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A B S T R A C T

Hydrate-based CO2 sequestration has been recognized as an effective technology for long-term oceanic CO2 
sequestration to reduce CO2 emissions and achieve carbon neutrality. However, the slow CO2 hydrate formation 
rate has hindered the large-scale application of this technology. In this work, fulvic acid (FA) was employed to 
achieve rapid CO2 hydrate formation from liquid CO2 in seawater of the South China Sea in a high-pressure 
visual reactor, and CO2 hydrate nucleation and growth were completed within 30.0 min. The average hydrate 
growth rate reached encouragingly high as 4.11 mmol CO2/(mol H2O⋅min). Compared with other additives 
reported to date, the average conversion rate of water to hydrate was the highest. A high CO2 storage capacity of 
121.8 V/V was obtained for 500 ppm FA. Liquid CO2 could completely consume liquid water and convert it into 
hydrates within 30.0 min at 279.2 K. The addition of FA triggered the “self-siphoning” phenomenon that aqueous 
solution was quickly sucked into the hydrate pores. It leads to CO2 hydrate formation being accelerated by 1 to 2 
orders of magnitude and achieving high storage capacity, paving the way for large-scale oceanic CO2 
sequestration.

1. Introduction

Carbon dioxide (CO2), as a major greenhouse gas, causes the 
greenhouse effect, resulting in environmental crises such as melting 
glaciers and rising sea levels [1,2]. Hydrate-based CO2 sequestration has 
been considered as a potential means to effectively mitigate global 
warming and thus reduce atmospheric CO2 emissions [3–9]. CO2 hy
drates can be formed at appropriate temperature and pressure in sea
floor sediments with water depths greater than 300 m and it is possible 
to almost completely insulate large amounts of CO2 through seabed 
disposal [10–13]. CO2 is stored in the cages of CO2 hydrates and the 
maximum theoretical CO2 storage capacity of CO2 hydrates reaches 
180.0 V/V [14,15]. The low-permeability artificial CO2 hydrate layer 
has been proposed as an effective method to further increase CO2 storage 
capacity and prevent CO2 leakage [16–27], which serves as a stable 
sealing layer to ensure the safety of oceanic CO2 sequestration. There
fore, CO2 sequestration in the form of solid hydrates is a safe and feasible 
oceanic CO2 sequestration method.

However, several challenges exist, particularly concerning the risk of 
CO2 leakage due to the slow formation of CO2 hydrates. The studies have 
found that liquid CO2 was often encapsulated by a thin hydrate film 

during hydrate formation [13,28–33], which limited its dissolution and 
further restricted hydrate growth by reducing the mass transfer of liquid 
CO2 [30]. CO2 hydrate formation kinetics were not enhanced by 
increasing pressure [34]. Moreover, the presence of salts, such as sodium 
ions (Na+), magnesium ions (Mg2+) and chloride ions (Cl-), in seawater 
inhibited the gas hydrate formation kinetics by decreasing hydrate 
growth rate [35–38], and the inhibitory effect of salt ions with high 
concentrations became more obvious [11,38]. Na+, Mg2+, Cl- and sul
fate ions (SO4

2-) were solvated via ion–dipole interactions with water 
molecules, decreasing the activity of water molecules and continuously 
limiting the available hydrogen bond donor and acceptor sites for hy
drate growth [38–41]. CO2 hydrates in fresh water-saturated systems 
were more stable than those in brine water-saturated systems, because 
the amount of salinity affected the stability of CO2 hydrates [11,41–43]. 
Low concentrations of salt ions had a negligible impact on CO2 hydrate 
stability, while high concentrations of salt ions notably reduced the 
stability [43]. How to accelerate hydrate formation rate and improve the 
stability of CO2 hydrates remains one of the most concerned scientific 
problems to date.

At present, several thermodynamic and kinetic promoters are 
employed to promote the rapid CO2 hydrate formation [44–56]. The 
tetrahydrofuran (THF) [44,45] and tetrabutylammonium bromide 
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(TBAB) [46,47], as thermodynamic promoters, could moderate phase 
equilibrium conditions to allow CO2 hydrate to form at relatively high 
temperature and low pressure. Sodium dodecyl sulfate (SDS) was proved 
to help the conversion of water to hydrate with CO2 and hydrate 
nucleation was shortened by providing the additional solid–liquid het
erogeneous interface in the presence of nanoparticles [56]. Considering 
the marine ecological environment, these promoters are not viable. 
Consequently, eco-friendly alternatives, such as amino acids, are 
investigated. Linga et al. [57,58] demonstrated that L-tryptophan could 
increase the conversion ratio of water to hydrate to 98.6 % in aqueous 
solution and 93.8 % in silica sand. The average conversion rates of water 
to hydrate were 0.0043 mol H2O/(mol H2O⋅min) in aqueous solution 
and 0.0078 mol H2O/(mol H2O⋅min) in silica sand, which were attrib
uted to the hydrophilic carboxyl and amino groups of L-tryptophan to 
promote hydrate formation by increasing its local concentration. How
ever, the effect of amino acids was limited in seawater, resulting in a 
much slow hydrate formation [59]. In the aqueous solution with 3.5 wt 
% sodium chloride (NaCl), the conversion ratio and the conversion rate 
of water to hydrate were decreased to 10.0 % and 0.0025 mol H2O/(mol 
H2O⋅min) respectively [60,61]. Given that seawater reduces the pro
motion effect of amino acid on CO2 hydrates formation, finding more 
efficient and eco-friendly additives has been given high priority to 
achieve large-scale oceanic CO2 sequestration.

Organic matters in marine sediments, as green bioactive substances 
widely existing in nature, can be the potential additives to promote 
liquid CO2 to rapidly form CO2 hydrate, because it has been proven that 
CO2 hydrate growth was improved by the extracted suspension from 
marine sediments of natural gas hydrate layer [62,63]. Furthermore, 
self-siphoning, an ordinary phenomenon in nature, has been applied in 
various fields, including coating self-repairing [64], water transport 

[65], marine oil contamination cleanup [66], life sciences [67] and 
seawater desalination [68,69]. The self-siphoning achieved self-starting 
behavior through a pressure difference, transporting water and gas 
without energy input [68,70], but the “self-siphoning” phenomenon had 
not been previously observed in the process of gas hydrate formation. In 
this work, an eco-friendly additive, fulvic acid (FA), was introduced as a 
promoter of CO2 hydrate and a “self-siphoning” phenomenon was found 
to promote CO2 hydrate formation. FA is produced by biodegradation of 
dead organic matter, which are the major organic constituents of soil 
(humus), peat, coal, many upland streams, dystrophic lakes, and ocean 
water. We investigated the effects of temperature and dosage of FA on 
hydrate formation from liquid CO2 in seawater of the South China, and 
the stability of CO2 hydrates. Finally, the promotional mechanism of FA 
on CO2 hydrate formation was discussed.

