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A B S T R A C T

With the development of hydrate technology, more and more applications have been appeared in many
areas. However, hydrate additive is always one research hotspot, it has attracted more and more
attention. The influence of two biosurfactants on CO2 hydrate formation process were investigated.
Through the investigation of experiment research, rhamnolipid and sophorolipid had the promotion
effect on CO2 hydrate formation kinetics. Hydrate gas storage reached the maximum value 32.01
(volume ratio) and conversion ratio of water to hydrate was 19.42% when sophorolipid concentration
was 0.05% (mass). Hydrate gas storage capacity reached the maximum value 31.22 (volume ratio) and
conversion ratio of water to hydrate was 18.94% when rhamnolipid concentration was 0.05% (mass).
Through the comparison of gas storage capacity and hydrate formation rate, sophorolipid had stronger
promotion effect on CO2 hydrate formation kinetics than rhamnolipid. It increased the depth of gas
hydration reaction. CO2 hydrate formation gas was carried out under the condition of constant tem-
perature and volume. Hydration number was considered in the hydrate calculation process. Combined
with hydrate formation kinetic theory of Chen—Guo model, the hydrated gas volume was compared
with remaining volume of reactor. This model could calculate the change of CO2 hydrate gas storage
capacity over time. The calculated values of gas storage was in good agreement with experimental
values. So this study has the better guiding function for relevant hydrate technology application.
© 2025 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd.
All rights are reserved, including those for text and data mining, AI training, and similar technologies.

1. Introduction

The massive consumption of fossil energy has led to increasing
emission of carbon dioxide (CO2). The resulting greenhouse effect
has led to global temperature rise. Extreme weather, species
extinction and other frequent problems, which have threatened
the survival and development of human beings [1]. However, fossil
fuels will still dominate the world's energy supply for a long time
[2]. Therefore, the in-depth study of CO2 capture and utilization
and storage (CCUS) technology are of great significance [3,4].
Geological storage is one of important ways to realize CCUS
technology [5]. The deep-sea hydrate storage of CO2 (HCS) is one
newgeological storage technology, which could achieve long-term
and stable storage by injecting CO2 into strata or seabed sediments

to form solid hydrate [6,7]. However, HCS technology still has a
series of problems, such as long induc tion time of hydrate for-
mation, strong randomness and slow growth of hydrate [8,9].

Gas hydrate is a non-stoichiometric cage-type crystal com-
pound formed by gas and water molecules under certain tem-
perature and pressure conditions. The hydrate is similar to ice [10].
Temperature scope of hydrate formation is 273.15- 298.15 K and
formation pressure of different gases has significant difference. In
terms of hydrate gas storage capacity, each unit volume of hydrate
could contain up to 180 times of gas volume. According to char-
acteristics of large gas storage capacity of hydrate, it has good
application in the prospect of gas storage and transportation [11].
For hydrate phase, van der Waals forces exists between molecules
of gas and water. In order to generate the stable structure, good
stability between gas and water molecular cages was required
[12—14]. Scholars are looking for effective methods to enhance the
hydrate formation actively. The key to popularization and appli-
cation for HCS technology is to increase hydrate formation rate.
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Adding chemical additives is one common method to achieve the
goal of rapid hydrate formation [15,16].

Hydrate additives mainly contained thermodynamic and ki-
netic additives [17]. In terms of hydrate thermodynamics study, it
was mainly about additives influence on hydrate formation
pressure. The mainly thermodynamic additives contained tetra-
hydrofuran (THF), cyclopentane (CP) and tetrabutylammonium
bromide (TBAB) [18—20]. In terms of kinetics study, additives
affect the hydrate nucleation rate, induction time and hydrate gas
storage capacity. The kinetic additivesmainly include surfactants,
amino acids, starch [21,22], polymers and nanofluids [23,24]. The
common surfactants were sodium dodecyl sulfate (SDS) and
dodecyl trimethyl ammonium chloride(DTAC) [25—27]. Trypto-
phan, histidine and leucine were common amino acids hydrate
additives [28—30]. Zhang et al. [31] carried out the experiment
that the CO2 liquefaction could promote the formation process of
CO2 hydrate in porous media within a certain range of liquefac-
tion amount. Zhang et al. [32] also studied the influence of single
grain sizes and porous media with grain gradatings of different
mass ratios on the formation processes and storage characteris-
tics of CO2 hydrate. According to literature research and analysis,
there existed many problems about hydrate technology, such as
low hydrate generation rate, long induction time of hydrate
nucleation, small gas storage capacity of hydrate, low mixture
separation efficiency and so on. Therefore, hydrate additives with
good performance need to be further screened and optimized
from the perspective of energy conservation and environmental
protection.

