
RSC Advances

REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ju

ly
 2

02
2.

 D
ow

nl
oa

de
d 

on
 2

/8
/2

02
6 

5:
02

:3
2 

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
View Journal  | View Issue
Research progre
aGuangzhou Institute of Energy Conversion,

510640, Guangdong Province, China. E-mail
bSchool of Energy Science and Engineering,

China, Hefei 230023, Anhui Province, China
cUniversity of Chinese Academy of Sciences,
dCAS Key Laboratory of Gas Hydrate, Guang
eGuangdong Provincial Key Laboratory of N

Development, Guangzhou 510640, Guangdo

Cite this: RSC Adv., 2022, 12, 20227

Received 31st May 2022
Accepted 4th July 2022

DOI: 10.1039/d2ra03376c

rsc.li/rsc-advances

© 2022 The Author(s). Published by
ss on the effects of nanoparticles
on gas hydrate formation

Wei Zhang,ab Hao-Yang Li,ac Chun-Gang Xu, *ade Zhuo-Yi Huangab

and Xiao-Sen Li *ade

Gas hydrate has great application potential in gas separation, energy storage, seawater desalination, etc.

However, the intensity of mass and heat transfer is not enough to meet the needs of efficient hydrate

synthesis. Nanoparticles, different from other liquid chemical additives, are considered as effective

additives to promote hydrate formation due to their rich specific surface area and excellent thermal

conductivity. This work summarizes the effect of the nanoparticles on the thermodynamics and kinetics

of hydrate formation. And also, this work probes into the mechanism of the effect of the nanoparticles

on the formation of hydrate as well as provides some suggestions for future research. It is found that it's

difficult for nanoparticles to effectively promote the formation of the gas hydrate without the use of

surfactants, because the adhesion characteristics of the nanoparticles make them easily agglomerate or

even agglomerate in solution. In addition, at present, the research on the influence of nanoparticles on

the formation and decomposition of natural gas hydrate is still very fragmented, and the micro

mechanism of the influence is not clear, which requires more systematic and specific research in the

future. At the same time, the development of nanoparticles that can promote the formation of natural

gas hydrate should also become the focus of future research.
1. Introduction

Gas hydrate is an ice like crystal compound composed of water
molecules and small volume gas molecules such as methane
(CH4), carbon dioxide (CO2), nitrogen (N2), hydrogen (H2),
ethylene (C2H6), propane (C3H8), etc., and forms under certain
temperature and pressure conditions, in which water molecules
build cages with different spatial structures through hydrogen
bonds and gas molecules stably reside in the cages with van der
Waals forces between gas molecules and the hydrate cage.
Generally, about 164 cubic meters (standard temperature and
pressure (STP)) of gas can be accommodated in a standard
volume of hydrates.1,2 As early as the early 19th century,
researchers found and proposed the idea of hydrates, but the
application research of hydrates to energy or the environment
has not been paid attention to. Until the 1990s, researchers
found that the formation and decomposition process of hydrate
is simple, there was almost no mass loss, environmental
protection, and the gas storage capacity was large. The relevant
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hydrate technologies had certain potential in energy storage,
seawater desalination, CO2 gas separation and capture, natural
gas hydrate (NGH) exploitation, H2 purication, pipeline safety
and other application elds. More importantly, it is found,
compared with traditional technologies, hydrate technology has
gradually attracted the extensive interest of researchers and
become the current research focus because of its natural
advantages such as simple process, low energy consumption,
high capacity and environmentally friendly.1,3–5

CO2 emission reduction is an important part of mitigating
the continuous deterioration of global climate, and hydrate CO2

separation and capture is an important means to achieve CO2

emission reduction. The principle of the hydrate CO2 separation
and capture is based on the difference of the phase equilibrium
conditions for hydrate formation of different gas components
in the mixture. Under certain temperature and pressure
conditions, the components with milder phase equilibrium
conditions preferentially form gas hydrate and enrich in the
hydrate phase, while other components stay in the gas phase. By
separating the solid hydrate from the gas phase, the separation
of different component gases can be thereby realized.6 The
research on hydrate CO2 separation and capture mainly focuses
on the thermodynamics, kinetics, micro mechanism, CO2