2. Experimental

2.1. Materials

FA with a purity of more than 90.0 mol% was purchased from 
Shanghai Aladdin Biochemical Technology Co. Ltd, China. The seawater 
of South China Sea was provided by Guangzhou Marine Geological 
Survey, China. The seawater of South China Sea consists of 0.04 wt% 
calcium ion (Ca2+), 0.04 wt% potassium ion (K+), 1.31 wt% Na+, 0.15 
wt% Mg2+, 1.75 wt% Cl- and 0.26 wt% SO4

2-, as shown in Table 1. CO2 
with a purity of 99.9 mol% was purchased from Guangzhou Shengying 
Gas Co. Ltd, China.

Nomenclature

CO2 Carbon dioxide
FA Fulvic acid
K+ Potassium ion
Na+ Sodium ion
Mg2+ Magnesium ion
Cl- Chloride ion
SO4

2- Sulfate ion
THF Tetrahydrofuran
TBAB Tetrabutylammonium bromide
SDS Sodium dodecyl sulfate
NaCl Sodium chloride
Ca2+ Calcium ion
K+ Potassium ion
ΔnCO2 CO2 gas consumption
ΔnH

CO2
Moles of CO2 captured in hydrate cages

ngt
CO2

Moles of CO2 remaining in the gas phase after the complete 
dissociation of CO2 hydrate

nt
s Moles of dissolved CO2 in the solution

n0
CO2

Moles of CO2 in the gas phase before hydrate dissociation
P Pressure
T Temperature
V Volume of the gas phase
Z Gas compressibility factor
Vw Volume of the water
SC Gas storage capacity of CO2 hydrate
VH Volume of hydrate
M Hydrate number
vMT

W Molar volume of the CO2 hydrate cavity
RH Hydrate growth rate

W Conversion percentage of water to hydrate
ΔnH2O Conversion moles of water to hydrate
RW Conversion rate of water to hydrate
W Conversion percentage of water to hydrate
ΔVt

W Apparent water consumption
d Diameter of the reactor
RWC Rate of apparent water consumption
ΔnW Moles of apparent water consumption
ρW Water density
MW Molar mass of water
V0

W Water volume at time 0
Vt

W Water volume at time t
h0 Initial liquid water height at time 0
ht Liquid water height at time t
Δnd

CO2
Dissolved amount of liquid CO2 in the aqueous solution

Vd Volume of gas storage tank
VCO2 Volume of liquid CO2
ρCO2

Density of liquid CO2

MCO2 Molar mass of liquid CO2
Rve Volume expansion rate of water converted into CO2 

hydrate
Vt Whole volume after hydrate formation
V0 Whole volume after liquid CO2 injection
Vc Volume of liquid CO2 consumed
CA Concentration of additive
Ci Concentration of salt
tin Induction time
Rn Molar ratio of liquid CO2 to liquid water
Met L-Methionine
SL Sodium lignosulfonate
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2.2. Experimental apparatus and procedure

The experimental apparatus included a high-pressure visual reactor, 
gas cylinder, gas booster pump, water bath, data acquisition system and 
computer, as shown in Fig. 1. The high-pressure visual reactor was 
composed of a cylinder with an inner diameter of 30.0 mm and an 
effective volume of 72.0 mL. Both sides of the reactor were designed 
with visual windows suitable for observing of the experimental phe
nomena in the reactor. A thermocouple with an accuracy of ±0.1 K 
(Shanghai Yijia Electric Heating Co., Ltd.) and a pressure sensor with an 
accuracy of ±0.01 MPa (Guangzhou Senex Instrument Co., Ltd.) were 
equipped on the reactor to detect the temperature and pressure. 
Furthermore, an inverted microscope (Carl Zeiss Axio Observer A1, 
Germany) was applied to observe the morphology of the aqueous solu
tion of 500 ppm FA before and after CO2 dissolution. The pH meter and 
the interfacial tensiometer were employed to measure the pH and 
interfacial tension of the solution, respectively.

The experiment process of CO2 hydrate formation by liquid CO2 was 
as follows. First, aqueous solutions with different FA concentrations 
were prepared by mixing the seawater and FA. After 25.0 mL of aqueous 
solution with FA was added into the reactor, it was cooled by water bath. 
When the temperature reached the experimental value of 275.2 K, liquid 
CO2 was injected into the reactor using gas booster pump. The 
completion of liquid CO2 injection was considered as the beginning time 
of hydrate formation, and CO2 hydrate morphology during hydrate 
formation was observed through the visual window. When the liquid 
water was completely transformed into solid hydrates by the hydrate 
morphology observation and the temperature and pressure did not 
change, which indicated that hydrate formation ended. Next, the hy
drate dissociation was conducted by decreasing the pressure and heat
ing. The temperature and pressure curves during the hydrate formation 
and dissociation process were recorded at 10.0 s intervals. The solid 
hydrates were completely dissociated into the liquid water, and the 

pressure and temperature no longer increased, showing the completion 
of hydrate decomposition.

The procedures of Raman test, solubility and pH measurements were 
as follows. A micro-Raman spectroscopy system (Renishaw Ltd., 
Gloucester-shire, UK) was used to determine the structure of CO2 hy
drates and identify the occupancy of CO2 in small cages and large cages. 
And it was equipped with a 2400 groove/mm grating, a 50 × objective, 
and a 532 nm laser source. After the synthesis of the hydrates, the hy
drates were moved to the liquid nitrogen environment and preserved at 
low temperature. In the process of testing, the temperature was cooled to 
173 K by the Linkam THMSG 600 thermal stage (Linkam Scientific In
struments Ltd, Tadworth, UK). Then, the hydrate samples were quickly 
placed in the cooling cell on the stage and the micro-Raman spectros
copy was turned on for determination. At last, the structure of CO2 hy
drates and occupancy of CO2 in small cages and large cages were 
analyzed by Raman spectroscopy. The solubility of liquid CO2 was 
determined using an indirect measurement method. The total moles of 
CO2 in the injection system were calculated using an additional con
nected storage tank. Once CO2 reached dissolution equilibrium, the 
remaining amount of CO2 was calculated. The dissolved amount of 
liquid CO2 was calculated as the difference between the total moles of 
CO2 initially injected into the system and the remaining CO2. During 
hydrate formation, the remaining aqueous solution was collected in a 
beaker, and the pH of the aqueous solution was determined using a pH 
meter with an accuracy of ±0.02 pH.