More and more scholars paid attention to selection of effective
and environment friendly hydrate additives to develop hydrate
related technologies. Biosurfactant is one kind of substance pro-
duced in metabolic process from plants or microorganisms and it
has high surface activity. Compared with traditional chemical
additives, biosurfactants has advantages in environmental pro-
tection and economical efficiency. The structure of biosurfactants
contained some functional groups which were difficult to syn-
thesize in chemical reactions. Biosurfactants were widely used in
the area of food, soil remediation and underground oil extraction
[33—35]. In view of good performance of biosurfactants on
reducing solution surface activity, biosurfactants which contained
rhamnolipid and sophorolipid were selected as hydrate additives
to study their effects on hydration formation process. Rhamnolipid
is one kind of surfactant that has been studied extensively at
present. Rhamnolipid is an anionic surfactant mainly produced by
buckthorn fruit and it has good water solubility. There are four
types of rhamnolipids which contained RL1(Rha2C10C10), RL2
(RhaC10C10), RL3(Rha2C10) and RL4(RhaC10). Rhamnolipids were
usually studied themixture of two structures [36,37]. Sophorolipid
is one kind of biosurfactant mainly in non-ionic form. Hydrophile-
lipophile balance value of sophorolipid and rhamnolipid are 12
and 19 respectively. The critical micelle concentration of sopho-
rolipid is low. The resulting micelle size of sophorolipid was large
and interfacial activity was high. Related experiments about
sophorolipid has not been investigated as hydrate additive. In this
study, rhamnolipid and sophorolipid were used as hydrate addi-
tives to investigate their effects on gas hydrate formation. In this

paper, RL and SL were used to stand for rhamnolipid and sopho-
rolipid respectively.

2. Methods and Materials

2.1. Experiment preparation

2.1.1. Experimental material
The materials used in this experiment were listed in Table 1.

2.1.2. Experimental equipment
The experimental equipment was shown in Fig. 1.
The high-pressure reactor was manufactured by Jiangsu Haian

Petroleum Research Instrument Co., Ltd. Its designed pressure was
25 MPa and its volume was 246 ml. The visual window was made
of high-pressure glass. The hand pump was manufactured by
Nantong Huaxing Petroleum Instrument Co., Ltd. The air bath
model was WD2050, which was provided by Shanghai Experi-
mental Instrument Factory Co., Ltd. Temperature control range of
air bath was 253.15- 403.15 K. The pressure sensor was provided
by Fujian Shunchang Hongyun Precision Instrument Co., Ltd. and
its uncertainty was ±0.02 MPa. The temperature sensor was pro-
vided by Hangzhou Meikang Automation Technology Co. Ltd. The
temperature range was 223.15- 523.15 K and its sensitivity was
±0.01 K.

2.2. Experimental

2.2.1. Calibration of experimental equipment
In order to ensure the accuracy of experimental results, it is

necessary to evaluate the errors existing in experimental steps.

(1) Leak detection of experimental device: Leak detection was
to check the air tightness of device. The various pipelines of
experimental device were connected and the temperature
and pressure controller were added. The device was filled
with gas and its pressure was 5.0 MPa. The leakage point
was detected by soapy water. When the leakage point was
processed, air tightness was tested again. If gas pressure
remained unchanged for 3 h, the air tightness of device was
qualified.

(2) Calibration of temperature sensor: Put temperature sensor
in water bath that could control the temperature. Temper-
ature of water bath was controlled to adjust sensor reading
and the temperature uncertainty was ±0.1 K.

(3) Pressure sensor calibration: Standard pressure gauge was
used for comparison and calibration. The control pressure
uncertainty was ±0.01 MPa.

2.2.2. Experimental steps for determination of hydrate formation
pressure

The constant temperature pressure search method was used to
determine hydrate formation pressure. The experimental steps
were listed as follows.

Table 1
Experiment materials.