separation process and separation equipment of gas hydrate
formation and decomposition. Aer nearly two decades of
research, although researchers have carried out studies in many
aspects and achieved considerable research results, the
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View Article Online
research on hydrate CO2 separation and capture still remains in
the experimental research stage. The slow formation rate of gas
hydrate and the low gas consumption in the process of hydrate
formation are the two major obstacles restricting the industrial
application of hydrate CO2 separation and capture. Essentially,
the two obstacles are the problem of heat and mass transfer in
the process of hydrate formation. Therefore, enhancing heat
and mass transfer in hydrate formation process is the primary
research direction, and the effect of hydrate formation
promoters on hydrate formation is the main content of the
research. Chemical promoters, such as tetrahydrofuran (THF),
cyclopentane (CP), tetrabutylammonium bromide ion (TBA+),
propane (C3H8), sodium dodecyl sulfate (SDS) and Tween 80,
have been intensively studied. Their addition has indeed
promoted the formation of gas hydrate, improved the hydrate
formation rate and CO2 separation efficiency. However, so far,
these hydrate formation promoters have not brought revolu-
tionary optimization to hydrate technology. Moreover, because
these promoters are volatile, or chemical toxicity, or difficult to
treat, the development of hydrate formation chemical
promoters has encountered some bottlenecks. Recently, nano-
particles have been regarded as a new type of solid promoter
because of their high specic surface area, quantum size effect
and macro quantum tunneling effect, which have the dual
effects of thermodynamic and kinetic promoter in the forma-
tion of hydrate, and have gradually attracted more and more
attention.

Nanoparticles are ne particles with a size of 1–100 nm.
Compared with micron particles, nanoparticles have higher
specic surface area and better heat transfer enhancement
characteristics.7,8 In 2006, Li et al.9 took the lead in adding
copper (Cu) nanoparticles into the hydrate formation system
and proved that Cu nanoparticles promoted the formation of
gas hydrate. Due to the high thermal conductivity of nano-
particles, the thermal conductivity of the solution was thereby
signicantly improved aer adding nanoparticles into the
solution. Ma et al.10 used this property to synthesize CH4

hydrate in supersaturated magnesium sulfate (MgSO4) or
copper sulfate (CuSO4) solution. It was found that the presence
of MgSO4 or CuSO4 nanoparticles signicantly promoted the
formation of CH4 hydrate relative to ionic solution. Li Don-
gliang et al.11 further proved the heat transfer enhancement
effect of carbon nanotube and Cu nanoparticles in the forma-
tion of THF hydrate through experimental research, and
proposed that the enhancement effect would be more signi-
cant in the presence of dispersant. The greater the concentra-
tion of nanoparticles and the smaller the size of nanoparticles,
the more outstanding the enhancement effect. However, due to
its high surface energy, the nanoparticles are easy to coalesce in
the solution and difficult to form a stable, uniform and highly
dispersed suspension solution, which reduces the thermal
conductivity of the overall solution and is detrimental to the
formation of hydrate. Therefore, the research of nanoparticles
as hydrate formation promoters has not attracted much atten-
tion of researchers.

In this work, we have fully investigated the inuence of the
nanoparticles on the thermodynamics, kinetics and formation
20230 | RSC Adv., 2022, 12, 20227–20238
mechanism of gas hydrate formation, as shown in Table 1. The
effects of the nanoparticles on gas hydrate formation in
different systems are systematically summarized, and the
various studies are analyzed and evaluated. On this basis, some
suggestions are put forward to further develop the nano-
particles and improve the effects of the nanoparticles on gas
hydrate formation.