2.3. Data processing

CO2 gas consumption at time t (ΔnCO2 ) in the solution with additive 
concentration is defined as the difference between the moles of CO2 
injected into the reactor at the beginning and the moles of CO2 
remaining in the reactor at the end of hydrate formation. However, since 
the consumption of liquid CO2 is not easy to measure, the moles of CO2 
captured in hydrate cages (ΔnH

CO2
) can be obtained by hydrate dissoci

ation to release CO2 in this work, as shown in Equation (1). 

ΔnH
CO2

= nt
CO2

− n0
CO2

= ngt
CO2

+ nt
s − n0

CO2
(1) 

where nt
CO2 

is the sum of the moles of CO2 remaining in the gas phase 
after the complete dissociation of CO2 hydrates (ngt

CO2
) and the moles of 

dissolved CO2 in the solution (nt
s), n0

CO2 
is the moles of CO2 in the gas 

Table 1 
The composition of the components presented in the seawater of South China 
Sea.

Components Ca2+ K+ Na+ Mg2+ Cl- SO4
2-

Concentration 
/wt%

0.04 0.04 1.31 0.15 1.75 0.26

Fig. 1. Experimental apparatus of CO2 hydrate formation from liquid CO2.
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phase before hydrate dissociation.
The moles of CO2 remaining in the gas phase after the complete 

dissociation of CO2 hydrates (ngt
CO2

) is calculated by Equation (2). 

ngt
CO2

=
PtVt

ZtRTt
(2) 

where Pt, Tt and Vt are the pressure, temperature and volume of the gas 
phase after the complete dissociation of CO2 hydrates respectively, R is 
the ideal gas constant, Zt is the gas compressibility factor obtained from 
Peng-Robinson Equation.

The moles of dissolved CO2 in the solution (nt
s) at the end of the 

hydrate dissociation is calculated by Equation (3) [71]. 

nt
s = Pt/(13.99194 − 2650.11724/(Tt + 273.15) ) × 0.999846 × Vw/18

(3) 

where Vw represents the volume of the water in the reactor at the end of 
the hydrate dissociation.

The moles of CO2 in the gas phase before the complete dissociation of 
CO2 hydrates (n0

CO2
) is calculated by Equation (4). 

n0
CO2

=
P0V0

Z0RT0
(4) 

where P0, T0 and V0 are the pressure, temperature and volume of the gas 
phase before the hydrate dissociation respectively, Z0 is the gas 
compressibility factor.

The gas storage capacity of CO2 hydrates (SC) is defined as the vol
ume of gas released per volume of hydrate at 273.15 K and 101.3 kPa, 
which is calculated by Equation (5): 

SC =
VSTP

VH
=

ΔnH
CO2

RTSTP

PSTP

VH
(5) 

where TSTP and PSTP are respectively the temperature and pressure of the 
gas phase under standard conditions (273.15 K, 101.3 kPa), R is the ideal 
gas constant, VH is the volume of hydrates.

The volume of hydrate can be calculated by Equation (6) [72]. 

VHt = M × ΔnCO2 × vMT
W (6) 

Where M is the hydrate number and its value is 7.03 [58], vMT
W is the 

molar volume of the CO2 hydrate cavity.
The molar volume of the CO2 hydrate cavity can be calculated by 

Equation (7) [73]. 

vMT
W =

[
(
11.835 + 2.217 × 10− 5T + 2.242 × 10− 6T2)3

×
10− 30NA

46

− 8.006 × 10− 9P + 5.448 × 10− 12P2
]

× 106 (7) 

Where P is the pressure in the reactor, T is the temperature in the 
reactor, NA is Avogadro’s constant.

The hydrate growth rate (RH) can be used to describe the rapidity of 
hydrate formation, as shown in Equation (8): 

RH =
ΔnH

CO2

n0
H2OΔt

(8) 

where ΔnH
CO2 

is the moles of CO2 captured in hydrate cages, n0
H2O is the 

moles of water added at the beginning of the experiment, Δt is the time 
between the beginning of hydrate growth and the complete end of hy
drate growth.

Conversion percentage of water to hydrate (W) is calculated by 
Equation (9): 

W =
ΔnH2O

n0
H2O

(9) 

where ΔnH2O is the conversion moles of water to hydrate, n0
H2O is the 

moles of water injected into the reactor at the beginning.
Conversion rate of water to hydrate (RW) is used to describe how 

quickly water is converted into hydrate, as shown in Equation (10): 

RW =
W
Δt

(10) 

where W is the conversion percentage of water to hydrate, Δt is the time 
between the beginning of hydrate growth and the complete end of hy
drate growth.

Apparent water consumption (ΔVt
W) is calculated by Equation (11): 

ΔVt
W = V0

W − Vt
W = Πd(h0 − ht) (11) 

where V0
W is the water volume at time 0, Vt

W is the water volume at time 
t, d is the diameter of the reactor, h0 is the initial liquid water height at 
time 0, ht is the liquid water height at time t.

Rate of apparent water consumption (RWC) is calculated by Equation 
(12): 

RWC =
ΔnW

Δt
=

ΔVt
WρW

MW

Δt
(12) 

where ΔnW is the moles of apparent water consumption, ρW is water 
density, MW is the molar mass of water, Δt is the time after the beginning 
of apparent water consumption.

The dissolved amount of liquid CO2 in the aqueous solution (Δnd
CO2

) 
is calculated as the difference between the total moles of CO2 initially 
injected into the system (nd0

CO2
) and the remaining CO2 (nde

CO2
), as shown 

in Equation (13): 

Δnd
CO2

= nd0
CO2

− nde
CO2

=
Pd0Vd

Zd0RTd0
−

PdeVd

ZdeRTde
−

VCO2 ρCO2

MCO2

(13) 

where Pd0 and Td0 are the pressure and temperature in the gas storage 
tank respectively, Pde and Tde are the pressure and temperature at CO2 
dissolution equilibrium in the gas storage tank respectively, Zd0 and Zde 
are the gas compressibility factors obtained from Peng-Robinson Equa
tion, Vd is the volume of gas storage tank, VCO2 is the volume of liquid 
CO2, ρCO2 

is the density of liquid CO2, MCO2 is the molar mass of liquid 
CO2.

