to the pure water system, had a signicant effect
on the nal water to hydrate conversion. The effect of GO
concentration on the conversion was consistent with the results
of previous analyses. It is the presence of GO promotes the rate
of reaction kinetics, increases gas storage, and enhances the
heat and mass transfer capacity of the system. The closer the
system parameters at the end of the hydration are to the phase
equilibrium state parameters, the higher the water to hydrate
conversion rate.
3.3 Thermodynamic effect

In order to verify the correctness of experimental equipment,
materials, and operation methods and reduce experimental
RSC Adv., 2022, 12, 8760–8770 | 8765
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Fig. 8 Water hydrate conversion of methane hydrate.
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errors, the parameters of phase equilibrium state for the pure
water system CH4 hydrate were determined and veried by
experimental results43 from the literature. As shown in Fig. 9,
the data parameters measured in the experiment are basically
consistent with the literature. The phase equilibrium parame-
ters of methane hydrate added with 0.05, 0.2, and 0.3 g L�1

graphene oxide under different pressure conditions and the
thermodynamic promotion effect of GO before and aer
recovery at the same concentration 0.2 g L�1 were studied and
measured. The experiments are compared with the phase
equilibrium parameter in the pure water system.

As shown in Fig. 9, compared with the pure water system at
the same temperature, the phase equilibrium pressure under
the GO system is reduced. Within the research range of 278–284
K, the curve as whole shis to the right by about 1–1.2 K, and
this effect is little affected by the change of concentration.
Furthermore, the thermodynamic effects of Re-GO aer
different recovery processes are not different from GO. It
suggests that the contribution from GO to the thermodynamics
of CH4 hydrate is limited and almost constant. The inuence
Fig. 9 Phase equilibrium parameters of methane hydrate in each system
between pure water and Re-GO system.

8766 | RSC Adv., 2022, 12, 8760–8770
mechanism of nanoparticles on the phase equilibrium of
hydrates remains inconclusive. In this study, it is considered
that the size effect of the uniform dispersion of graphene oxide
nanoparticles in the solution and the huge specic surface area
of GO itself lead to the ordering of water molecules around it,
reduce the activity of water molecules, and lead to the right
deviation of the phase equilibrium curve.
3.4 Promotion mechanism analysis

Graphene oxide is the monolayer product of graphene aer
oxidation. Hydroxyl and epoxy groups are randomly distributed
on its monolayer, and carboxyl and carbonyl groups are present
on the edge part. This makes GO distributed with different
properties from hydrophilic to hydrophobic from the edge to the
center. Therefore, GO can be present at the interface as surfac-
tant, reducing the interfacial energy and the resistance of gas to
enter the liquid phase. Fig. 10 shows the surface tension proles
of GO solutions with different concentrations at different
temperature conditions and deionized water as a control. It can
be observed that compared with the surface tension of deionized
water of 72.75 mNm�1, the addition of low concentration of GO
can signicantly reduce the surface tension of the solution, with
an overall reduction of about 14.6%–21.3%.

Graphene oxide has a huge specic surface, which improves
the overall heat transfer performance in solution and can
rapidly export the heat generated by hydration, creating supe-
rior conditions for hydrate formation. The homogeneously
dispersed GO nanoparticles in solution supply plenty of excel-
lent heterogeneous nucleation points for the hydration reaction
of gas and water with lower Gibbs free energy than homoge-
neous nucleation, to improve the nucleation efficiency of
hydrates. In addition, GO has excellent hydrophilicity and easily
constitutes hydrogen bonds to water molecules, to reduce the
interfacial energy, enhance the gas–liquid contact area and the
gas dissolution rate, accelerate the hydrate growth. Fig. 11
shows the promotion mechanism with GO for methane hydrate
generation.
. (a) Comparison between pure water and GO system. (b) Comparison

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Variation of surface tension of GO solution with concentration
at different temperatures.

Fig. 12 Particle size distribution of the graphene oxide.
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Fig. 12 shows the particle size distribution of GO with two
recovery methods of Re-GO. The volume average diameter of
0.2 g L�1 graphene oxide solution is 32 mm. The volume average
diameter of Re-GO by water bath stirring recovery process
increases to 51 mm, while the volume average diameter of Re-GO
by vacuum drying recovery process is 56 mm, especially 13.88%
has exceeded 100 mm. This indicates that the GO solution
within the nanomaterials are very uniformly dispersed, which
provides a larger contact area between the gas and liquid phases
for the generation of methane hydrate. In contrast, Re-GO is
more aggregated in solution, which somewhat attenuates the
promotion effect on hydrate generation.

Fig. 13 shows the SEM images of GO and Re-GO at different
magnication. It can be observed that the material planar
ductility of GO is excellent and there is almost no wrinkling
occurs, which well maintains the monolayer property of the
structure. Aer triple magnication of the partial details, it is
Fig. 11 Promotion mechanism of GO on methane hydrate formation.

© 2022 The Author(s). Published by the Royal Society of Chemistry
observed that the GO of the stacked part is still single-layered,
which has no effect on the excellent monolayer and plane
ductility of the material as a whole. The excellent kinetic
promotion effect of GO is based on the huge specic surface
area and high thermal conductivity of the material. The higher
the monolayer ratio of the material, the better the physical
properties and the better the promotion of hydrate formation.
The morphology of the Re-GO recovered by vacuum drying and
water bath agitation changed considerably, with the appearance
of fold phenomena and interlayer accumulation. Especially, the
plane ductility of Re-GO recovered by vacuum drying is greatly
damaged. Aer triple magnication of the partial details, it is
observed that the original expanded single-layer plane has
become a composite layer full of folds, and some of them have
changed from single atomic layer products to multi-layer
products. This reduces the specic surface area and heat
transfer properties of the material to a certain extent, affects the
heat and mass transfer capacity of the solution, and reduces the
RSC Adv., 2022, 12, 8760–8770 | 8767
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Fig. 13 SEM images of GO and Re-GO at different magnification. (a) SEM images of GO at different magnification. (b) SEM images of Re-GO-V at
different magnification. (c) SEM images of Re-GO-S at different magnification.
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kinetic promotion effect of Re-GO in the formation of hydrate.
The Re-GO recovered by water bath stirring can better retain the
original promotion effect, indicating that this recovery process
8768 | RSC Adv., 2022, 12, 8760–8770
has little impact on its form, which proves that the recovery
effect of GO can be improved by the recovery process, with high
repeated recovery rate and good economic value.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusions

Effects of GO and Re-GO on the kinetic parameters and ther-
modynamic phase equilibrium parameters for methane hydrate
under different systems were studied. The promotion mecha-
nism is analyzed from the micro perspectives of molecular
physical properties, interfacial reaction, and nucleation posi-
tion. The main conclusions are summarized as follows:

(1) The whole hydrate reaction stage was classied into four
parts: cooling dissolution, formation induction, mass forma-
tion, and complete formation.

(2) The system containing GO and Re-GO, compared with
traditional hydrate additives, has both kinetic and thermody-
namic promoting effects on hydrate formation, such as short-
ened induction time, accelerating natural gas consumption,
increasing natural gas reserves, improving hydrate conversion,
and relieving formation phase equilibrium conditions. In
addition, GO can be recycled aer use. Therefore, it is a novel,
environmentally friendly, and efficient excellent accelerator.

(3) Compared with GO, the thermodynamic effect of Re-GO is
basically unchanged while the kinetic effect is slightly reduced.
It has a signicant economic value with a high repeatable
recovery rate and the recovery effect can be improved by the
recycling process.

(4) In the process of methane hydrate formation, GO does
not have the memory effect of formation.
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