2. Effects on thermodynamics

The formation of gas hydrate is an exothermic process, which
will lead to the increase of system temperature, then reduce the
driving force of the system and affect the further formation of
hydrate. Therefore, improving the heat transfer efficiency of the
system and transferring the generated heat in time is conducive
to the better formation of hydrate. Nanouids generally have
better heat transfer characteristics. For examples, the thermal
conductivity of ethylene glycol solution containing 4 vol%
copper oxide (CuO) nanoparticles can be increased by more
than 20.0%,12 the thermal conductivity of carbon nanotube oil
system with nanoparticle concentration of 1 vol% is increased
by 160.0%,13 and the thermal conductivity of aqueous solution
containing 2 vol% Cu nanoparticle is increased by 60.0%.14 The
improvement of thermal conductivity of nanoparticles is related
to the type, size, concentration of nanoparticles and system
temperature. The thermal conductivity of common nanouids
such as Al2O3, C, Cu and CuO not only increases with the
increase of concentration within a certain concentration range,
but also increases with the increase of temperature.11,15–18

However, not all nanoparticles follow this law. For example,
within a certain concentration range, the thermal conductivity
of TiO2 nanouids increases with the increase of concentration,
but decreases with the increase of temperature.19 In addition, Li
et al.11 and Mintsa et al.16 pointed that the small size nano-
particles are more conducive to enhance the heat transfer effect.
Actually, the heat transfer effect of the nanouids is affected by
many factors, such as pH of the solution, the particle aggrega-
tion effect, the stability of suspension and the use of surfactant,
whichmake it difficult to predict the thermal conductivity of the
nanouids in hydrate system. Consequently, it should be
pointed out that, up to date, the mechanism of heat transfer
enhancement by the nanoparticles is not fully studied.
Although scholars have discussed many possible controlling
factors, including Brownian motion, solid–liquid interface
layer, ballistic phonon transport and surface charge state,20 the
mechanism of heat transfer enhancement by nanoparticles is
still unclear. This leads to the difficulty of targeted selection of
nanoparticles for the purpose of enhancing heat transfer. The
usage of nanoparticles is more like asking for directions than
scientic guidance.

In terms of thermodynamics, nanoparticles have slight
performance in promoting or inhibiting the thermodynamic
phase equilibrium conditions of natural gas hydrate. When
studying the effect of carbon nanotubes on the formation of
methane hydrate, Park et al.21,22 found that the addition of
carbon nanotubes could slightly shi the phase equilibrium
curve of methane hydrate to the right, as shown in Fig. 1, which
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Phase equilibrium of methane hydrate with or without
MWCNTs (-: distilled water, ,: 0.004 wt% MWCNTs).21
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meant that the carbon nanotubes improved the formation
conditions of methane hydrate. Yu et al.23 and Zhou et al.24

pointed out that graphite nanoparticles had a negative impact
on the phase equilibrium of CO2 hydrate system, which was
independent of the concentration of nanoparticles. They drew
the phase equilibrium curves as shown in Fig. 2, and summa-
rized two reasons why graphite nanoparticles affect the phase
equilibrium. First, the existence of nanoparticles increased the
disorder of water molecules, thus increasing the entropy of the
system, so the formation of hydrate crystals required more
hydrogen bond energy. Second, some graphite nanoparticles
had porous structure, which would reduce the activity of water
and increase the pressure required for hydrate formation.
Fig. 2 Phase equilibrium of tetrabutyl ammonium bromide (TBAB) + gra

© 2022 The Author(s). Published by the Royal Society of Chemistry
However, this did not seem to explain the positive effect of
carbon nanotubes with similar structure to graphite nano-
particles on phase equilibrium. In fact, carbon nanotubes and
graphite nanoparticles are different in their interactions with
water molecules at the micro level, which leads to their different
effects on phase equilibrium. Due to the H–p interaction
between water molecules and p electron clouds of carbon
nanotubes, water molecular clusters tend to be closer to carbon
nanotubes, so water molecules are arranged more closely and
orderly in a local range. At the same time, under the action of
carbon nanotubes, the O–O spacing of water molecules around
them is shortened and the hydrogen bond is enhanced.25 The
graphite nanoparticles will not affect the O–O spacing of the
surrounding water molecular clusters, but will attract some
hydrogen bonds to the graphite surface, reducing the hydrogen
bonds between water molecules,26 leading to a slight thermo-
dynamic inhibition. Similarly, zinc oxide (ZnO) nanoparticles
have a slight thermodynamic inhibition.27 This can be
explained by the fact that zinc hydroxide (Zn(OH)2) generated by
ZnO in water will attract some hydrogen bonds.28 Generally
speaking, nanoparticles have only a slight effect on the phase
equilibrium of gas hydrate, and most of the discussion on the
inuence mechanism focuses on the interaction between
nanoparticles and water molecules.