The volume expansion rate of water converted into CO2 hydrate (Rve) 
is calculated by Equation (14): 

Rve = (Vt − V0 + Vc)/V0 (14) 

where Vt is the whole volume after hydrate formation, V0 is the whole 
volume after liquid CO2 injection, Vc is the volume of liquid CO2 
consumed.

3. Results and discussion

3.1. Morphology evolution of rapid hydrate formation with FA from 
liquid CO2

The hydrate morphology can provide direct insight into the rapid 
hydrate nucleation and growth processes from liquid CO2. Compared to 
the seawater of South China Sea, the addition of FA effectively overcame 
the mass transfer limitations imposed by CO2 hydrate film at the inter
face between liquid CO2 and the aqueous solution, thereby facilitating 
the accelerated growth of the film, as illustrated in Fig. 2. In the seawater 
of South China Sea without FA, a thin film of CO2 hydrate at the inter
face was formed at 18.0 min, but it did not grow further within 240.0 
min, as depicted in Fig. 2a and Video SV1 of the supplementary infor
mation. The induction time of CO2 hydrate nucleation and the hydrate 
growth time were reduced significantly by the low dosage of FA. The 
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induction time of CO2 hydrate nucleation was determined by the 
observing the first occurrence of the hydrate film at the interface. Upon 
injecting liquid CO2, CO2 hydrate nucleation and growth were 
completed within 30.0 min, as shown in Video SV2, Video SV3 and 
Video SV4 of the supplementary information. In aqueous solutions with 
500 ppm and 1100 ppm FA, a hydrate film formed at the liquid CO2 and 
water interface within 3.0 min and 4.5 min respectively, and then the 
hydrate film subsequently grew rapidly, initiating at 7.0 min and 5.0 
min, with solid hydrate formation increasing as liquid water was grad
ually consumed, as illustrated in Fig. 2b and 2c. CO2 hydrate growth 
expanded both upward into the liquid CO2 phase by climbing wall of 
reactor and downward into the aqueous phase, with a portion of the 
aqueous solution absorbed into hydrate pores to promote rapid CO2 
hydrate growth. Even as CO2 was consumed, the height of solid hydrate 
layer exceeded the initial liquid CO2 level in the reactor. In the early 
stage of hydrate growth, the significant liquid tunnels through the dense 
hydrate layer were constructed to induce FA aggregates (containing FA 
and water molecules) to enter the space among solid hydrates, resulting 
in full contact between liquid CO2 and the aqueous solution.

During this rapid hydrate growth, the temperature in the reactor 
increased due to heat released from the recombination of hydrogen 
bonds among water molecules, as illustrated in Fig. S1 of the supple
mentary information. The aqueous solution was almost fully converted 
to solid hydrate within 27.0 min and 21.5 min respectively in the 
aqueous solutions with 500 ppm and 1100 ppm FA, as presented in 
Fig. 2b and 2c. In the later stage of hydrate growth, “self-siphoning” 
phenomenon was observed, where FA aggregates migrated to the upper 

hydrate pores, thus providing more water molecules for CO2 hydrate 
growth. Fig. S2 of the supplementary information shows the morphology 
of CO2 hydrate formation at other FA concentrations. During the for
mation of CO2 hydrate, the volume expansion rate of water converted 
into CO2 hydrates was 1.17–1.25, indicating the hydrates constructed 
with FA were porous and FA played a key role in bridging the hydrates. 
And the gaps among flaky-like hydrates or scale-like hydrates formed 
channels for the mass transfer of the aqueous solution, as presented in 
Fig. S3 of the supplementary information. Therefore, the unique 
morphology of the FA-containing hydrates was responsible for the 
occurrence of the novel phenomenon, which subsequently promoted 
hydrate growth.

At the same concentration, FA maintained a strong promoting effect 
even as the temperature increased, as reflected in the evolution of hy
drate morphology. When the temperature reached 277.2 K and 279.2 K, 
the conversion from liquid CO2 to solid hydrates was completed within 
24.0 min and 28.0 min in the aqueous solution of 500 ppm FA, 
respectively, with nearly all liquid water consumed, as shown in Fig. 3. 
Specifically, at the temperatures of 277.2 K and 279.2 K, a thin hydrate 
film formed at the interface between liquid CO2 and the aqueous solu
tion, initiating rapid hydrate growth at 5.0 min and 6.0 min, respec
tively, and progressing to the bottom of the reactor within 21.0 min and 
23.0 min, respectively. However, the increase in temperature resulted in 
significant differences in the morphology of CO2 hydrates. CO2 hydrates 
displayed dense scale-like, flaky-like, and granular-like structures at 
275.2 K, 277.2 K and 279.2 K, respectively. When the temperature 
increased to 280.2 K, the remaining liquid water in the solution phase 

Fig. 2. Morphology evolution of CO2 hydrate formation from liquid CO2 in the seawater of South China Sea with (a) without FA, (b) with 500 ppm FA and (c) with 
1100 ppm FA at 4.0 MPa and 275.2 K.
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transformed into flocculent hydrates, and a part of hydrates decomposed 
and then further grew after 50.0 min. As the driving force of temperature 
decreased, it not only induced a transformation in the morphology of the 
CO2 hydrates but also weakened the “self-siphoning” phenomenon, 
which was reflected in the progressively smaller area over which the FA 
aggregates migrated into the hydrate region.

3.2. Kinetic evaluation of rapid hydrate formation with FA from liquid 
CO2

After discussing the morphology of the hydrates, the kinetics of the 
rapid CO2 hydrate formation process were further investigated and 
compared. A summary of experimental parameters in the seawater of 
South China Sea with different FA concentrations was provided in 
Table 2. The gas storage capacity of CO2 hydrates and average hydrate 
growth rate were presented in Fig. 4. The gas storage capacities of CO2 
hydrate were 107.0 V/V, 121.8 V/V, 103.0 V/V, 97.1 V/V and 54.7 V/V 
for 100 ppm, 500 ppm, 800 ppm, 1100 ppm and 1500 ppm concentra
tions, respectively, as observed in Fig. 4a. The gas storage capacity of 
CO2 hydrate with 500 ppm FA was the largest, with an increase of 26.0 
% and 25.4 % compared to 300 ppm and 1100 ppm, respectively. When 
the FA concentration reached 1500 ppm, it was also significantly 

reduced, and the hydrate growth was notably inhibited. The average 
CO2 hydrate growth rate also presented a similar trend to the gas storage 
capacity of CO2 hydrates. With the increase of FA concentration, it firstly 
increased and then decreased, as revealed in Fig. 4b. The average hy
drate growth rate at FA concentrations ranging from 300 ppm to 1100 
ppm was significantly higher than that of 100 ppm and 1500 ppm. In the 
aqueous solution of 500 ppm FA, it reached the maximum value of 4.11 
mmol CO2/(mol H2O⋅min), but it was close to 3.37 mmol CO2/(mol 
H2O•min) and 3.96 mmol CO2/(mol H2O⋅min) in aqueous solutions of 
800 ppm and 1100 ppm FA. The results demonstrated that the presence 
of FA significantly enhanced the formation rate of CO2 hydrates from 
liquid CO2 in the seawater of the South China Sea.