Material CAS Purity Source

CO2 124-39-9 99.99% (mol) Beijing Yongsheng Gas Technology Co., Ltd.
Rhamnolipid(RL) 147858-26-2 95.0% (mass) Xi ‘an Ruijie Biological technology Co., Ltd.
Sophorolipid(SL) 148409-20-5 97.0% (mass) Jiangxi Hengmao Biotechnology Co., Ltd.
Deionized water 7732-18-5 18 mΩ·cm- 1 Lab-made
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(1) Liquid was injected into the reactor. The reactor was
cleaned by deionized water. The pressure of reactor was
pumped to negative with vacuum pump. The reactor was
washed by deionized water at first, and then the work-
ing liquid was used to wash reactor three times. Finally,
certain volume (80 ml) of reaction liquid was added to
reactor.

(2) The reactor and pipeline system was purged with raw
gas to ensure that there was no air in the experimental
device. And then experimental gas was filled to achieve
the predetermined pressure. The constant temperature
air bath was opened and experimental temperature
value was set. When temperature of reactor reached the
predetermined value and remained stable for 1 h, it was
considered that experimental temperature conditions
had been satisfied.

(3) The stirring device was turned on and its speed was
controlled at 1000 r·min- 1. Hand pump was adjusted to
increase gas pressure. The cold light source was turned
on to observe gas hydrate formation process in reactor.

(4) If a large number of hydrate particles generated and the
temperature raised substantially, hand pump was quickly
adjusted to reduce gas pressure. A large number of hydrates
dissolve and temperature dropped. When there were hy-
drate particles on liquid surface, the pressure and temper-
ature remained unchanged and stable.

(5) If hydrate particles remained stable on the liquid surface for
3 h, the value was gas hydrate formation pressure at this
temperature. If existence time of hydrate particles was short
at this temperature, the hydrate melt and disappeared
within 3 h and pressure should be adjusted again. The
operation steps (3)- (5) should be repeated to measure hy-
drate formation pressure.

(6) When formation point of hydrate pressure at this tempera-
ture was determined, hand pump was adjusted to reduce gas
pressure. Then the temperature was increased to dissolve
hydrate particles completely. The next temperature point was
adjusted and above steps were repeated to determine gas
hydrate formation pressure at different temperature
conditions.

2.2.3. Determination of measurement accuracy of experimental
device

In order to further verify the accuracy of measurement data for
experimental apparatus, formation pressure data of CO2 hydrate in
pure water was determined in this work. Experimental values
were comparedwith literature results. The comparisonwas shown
in Table 2 and Fig. 2.

Fig. 2 showed the comparison of CO2 hydrate formation
pressure in pure water between literature and experimental
value. Compared with experimental value in this work, the
relative average error of CO2 formation pressure data with
reference literature value 1 was 0.98% and the relativemean error
of CO2 hydrate formation pressure data in reference literature
value 2 was 0.35%. It could be seen that error of experiment was
small through the comparison. Accuracy of data measured by
experimental device was high and the correctness of experi-
mental operation step was verified.

2.2.4. Experimental Procedure

(1) First, high-pressure reactor was thoroughly cleaned three
times with deionized water. And then it was cleaned three
times with reaction liquid. Certain volume (90 ml) of
working liquid was sucked into reactor by vacuum pump.
The volume of reactor was 156ml and the remaining volume
could satisfy need for hydration.

(2) Use vacuum pump to make pipeline and reactor pressure to
vacuum. And then it was purged three times with experi-
mental gas to ensure that there was no air in the reactor.
Then experimental gas was injected into reactor.

(3) Open the air bath to set temperature value. When
reactor temperature reached the required experiment
value and remained stable for 2 h. Stirrer was started
and its rate was controlled at 1000 r·min- 1. Meanwhile,
change of pressure and temperature were recorded over
time.

(4) When gas pressure in reactor did not drop any more, it
indicated that hydration process has reached equilibrium.
And then hydrated solution and remaining gas were
emptied. Finally, the reactor was cleaned three times.

Fig. 1. Experiment equipment of hydrate phase equilibriummeasurement. (1. Thermostatic control box; 2,3,6,10,11,12,13,16. Liquid or gas inlet and outlet valves; 4. Visual window;
5. Piston; 7,19. Stirring and temperature measuring device; 8. High-pressure reactor; 9. Air bath; 14,19. Pressure sensing and measurement systems; 15. Vacuum pump; 17,20.
Pressure gauge; 21. Gas cylinders; 22. Manual pressure pump.)
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(5) The experimental conditions of hydration process was
changed and repeat above experimental steps. Changes of
pressure and temperature were recorded over time. Finally,
experimental data was organized and analyzed.