The characteristics of nanoparticles to enhance heat and
mass transfer have more application scenarios to be developed
in the eld of hydrate technology, such as separating binary or
multicomponent gases with nanoparticles, and separating CO2/
H2 mixture by hydrate method with aluminum oxide (Al2O3)
nanoparticles and TBAB. The experimental data are shown in
Fig. 3. It can be found that the addition of 0.50 wt% Al2O3

nanoparticles can signicantly improve the separation effect.29

At present, there are nomore experiments using nanoparticle as
hydrate formation promoter for gas separation. Looking for
suitable nanoparticles to improve the separation efficiency and
promote the carbon capture by hydrate method has become
phite nanoparticle (GN) varying with different GN concentrations.24

RSC Adv., 2022, 12, 20227–20238 | 20231
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Fig. 3 Comparison of the split fraction for the CO2/H2 hydrate
formation with the synergic additives and other additives.29
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a next research topic. In addition, the nanoparticles also have
development potential in the eld of hydrate hydrogen storage
technology. Carbon nanotubes have been proved to have certain
hydrogen storage capacity,30,31 but the hydrogen storage
capacity is not enough to support it as a separate hydrogen
storagematerial.32 However, due to the enhancedmass and heat
transfer characteristics of carbon nanotubes in the hydrate
formation process, the composite hydrogen storage of carbon
nanotubes and hydrate has become a potential hydrogen
storage method. Dr Yu Chi33 used the aqueous solution of multi
walled carbon nanotubes (MWCNTs) to conduct the hydrate
hydrogen storage experiment, and found that although the gas
storage capacity was slightly improved, the gas storage rate was
signicantly improved. He made MWCNTs solution into ice
powder aer freezing to replace liquid water for hydrate
formation. The results showed that the gas storage capacity of
1.00 wt%MWCNTs ice powder was 6.4 times higher than that of
ordinary ice powder, and when MWCNTs aqueous solution
generates hydrate, the hydrate layer formed near carbon nano-
tubes hinders the improvement of gas storage capacity, which
provides a new idea for hydrate hydrogen storage.
3. Effects on kinetics of CO2 hydrate
formation

In terms of promoting the formation of CO2 hydrate, Fir-
oozabadi et al.34 and Rajabi et al.35 studied the effect of ferro-
ferric oxide (Fe3O4) nanoparticles on the formation process of
CO2 hydrate. They found that Fe3O4 nanoparticles can effec-
tively increase gas consumption and shorten induction time in
the presence of surfactant. Compared with Fe3O4 nanoparticles
cooperating with cetyltrimethyl ammonium bromide (CTAB),
the combination of Fe3O4 nanoparticles and SDS performs
better. The nanouid with concentration of 0.15 wt% + 400 ppm
can shorten the induction time of CO2 hydrate formation by
70.6%, and increase the gas consumption and apparent rate
constant by 160.0% and 120.5% respectively. In addition, in
20232 | RSC Adv., 2022, 12, 20227–20238
addition, they also found that the presence of magnetic eld
signicantly promoted the formation of CO2 hydrate due to the
magnetic properties of Fe3O4 nanoparticles, for instance, the
induction time was reduced by 96.6% and the gas consumption
increased by 443.9% with the system in the presence of
0.15 wt% Fe3O4 nanoparticles. Mohammadi et al.27 reported the
promoting effect of ZnO nanoparticles on the formation of CO2

hydrate. The results showed that ZnO nanoparticles could
increase gas consumption by up to 16.0% in the presence of
SDS. In addition, they studied the effects of Ag nanoparticles,
SDS solution and silver (Ag) + SDS mixed system on the
formation of CO2 hydrate. The results showed that the induc-
tion time did not change signicantly in the three cases.36 Only
Ag + SDSmixed system has an effect on the formation process of
CO2 hydrate, which can increase the gas consumption by 93.3%
and the apparent rate constant by 133.0%. Zhou et al.37 reported
that the induction time can be reduced by 80.8% and the gas
consumption increased by 12.8% with the system in the pres-
ence of 0.40 wt% of graphite nanoparticles. Yan et al.38 found
that graphite oxide nanoparticles can shorten the induction
time by 53.0%–74.3% and increase the gas consumption by
5.1%–15.9%.