In addition to liquid CO2 consumption, water utilization efficiency is 
also critical, as shown in Fig. 5. In the first 30.0 min, the apparent water 
consumption increased linearly for FA concentrations ranging from 300 
ppm to 1100 ppm and was significantly higher than that for 100 ppm 
and 1500 ppm FA, until 25.0 mL of water was completely consumed, as 
described in Fig. 5a. For 1500 ppm FA, only 10.2 mL was consumed after 
40.0 min. Fig. S4 of the supplementary information shows the conver
sion percentage of water to hydrate and rate of apparent water con
sumption. The conversion percentage of water to hydrate with 90.2 % 
was the largest. The average conversion rate of water to hydrate was 

Fig. 3. Morphology evolution of CO2 hydrate formation from liquid CO2 in the seawater of South China Sea with 500 ppm FA at 4.0 MPa, 275.2 K, 277.2 K, 279.2 K 
and 280.2 K.
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higher than 0.031 mol H2O/(mol H2O⋅min) in aqueous solutions with FA 
concentrations ranging from 500 ppm to 1100 ppm, but it was signifi
cantly reduced to 0.007 mol H2O/(mol H2O⋅min) for 100 ppm, as seen in 
Fig. 5b. The maximum conversion rate of 0.038 mol H2O/(mol 
H2O⋅min) was achieved in the aqueous solution with 500 ppm FA.

Fig. 6 represents the Raman spectra of CO2 hydrates formed in the 

seawater of South China Sea with 500 ppm FA. The peaks at 1275.8 
cm− 1 and 1380.3 cm− 1 corresponded to the stretching vibration of large 
cages (51262) for sI CO2 hydrates in the seawater of South China Sea 
without FA, which were similar with the experimental results of Gborigi 
et al [74,75]. And the peaks at 1276.0 cm− 1 and 1379.4 cm− 1 belonged 
to the stretching vibration of large cages for sI CO2 hydrate in the 

Table 2 
A summary of experimental parameters in the seawater of South China Sea with additives at 275.2 K and 4.0 MPa.

System CA 

/ppm
tin/min Δt 

/min
RH 

/(mmol CO2/(mol H2O⋅min))
SC/(V/V) RW 

/(mol H2O/(mol H2O⋅min))
W/%

Seawater + Rn = 1:3 + 275.2 K 0 18 0 0 0 0 0
Seawater + FA +

Rn = 1:3 + 275.2 K
100 6.0 123.0 0.70 107.0 0.006 79.2
100 5.0 102.0 0.84 107.1 0.008 79.3
300 5.0 30.0 2.62 97.9 0.024 72.5
300 4.0 32.0 2.24 89.1 0.021 66.0
300 7.0 26.0 3.18 102.9 0.029 76.3
500 4.5 27.0 3.80 127.8 0.035 94.7
500 3 20.0 4.46 111.0 0.041 82.2
500 2 25.0 4.07 126.6 0.038 93.8
800 4.5 25.0 3.60 111.9 0.033 82.9
800 4.0 26.0 3.00 97.2 0.028 72.0
800 8.0 23.0 3.50 100.1 0.032 74.1
1100 7.5 22.0 3.92 107.4 0.036 79.6
1100 5.0 21.0 3.73 97.5 0.034 72.2
1100 4.0 16.5 4.21 86.5 0.039 64.1
1500 3.5 47.0 0.93 54.2 0.009 40.2
1500 10.5 50.0 0.89 55.1 0.008 40.8

Seawater + FA +
Rn = 1:6 + 275.2 K

500 4.0 26.0 2.79 90.2 0.026 66.8
500 1.0 25.0 2.14 66.5 0.020 49.3

Seawater + FA +
Rn = 1:12 + 275.2 K

500 3.0 28.0 2.06 71.8 0.019 53.2
500 2.0 29.0 1.97 71.1 0.018 52.7

Seawater + FA +
Rn = 1:3 + 277.2 K

500 0 22 2.47 89.2 0.030 66.0
500 0.5 25 2.29 82.5 0.024 61.1

Seawater + FA +
Rn = 1:3 + 279.2 K

500 0 28 2.43 87.9 0.024 65.1
500 0 29 1.90 68.5 0.018 50.8

Fig. 4. (a) Gas storage capacity of CO2 hydrates and (b) Average hydrate growth rate in the seawater of South China Sea with different FA concentrations at 4.0 MPa 
and 275.2 K.

Fig. 5. (a) Apparent water consumption for hydrate formation process and (b) Average conversion rate of water to hydrate in the seawater of South China Sea with 
different FA concentrations at 4.0 MPa and 275.2 K.
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seawater of South China Sea with 500 ppm FA. It could be seen that CO2 
molecules mainly occupied the large cages of sI CO2 hydrate, with dif
ficulty in entering the small cages, resulting in a gas storage capacity 
close to the theoretical value of 135.0 V/V. In the hydrate structure, only 
the CO2 peak and the ice peak were observed, with no FA peak detected, 
indicating that FA molecules were not incorporated into the hydrate 
cages.

After confirming the optimal FA concentration, the effects of liquid 
CO2 content and temperature variations on FA’s ability to promote hy
drate formation were systematically investigated, as presented in Fig. 7. 
In theory, when the hydrate cages are completely occupied by CO2 
molecules, the molar ratio of CO2 molecules to water molecules is 
1:5.75. When the molar ratio of liquid CO2 to liquid water (Rn) was 
decreased to 1:6 and 1:12, the gas storage capacities of CO2 hydrates 
decreased to 78.4 V/V and 71.4 V/V, respectively, and the average 
hydrate growth rates were 2.46 mmol CO2/(mol H2O⋅min) and 2.02 
mmol CO2/(mol H2O⋅min), respectively, as presented in Fig. 7a. Insuf
ficient liquid CO2 resulted in the formation of flocculent hydrates, 
thereby reducing the gas storage capacity of the hydrates. At the molar 
ratio of liquid CO2 to liquid water of 1:3, when the temperature 
increased to 277.2 K and 279.2 K, the gas storage capacities of CO2 
hydrates decreased to 85.8 V/V and 78.2 V/V, respectively, with cor
responding the average hydrate growth rates were 2.34 mmol CO2/(mol 
H2O⋅min) and 2.17 mmol CO2/(mol H2O⋅min), respectively, as illus
trated in Fig. 7b. Although the hydrate growth time was significantly 
shortened at high temperature, the reduced gas storage capacity 
observed in Fig. 7b caused a slight decrease in the hydrate growth rate. 
Nevertheless, even high temperature and low dosage of liquid CO2, the 
hydrate growth rate consistently exceeded 2.00 mmol CO2/(mol 
H2O⋅min), highlighting the sustained ability of FA to effectively promote 
hydrate formation.