It can be seen that different kinds of nanoparticles have
different promoting effects on the formation of CO2 hydrate. In
terms of the effect, the Fe3O4 nanoparticles have the best
promotion effect, and their promotion effect on CO2 hydrate
under the action of magnetic eld has great research and
development potential. The combination of Ag nanoparticles +
SDS can greatly improve the gas consumption, but can not
shorten the induction time, which is difficult to meet the
industrial application. The increase of gas consumption by
graphite and graphene nanoparticles is not signicant, which
may be related to the fact that they are not used with surfac-
tants. It is worth noting that the nanoparticle, as a new kind of
hydrate formation promoter, is expected to become a more
efficient and green substitute for traditional hydrate formation
promoters. However, the nanoparticle can hardly play an effi-
cient role in promoting the formation of CO2 hydrate without
being used in combination with surfactants so far. Therefore, to
nd efficient and green nanoparticle promoter must be one of
the important topics in the future for promoting the conversion
of the hydrate-based CO2 capture technology to the industrial
application.
4. Effect in drilling fluid and cement
slurry

Invasion of drilling uid into natural gas hydrate reservoir
during drilling might cause hydrate dissociation and reforma-
tion and then lead to wellbore instability, which is one of the
most challenging issues in the drilling industry. Recently, nano-
based drilling uids (NBDF) are widely studied. Adding nano-
particles into drilling uid can help improve the rheology of
drilling uid, uid loss stability and wellbore stability, and
reduce the invasion of hydrate reservoir. Bég et al.39 found that
titanium dioxide (TiO2) nanoparticles could increase the plastic
© 2022 The Author(s). Published by the Royal Society of Chemistry
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viscosity (PV), yield point (YP), apparent viscosity (AV) of drilling
uids. And 0.60 wt% (w/w) is the optimal concentration of TiO2

nanoparticles, which has the best effect on the rheological
properties and lubricity of the drilling uid. Medhi's team
conducted a series of studies on drilling uids containing
various types of nanoparticles, including Al2O3, ZnO, SiO2, ZrO2,
CuO, and graphene. All these nanoparticles showed better
rheology and ltration properties. When the concentration of
graphene particles was 0.80 wt%, the ltration rate decreased by
60.0%.40–44 Researchers are still looking for the most effective
nanoparticles or combinations. As a drilling uid additive, the
new nano-lignin amphoteric copolymer synthesized by Chang
can reduce the uid loss by 80%.45 Similarly, the improvement
of rheological properties has been reported in some studies on
polymers made of nanoparticles.46,47 At the same time, several
articles have reported the improvement of the thermal stability
of drilling uids by nanoparticles.40,48,49

Wellbore stability is another important topic in drilling.
Many researchers have studied the role of nanomaterials in
maintaining wellbore stability. Xu et al.50 designed a nano-
emulsion, which was shown to be a good shale self-imbibition
control agent, and the swelling rate decreased from 12.9% to
4.7%. Aramendiz and Imqam51 added silica and graphene
nanoparticles into drilling uid and found that it provided
sufficient blocking networks between grain boundaries, result-
ing in a 35.6% reduction in cutting erosion. In another study,
Liu et al.52 found that the LAPONITE® nanoparticle can be
inserted into ssures to effectively reduce shale swelling.

Although so many NBDFs have been studied, the addition of
nanoparticles in drilling uid is still controversial. As we
mentioned above, one of the important problems is that the
contribution of the nanoparticles to hydrate formation may
increase the risk of ow blockage (or clogging). Therefore, it is
necessary to look for the nanoparticles which can inhibit
hydrate formation as drilling uid additives. Wang et al.53 found
that the hydrophilic silicon dioxide (SiO2) nanoparticles at
4.00 wt% had a signicant inhibition effect on hydrate forma-
tion, the induction time increased by 194.0% and the hydrate
formation decreased by 10.0%. They pointed out that the inhi-
bition was related to the hydrophilicity. Similarly, Guo et al.54

concluded that although CaCO3 nanoparticles promoted the
formation of hydrate, the hydrophilic CaCO3 nanoparticles aer
modication inhibited the formation of hydrate. Xu et al.55

conducted wellbore simulation experiments and showed that
the inhibition effect of the hydrophilic SiO2 on hydrate in the
wellbore increased with the increase in particle size.

Cementing technology is important in the aspect of stabi-
lizing the well wall. The heat released from the hydration
process of cement slurry will lead to the increase of hydrate
reservoir temperature and the decomposition of hydrate, which
threatens the drilling safety.56,57 Merey58 summarized several
requirements for a new type of cement slurry for drilling hydrate
reservoirs: (1) lower heat of hydration than conventional
cements. (2) Lower thermal conductivity than conventional
cements. (3) Superior anti-gas migration performance than
conventional cements. (4) Low density for oceanic hydrate
deposits as well as high compressive strength. Recently, many
© 2022 The Author(s). Published by the Royal Society of Chemistry
researchers have studied the enhancement of cement slurry by
nanoparticles.59–61 Among them, nano-silica are the most
studied particles. Nano-silica particles affect cement slurry in
the thickening time, compressive strength, uid loss, porosity
and permeability within the cement.62 Maagi et al.63 pointed out
that the effect of nanoparticles on cement pastes depends on
particle concentration and temperature. Compared with dril-
ling uid, the types of nanoparticles used in cement slurry are
not extensive. The study of the effect of cement slurry on hydrate
reservoir is still the emphasis.
5. Affecting mechanism of
nanoparticles on hydrate formation

The main factors affecting the stability of nanoparticle
suspension include nanoparticle size, concentration, disper-
sant, solution viscosity and solution pH.64,65 If the attraction
between particles is greater than the repulsion force, the
nanoparticles may collide and coalesce, so as to reduce the
stability of the suspension. Conversely, if the particles have high
enough repulsion force, the suspension always remain stable.
Therefore, for stable nanouids or colloids, the repulsion force
between particles must be dominant. Adding surfactants is an
effective method to stabilize nanouids or colloids. Water
soluble surfactants have a signicant positive impact on the
stability of nanouids that promote hydrate formation.66–68 Cox
et al.69 studied the effect of nanoparticles on the formation
characteristics of CH4 hydrate through the combination of MDS
and experiments, and proved that nanoparticles can promote
the formation of CH4 hydrate in a way similar to the nucleation
of heterogeneous ice for more hydrophilic or water-soluble
guest molecules (such as THF or CO2). Bai et al.70 studied the
particle effect during the formation and decomposition of CO2

hydrate, and found that the good ow characteristics in the
initial stage of hydrate nucleus in the reactor are conducive to
the continuous formation of hydrate; and once the hydrate ne
particles coalesce, the uid uidity in the reactor will be
reduced, which is not conducive to the continuous formation of
hydrate. Nahri et al.71 studied the effects of amorphous carbon,
iron oxide ferric oxide (Fe2O3), SiO2 and amino-coated SiO2 on
the nucleation and aggregation rate of THF hydrate. It was
found that due to the aggregation of nanoparticles in solution,
the growth of hydrate was inhibited, and the ammonia coated
SiO2 showed the prominent the inhibitory effect. Cendales
et al.72 from the team led by Peter Englezos of the University of
British Columbia in Canada pointed out through experiments
that the cellulose nanocrystals did not promote the formation of
CO2 hydrate. These studies give the results of the inuence of
nanoparticles on hydrate formation from both positive and
negative aspects, and provide directional guidance for the
follow-up research of nanoparticles on hydrate formation, that
is, what kind of nanoparticles and what kind of nano solution
system are conducive to hydrate formation.