According to the above results, 500 ppm FA, a molar ratio of liquid 
CO2 and liquid water of 1:3 and 275.2 K were the optimal conditions. 
Therefore, CO2 hydrate formation with 500 ppm SDS was compared 
under the same condition, and no obvious growth of hydrate crystals 
was observed within 240.0 min, as presented in Fig. S5 of the supple
mentary information. Table 3 summarizes that the conversion percent
age of water to hydrate and average conversion rate of water to hydrate 
in different CO2 hydrate formation conditions. The conversion per
centage of water to hydrate and average conversion rate of water to 
hydrate with 500 ppm FA were 2.1 and 5.4 times higher than those of 
optimal 1500 ppm SDS, respectively. In recent years, various additives 
have been used to enhance CO2 hydrate formation, and the hydrate 
formation process has been analyzed using these parameters. The con
version percentage of water to hydrate and conversion rate of water to 
hydrate in the presence of amino acids for liquid CO2 were higher than 
that for gas CO2 [57,58,76–78], which was attributed to an excess 
amount of CO2 to overcome the mass transfer barrier. 1,3-dioxolane 
could significantly promote methane hydrate formation [79,80], but 
its ability to promote CO2 hydrate was limited. The conversion rate of 
water to hydrate in the FA system in our work was higher than that in 
other systems. Even under static conditions, the average conversion rate 
of water to hydrate with FA was 8.8 times higher than that of amino 
acids under agitation system [57], and 237.5 times higher than that of 
amino acids under static system [59]. Compared with threonine and 
sodium lignosulfonate (SL), it was also increased significantly [81,82]. 
FA has a more efficient ability to act as a promoter under liquid CO2, 
accelerating the hydrate formation by 1–2 orders of magnitude.

3.3. CO2 hydrate dissociation with FA by temperature increase

To demonstrate that FA plays a key role in stabilizing the hydrate 

Fig. 6. Raman spectra of CO2 hydrate formed in the seawater of South China Sea with 500 ppm FA.

Fig. 7. Gas storage capacity of CO2 hydrates and average hydrate growth rate in the seawater of South China Sea containing 500 ppm FA with (a) Different molar 
ratios of liquid CO2 and liquid water at 4.0 MPa and 275.2 K and (b) Different temperatures at Rn = 1:3.

F. Liu et al.                                                                                                                                                                                                                                       Chemical Engineering Journal 513 (2025) 162749 

8 



structure, the dissociation characteristics of CO2 hydrates containing FA 
were investigated by increasing the temperature. Before CO2 hydrate 
dissociation, the residual liquid CO2 in the gap between solid CO2 hy
drates was released, and the pressure decreased from 4.0 MPa to 3.0 
MPa, as described in Fig. S1 of the supplementary information. Then, the 
pressure of 3.0 MPa plateaued for a period during pressure release and 
prior temperature rise, which indicated the stability of the overall hy
drate skeleton remained unaffected by the 1.0 MPa pressure decrease 
and the 9.0 K temperature increase. When the dissociation temperature 
reached 284.2 K, solid CO2 hydrates began to decompose, as revealed in 
Fig. 8. The hydrates near the reactor wall decomposed first to FA 
aqueous solution (Video SV5 of the supplementary information). At 
20.0 min, part of the aqueous solution has occurred, and the columnar 
shape of the hydrates maintained in the early stage of hydrate 

decomposition, as presented in Fig. 8a. FA was located within the gaps of 
the hydrate crystals, effectively stabilizing the framework structure of 
the hydrates. The solid hydrates were basically immersed in the aqueous 
solution at 60.0 min, and there were no obvious solid hydrates in the 
aqueous solution at 103.0 min. Fig. S6 of the supplementary information 
shows the morphology of CO2 hydrates in the process of hydrate 
dissociation with different FA concentrations. The Raman spectra 
revealed that the crystal structure of CO2 hydrates remained stable for 
the first 15.0 min, with no CO2 molecules escaping from the hydrate 
cages, as depicted in Fig. 8b. After the peak of the hydrate cages (3131 
cm− 1) disappeared, CO2 molecules were also released from large cages. 
Because the solid hydrates formed were denser, the dissociation time 
extended. FA makes CO2 hydrates more compact and stable by bridging 
the hydrate structures, which is advantageous for the safety of oceanic 

Table 3 
A summary of conversion percentage of water to hydrate (W) and average conversion rate of water to hydrate (RW) in different CO2 hydrate formation conditions.

CO2 phase Additive CA Ci T/K P/MPa W/% Average RW/(mol H2O/(mol H2O⋅min)) Reference

Gas CO2 SDS 500 ppm 0 wt% 273.6 3.0 42.8 0.021 [48]
Met 0.2 wt% 0 wt% 275.2 2.8 17.9 0.00067 [76]
THF + Met 1.0 mol % 0 wt% 275.2 3.4 4.1 0.00046 [77]

Liquid CO2 NaCl 3.5 wt% 3.5 wt% 277.2 6.0 10.0 0.0025 [60]
SDS 288 ppm 0 wt% 274.0 6.0 1.4 0.00055 [61]
SDS 0.05 wt% 0 wt% 274.2 4.0 70.6 0.0059 [56]
SDS + SiO2 0.05 wt% 274.2 4.0 64.9 0.0054
L-tryptophan 0 ppm 0 wt% 274.2 6.4 58.0 0.00081 [57]

500 ppm 274.2 6.4 98.8 0.0035
1000 ppm 274.2 6.4 98.6 0.0043

SL 1.0 wt% 0 wt% 288.0 6.0 31.8 0.00039 [81]
3.0 wt% 288.0 6.0 28.5 0.00035

L-tryptophan 0 ppm 3.5 wt% 274.6 10.0 25.0 0.00017 [59]
500 ppm 274.6 10.0 19.2 0.00016

Threonine 1 × 10-5 mol % 3.55 wt% 275.2 4.0 68.4 0.0044 [82]
SDS 1500 ppm 3.55 wt% 275.2 4.0 43.7 0.0070 This work
FA 500 ppm 275.2 4.0 90.2 0.038 This work

Fig. 8. (a) Morphology evolution and (b) Raman spectra of CO2 hydrates in the process of hydrate dissociation for 500 ppm FA.
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CO2 sequestration.