Alireza Bozorgian73 used CTAB as surfactant to study the
effect of ZnO nanoparticles on CO2 storage by hydrate method.
The results showed that when the concentration of ZnO
RSC Adv., 2022, 12, 20227–20238 | 20233
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nanoparticles in the solution is 0.1%, the CO2 consumption
during hydrate formation increases by about 26.0%, and the
CO2 storage capacity of hydrate increases by about 22.0%. Song
et al.74 from Qingdao Institute of energy and process, Chinese
Academy of Sciences, carried out a study on the effect of carbon
nanotubes doped with SDS on the formation of CH4 hydrate. It
was found that, on one hand, the defect sites generated during
acid treatment improved the stability and dispersion of nano-
tubes in the aqueous phase, on the other hand, due to the
continuous Brownian motion of nanoparticles, adding nano-
tube particles to SDS solution with a concentration lower than
0.4 mmol L�1 signicantly shortened the induction time of CH4

hydrate formation. In addition, they also found that since the
nanoparticles are easy to agglomerate in the liquid phase, the
concentration of nanoparticles must be kept at a low level,
otherwise it would be detrimental to the formation of hydrate.
Then, Wang et al.75 continued to study the effect of graing Ag
nanoparticles onto SDS coated nano microspheres on the
formation of CH4 hydrate. It was found that the formation time
of CH4 hydrate was only one tenth of that of SDS system without
Ag nanoparticles, which once again proved the promoting effect
of nanoparticles on the formation of hydrate. Zhang et al.76

studied the formation characteristics of CO2 hydrate when
graphene oxide and nano graphite particles are combined with
SDS, and found that graphene oxide and nano graphite particles
can signicantly promote the formation of CO2 hydrate when
combined with SDS. Under the same working conditions, the
addition amount of the graphene oxide is less, but a more
optimized promotion effect can be obtained.

However, some recent studies have shown that the increase
of nanoparticle concentration is helpful to improve the gas
consumption during hydrate formation. Chaturvedi et al.77

from India used Stober sol gel to synthesize SiO2 nanoparticles
in one step, and studied the effect of SiO2 nanoparticles on the
separation and capture of CO2 in the ue gas by hydrate
method. It was found that SiO2 nanoparticles effectively
increased the total gas consumption of about 37%, and
considered that the consumption of gas was positively corre-
lated with the concentration of nanoparticles. Lu et al.78

prepared graphite nanouids and studied the effect of graphite
nanouids on the formation of CH4 hydrate. It was found that
graphite nanouids can obtain higher gas consumption than
ZnO, CuO and Fe3O4 nanouids. In addition, graphite nano-
uids signicantly improved the hydrate formation rate. At the
same time, they also used the self-made graphene oxide
nanouid hydrate to separate the methane of low concentra-
tion coalbed methane (CBM). Aer two-stage separation, the
CH4 concentration increased from 30 mol% to 76 mol% while
effectively improving the formation rate of CH4 hydrate.79 In
addition, Liu et al.80 also studied the effect of the graphene
oxide on CO2 hydrate formation and concluded that the gra-
phene oxide signicantly promoted CO2 hydrate. Jiao et al.81

from China University of petroleum (East China) did the
opposite, studied the inuence of SiO2 nanoparticles on the
decomposition characteristics of CO2 hydrate, and found that
SiO2 nanoparticles promoted the decomposition of CO2

hydrate. The variation law of thermal conductivity in the
20234 | RSC Adv., 2022, 12, 20227–20238
decomposition process has been uctuating with the law of gas
production from hydrate decomposition, and the thermal
conductivity of the system has increased by 2.4–5.5% compared
with pure CO2 hydrate. The decrease of activation energy is the
fundamental reason why nanoparticles promote the decom-
position of CO2 hydrate. Therefore, it was considered that the
activation energy of the system is negatively correlated with the
thermal conductivity of the system, that is, the greater the
thermal conductivity, the shorter the hydrate decomposition
relaxation time and the faster the mass transfer. This study not
only veried the promoting effect of nanoparticles on the
formation and decomposition of CO2 hydrate, but also tried to
reveal the inuence mechanism of nanoparticles on the
formation and decomposition of CO2 hydrate from the physi-
cochemical level. Min et al.82 from J. W. Lee team of Korea
Institute of advanced science and technology used molecular
dynamics simulation (MDS) studied the effect of hydrophobic
nanoparticles on the formation of CH4–THF binary hydrate. It
was pointed out that the hydrate cell formed on the inner wall
of hydrate provided heterogeneous station sites conducive to
hydrate formation. The disordered arrangement of water
molecules at the gas–liquid interface reduced the free energy of
the adjacent region, thus reducing the driving force of hydrate
formation, while hydrophobic nanoparticles were located at
the water oil interface to separate the water phase from gas
molecules, thus preventing the continuous formation of
hydrate. Hu et al.83 from Shenzhen Research Institute of
Tsinghua University studied the molecular mechanism of CH4

hydrate nucleation on the surface of corroded iron and found
that only when iron was above the gas–liquid interface, iron
particles with different specic surface areas could signi-
cantly promote the formation of CH4 hydrate, and the
promotion effect of iron particles aer corrosion was more
obvious. This was because the existence of iron particles
increased the curvature of the gas–liquid interface, which
reduced the energy barrier when CH4 molecules transfer from
the interface to the volume liquid by 54.0%, resulting in the
increase of CH4 concentration in the solution, which was the
common inuence of the gas–liquid–solid (iron particles)
three-phase interface on the formation of CH4 hydrate.

It is certain that the above research has important enlight-
enment signicance for revealing the inuence mechanism of
nanoparticles on the formation and decomposition of gas
hydrate, but it is undeniable that the current research on the
inuence of nanoparticles on the formation and decomposition
of gas hydrate is still very fragmented, and the micro mecha-
nism of inuence is still unclear. In particular, the synthesis of
nanoparticles or the development of nanouids that can
signicantly promote hydrate formation and the micro mech-
anism of their targeted promotion on hydrate formation are still
blank, which restricts the industrial development of hydrate
technology to a great extent. Therefore, it is necessary to carry
out the research on the synthesis of nanoparticles that can
promote the formation of CO2 hydrate in the future. On one
hand, the synthesis method of nanoparticles is proposed
through the combination of experimental research, micro-
analysis and molecular dynamics simulation. On the other
© 2022 The Author(s). Published by the Royal Society of Chemistry
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hand, the micro mechanism of promoting the formation of gas
hydrate by nanoparticles from the perspective of mass and heat
transfer at the three-phase interface of gas liquid solid (nano-
particles) is revealed based on the effect of nanoparticles on the
thermal conductivity of hydrate reaction system.

6. Conclusions

Nanoparticles have attracted researchers' attention because of
their higher thermal conductivity and specic surface area,
which can effectively promote the heat and mass transfer in the
formation of gas hydrate. By investigating the relevant studies
that have been carried out currently, it is found that the research
focuses on the effects of the nanoparticles on the thermody-
namics, kinetics and interface reaction of the gas hydrate
formation. The promoting effect of nanoparticles on the forma-
tion of gas hydrate is mainly reected in that they can not only
effectively improve the thermal conductivity of the solution
system and provide a larger specic surface area to promote
mass transfer, but also the structural defects of nanoparticles can
provide hydrate crystal nucleation sites and shorten the induc-
tion time of hydrate crystal nucleation. However, it is also found
the nanoparticle can hardly play an efficient role in promoting
the formation of gas hydrate without being used in combination
with surfactants due to that nanoparticles are easy to agglom-
erate or even agglomerate in the solution for their adhesion
characteristics. In addition, the current research on the inuence
of nanoparticles on the formation and decomposition of gas
hydrate is still very fragmented, and the micro mechanism of
inuence is still unclear, and this calls for more systematic and
specic research in the future. Meanwhile, we also found that the
modication of nanoparticles (such as adding some hydro-
phobic groups) might bring about the improvement on the
dynamic inuence of nanoparticles on the formation of gas
hydrate. Therefore, if the nanoparticles can be modied in
advance to achieve a targeted role in promoting the formation of
gas hydrate according to the characteristics of synthetic gas
hydrate, it will be of great signicance to realize the commercial
application of gas hydrate technology in the future.

Abbreviation
NM
© 2022 The Autho
Nanoparticle material

T
 Temperature

P
 Pressure

CTAB
 Cetyltrimethyl ammonium bromide

SDS
 Sodium dodecyl sulfate

SO
 Sodium oleate

SDBS
 Sodium dodecyl benzene sulfonate

THF
 Tetrahydrofuran

GO
 Graphite oxide
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