3.4. CO2 hydrate growth mechanism via self-siphoning principle

The “self-siphoning” of water clusters was significantly observed 
after hydrate formation, as shown in the Fig. 9. The blue line is the 
migration direction. Before hydrate formation, water microclusters 
containing FA gradually moved towards the liquid–liquid interface upon 
the injection of liquid CO2. After hydrate formation, the phenomenon of 
“self-siphoning” occurred and the aqueous solution was spontaneously 
sucked into the hydrate pores more quickly, exhibiting a consistent 
behavior akin to self-siphoning in U-shaped tubes. Therefore, this phe
nomenon was considered as the “self-siphoning” phenomenon. Once 
liquid water was consumed, FA aggregations also entered the hydrate 

layers at the top of the reactor. As the FA concentration increased, “self- 
siphoning” of water clusters became more pronounced. The migration 
heights of water clusters were 27 mm, 32 mm and 51 mm in the aqueous 
solution of 500 ppm, 800 ppm and 1100 ppm FA respectively, as pre
sented in Fig. 9a, Fig. 9b and Fig. 9c. The more obvious “self-siphoning” 
phenomenon occurred in the late stage of hydrate growth, as presented 
in the Video SV1, Video SV2 and Video SV3 of the supplementary in
formation. This phenomenon was clearly observed in more local areas in 
the aqueous solution with 1100 ppm FA, as shown in Fig. 10. The water 
clusters containing FA and H2O molecules water were introduced into 
the CO2 hydrate pores along the mass transfer channel between hy
drates. The experiment showed that the aqueous solution containing FA, 
in the absence of solid hydrates, also migrated into the liquid CO2 phase 
along the wall of the reactor, as described in Fig. S7 of the 

Fig. 9. “Self-siphoning” of water clusters after hydrate formation in the seawater of South China Sea with (a) 500 ppm FA, (b) 800 ppm FA and (c) 1100 ppm FA at 
4.0 MPa and 275.2 K. The blue line is the migration direction.
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supplementary information.
The reason for the formation of “self-siphoning” phenomenon was 

demonstrated through a series of experiments. First, to determine 
whether FA affects the thermodynamics of CO2 hydrates, the phase 
equilibria of CO2 hydrates in the aqueous solution with 500 ppm FA was 
determined through the isochoric pressure search method. The experi
mental results showed that the phase equilibria pressure and tempera
ture of pure water system were consistent with that in our previous 
results [83], and FA did not change the phase equilibria pressure and 
temperature of CO2 hydrate formation in the seawater, as presented in 
Fig. 11. The nanoparticles were used as labeled materials to investigate 
the effect of temperature difference in the process of CO2 injection on 
the “self-siphoning” phenomenon. And the results showed that the 
temperature increase of the aqueous solution caused irregular thermal 
motion rather than the “self-siphoning” phenomenon, as illustrated in 
Fig. S8 and Fig. S9 of the supplementary information. In the first 3.0 min 
of liquid CO2 injection, the nanoparticles rapidly expanded the whole 
solution, but they slowly settled to the bottom of the reactor after 7.0 
min, as shown in Fig. S9 of the supplementary information. When the 
temperature of liquid CO2 was cooled to 275.2 K in the aqueous solution 

with FA, “self-siphoning” was also observed without a temperature 
difference, as described in Fig. 12. Many water clusters moved regularly 
towards the liquid–liquid interface before the hydrate growth, and then 
they were sucked into the hydrate pores to replenish water for hydrate 
growth, as presented in Fig. 12a. The temperature of the solution phase 
did not increase significantly in the process of liquid CO2 injection and 
hydrate growth within 30.0 min, as shown in Fig. 12b. CO2 hydrate 
formation with labeled nanoparticle materials, and without a tempera
ture difference, confirmed that “self-siphoning” was not thermo- 
siphoning due to temperature difference.

The “self-siphoning” phenomenon became more pronounced after 
CO2 dissolution, as revealed in Fig. S10 of the supplementary informa
tion. The 40x microscope showed that many clusters owned directional 
migration after CO2 was dissolved in FA aqueous solution, but no 
distinct water clusters were evident before CO2 dissolution, as depicted 
in Fig. S11 and Fig. S12 of the supplementary information. Subse
quently, the interactions between CO2 and water enhanced by FA were 
systematically studied through CO2 solubility, pH value and interface 
tension measurements, as shown in the Fig. 13. The CO2 solubility 
significantly increased in the presence of FA, with the dissolved amounts 
of gas and liquid CO2 at equilibrium in FA-containing seawater reaching 
0.057 mol and 0.059 mol, respectively, both exceeding the corre
sponding dissolved amount in seawater, as illustrated in Fig. 13a. 
Moreover, the dissolution rate of CO2, both in gaseous and liquid forms, 
was notably higher in FA-containing seawater compared to that in 
seawater. For liquid CO2, CO2 solubility in aqueous solution of 500 ppm 
FA at low temperature of 275 K was significantly higher than that in 
seawater at higher temperatures, as shown in Table S2 of the supple
mentary information. Moreover, the pH value determination showed 
that the pH of the remaining aqueous solution gradually decreased in the 
process of hydrate formation, showing an increase of dissolved amount 
of CO2, as presented in Fig. 13b. The pH values of pure water with FA 
and seawater with FA indicated that FA possessed buffering capacity, as 
presented in Fig. 13c and Fig. S13 of the supplementary information. FA 
could ionize more hydroxyl groups at low temperatures, resulting in an 
increase in pH, as illustrated in Fig. 13c. The presence of salt ions in the 
seawater of South China Sea further decreased interfacial tension, as 
presented in Fig. 13d, which was conductive to CO2 molecules into 
aqueous solution though the interface. After more CO2 molecules were 
dissolved in the FA aqueous solution, the difference between the mole 
fraction of CO2 dissolved in liquid for the equilibrium with liquid CO2 

Fig. 10. “Self-siphoning” of water clusters during the hydrate formation from liquid CO2 in the seawater of South China Sea with FA.

Fig. 11. Experimental phase equilibria of CO2 hydrate in pure water, seawater 
of South China Sea and seawater of South China Sea with 500 ppm FA.
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and the mole fraction of CO2 dissolved in liquid for the equilibrium with 
hydrate became larger in the process of hydrate growth. Δx is considered 
as the difference between the mole fraction of CO2 dissolved in liquid for 
the equilibrium with liquid CO2 and the mole fraction of CO2 dissolved 
in liquid for the equilibrium with hydrate. Therefore, “self-siphoning” 
phenomenon was easily induced by the mass-transfer driving force and 

more pronounced at low temperatures. The mass-transfer driving force 
increased as the temperature decreased, as revealed in Fig. S14 of the 
supplementary information. The higher the FA concentration, the higher 
the siphon height of its aqueous solution rose, which might be attributed 
to mass-transfer driving force to drive FA aqueous solution to enter 
hydrate pores. Thus, a capillary model was built for in-depth analysis. 

Fig. 12. (a) Morphology before and after CO2 hydrate formation without temperature difference and (b) Pressure and temperature changes in the process of hydrate 
formation for the seawater of South China Sea with 500 ppm FA.

Fig. 13. (a) Moles of dissolved CO2 in the seawater with 500 ppm FA for liquid CO2 and gas CO2 at 284.2 K, (b) pH value changes of remaining FA solution with 
dissolved CO2 in the process of CO2 hydrate growth, (c) pH value changes of aqueous solution with FA in the temperature ranging from 275.2 K to 300.0 K and (d) 
Interfacial tension changes of pure water and seawater of South China Sea with FA concentration.
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The decrease in the contact angle of the FA solution indicated that FA 
promoted the adsorption of the aqueous solution onto the reactor wall, 
which in turn facilitated the enhancement of the capillary effect, as 
shown in Fig. S15 of the supplementary information. A larger mass- 
transfer driving force was required for the solution to be drawn higher 
into the hydrate layer, as presented in Fig. S16 of the supplementary 
information. The height of solution being sucked into the hydrate layer 
is highly dependent on the strength of interaction between liquid CO2 
and FA aqueous solution due to groups such as carbonyl, carboxyl, hy
droxyl and phenol. Some studies have shown that H-bonds, π-bonds, 
charge transfer complexes and hydrophobic interactions all played an 
important role in the process of FA clustering into aggregates [84–87]. 
The FA molecules in aggregates were bridged by water molecules 
[84,87]. The hydrophobicity of these clusters containing FA is further 
increased to enhance the affinity between clusters and CO2 molecules, 
thereby enhancing the interaction between liquid CO2 and water mol
ecules to increase the mass-transfer driving force. Carboxyl and phenolic 
groups of FA, as effective functional groups, coordinated with Na+, 
Mg2+ and Ca2+ ions, which was attributed to the coordination bonds or 
coordinate covalent bonds formed between the metal ions and FA 
[88–91]. These metal ions were bridged to FA through water molecules, 
resulting in the formation of an outer-sphere complex structure. The 
carboxyl and phenolic groups of FA exerted a synergistic effect in 
coordinating with metal ions [88]. Ca2+ had a better capacity for asso
ciation due to the smaller charge-to-radius ratio [91]. As a result, FA not 
only might reduce the concentration of Na+, Mg2+, and Ca2+ ions in the 
bulk solution during the coordination process, but also remove salt ions 
from the hydrate surface during hydrate growth. It is the special struc
ture of FA molecules themselves that enables them to strengthen the 
ability of liquid CO2 to form hydrate quickly.

In the process of CO2 hydrate formation for oceanic CO2 sequestra
tion, it is particularly important to develop environmentally friendly 
promotors and reduce their dosage to protect the marine ecological 
environment. The environmental amino acids can be as a good choice, 
but their dosage is relatively high and the promoting effect of liquid CO2 
to form hydrate is limited. In this work, a low dosage of FA, as one of 
organic matters in marine sediments, was first selected as a high- 
efficiency additive. The method proposed in this work makes it 
possible to use hydrate technology to sequestrate CO2 on a large scale in 
ocean areas with water depths of about 400 m, ensuring that the 1 km2 

area can accommodate 119.6 tons of CO2. Moreover, the annual injec
tion amount of CO2 will also increase due to rapid CO2 hydrate forma
tion. For 100,000 tons CO2 per year of such storage capacity, the 
capacity can be increased to 100,0000–100,00000 tons CO2 per year. 
The cost of oceanic CO2 sequestration was ranged from $4.7-$12.0 per 
ton of CO2, and twice than that of territorial sequestration [92–94]. The 
average cost of self-sealing oceanic sequestration was $142.0 per ton of 
CO2 [95–97]. The hydrate-based CO2 sequestration was carried out at a 
depth of 400 m, the cost of sequestration was reduced. Bhati et al [98] 
also demonstrated that techno-economics of rapid hydrate formation 
could save the electrical energy requirements. Therefore, the amount of 
CO2 sequestration can not only be greatly increased for large-scale 
projects, but also save a considerable amount of money.

4. Conclusion

This work investigated CO2 hydrate formation from liquid CO2 in the 
presence of FA by morphological observations and the analysis of kinetic 
experiments. The following conclusions are drawn:

(1) FA has a significant promoting effect on CO2 hydrate nucleation 
and growth. The rapid CO2 hydrate growth within 30.0 min in seawater 
of the South China Sea was achieved. During the CO2 hydrate forming 
process, an interesting “self-siphoning” phenomenon was observed. 
Aqueous solution was quickly sucked into the hydrate-particles pores 
and elevated through the pores to the liquid CO2 phase.

(2) The gas storage capacity of CO2 hydrate and the hydrate 

formation rate were 121.8 V/V and 4.11 mmol CO2/(mol H2O•min) 
respectively with 500 ppm FA in a static system. The average conversion 
rate of water to hydrate for 500 ppm FA was the highest value of 0.038 
mol H2O/(mol H2O⋅min), which exhibited an enhancement of 223.5- 
fold compared to the amino acids in the static system.

(3) The overall hydrate skeleton of CO2 hydrates by bridging FA 
remained was stable during CO2 hydrate dissociation experiment. And 
the Raman spectroscopy revealed that CO2 molecules were stably trap
ped in large cages of CO2 hydrates.

(4) “Self-siphoning” phenomenon was driven by the mass-transfer 
driving force due to higher CO2 solubility in FA aqueous solution. This 
phenomenon maybe the reason of the rapid formation of hydrates from 
liquid CO2.
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