2.2.5. Experimental data processing

(1) Calculation of gas hydration consumption

The hydration process was carried out under constant tem-
perature and volume. And total volume of gas remained constant.
Change of pressure over time was recorded. The amount of sub-
stance in gas hydration process was calculated according to change
of gas pressure. The calculation formula for gas consumption in
hydrate phase was listed as follows:

Δn=
P1V
Z1RT

-
P2V
Z2RT

(1)

In Eq. (1), P1 and P2 represented gas pressure at beginning and
equilibrium of hydration process respectively. V represented vol-
ume of gas in hydration process, and the total volume of gas
remained unchanged. Z represented gas compression factor and it
was calculated by PR equation of state.

(2) The conversion ratio of water to hydrate

The conversion ratio of water to hydrate was calculated by
following formula:

w =
ΔnH,↓ × nCO2

nH2O
(2)

In Eq. (2), ΔnH,↓ represented amount of gaseous substances in
hydrate phase when hydration process reached equilibrium and
calculated by Eq. (1), nH2O represented total amount of substances
in water. nCO2

represented size of hydration number.
CO2 could form type I hydrate structure, which contained 46

water molecules, including six large pores and two small pores. If
all pores were fully occupied, hydration number was 46/8. Joo et al.
[40] described occupancy of CO2 hydrate holes under appropriate
pressure conditions. The hydration number was closely related to
occupancy fraction of large and small holes.

The calculation formula of CO2 hydration number was listed as
follows:

nCO2
=

23
3θL,CO2

+ θS,CO2

(3)

In Eq. (3), occupancy of large pore and small pore of CO2 and
CH4 hydrate could be obtained according to Ref. [41].
θS,CO2

= 0.81 and θL,CO2
= 1.0 were occupancy parameter values

of small pore and large pore of CO2 hydrate.

(3) Calculation of hydrate formation rate

Under the standard conditions, hydrate formation rate was
calculated by following formula:

r =

(
ΔnH,↓

)

t

/
nH2O

t
(4)

In Eq. (4), ΔnH,↓ represented amount of gas substance in hy-
drate phase and its unit was mole. nH2O represented total amount
of water in the system. t indicated hydration time. r represented
the hydrate formation rate.

2.2.6. Kinetic model of CO2 hydrate in biosurfactant solution
The influence of kinetics on CO2 hydrate formation in two sur-

factant solutions had been explored. Addition of surfactant reduced
solution surface tension and made resistance of gas molecules to
enter into liquid phase smaller. Under the constant temperature and
volume, With the increase of gas—liquid contact time, amount of
hydrate increased and gas pressure gradually tended to stabilize at
equilibrium pressure. The hydrate reaction reached equilibrium in
the end. In this section, calculation model of CO2 hydrate storage
capacity in two surfactant solutions was established.

(1) Model study on kinetics of CO2 hydrate formation

According to Chen—Guo hydrate model, process of gas hy-
drate formation were consist of two steps which were quasi-
chemical reaction kinetic process and gas adsorption kinetic
process. In the quasi-chemical reaction kinetics process of hy-
drate formation, molecular clusters were formed between gas

Table 2
Comparison of CO2 hydrate formation pressure in pure water.

Literature value 1 [38] Literature value 2 [39] Experimental value

Temperature/K Pressure/MPa Temperature/K Pressure/MPa Temperature/K Pressure/MPa

273.9 1.37 274.3 1.42 273.9 1.39
275.2 1.56 275.5 1.63 275.5 1.63
276.1 1.76 277.6 2.11 276.1 1.75
278.9 2.42 279.1 2.55 279.1 2.57
280.7 3.13 280.6 3.12 280.7 3.15
282.0 3.84 281.5 3.51 281.5 3.50

Fig. 2. Comparison of CO2 hydrate formation pressure in pure water.
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molecules in water phase and surrounding water molecules.
Molecular clusters were unstable polyhedral structures, which
were related to size of gas molecules. And the connecting holes
formed by connection of molecular clusters were also one kind
of holes. A certain stoichiometric basic hydrate was formed
between gas molecules and water molecules. The second step
was gas adsorption kinetic process. The basic hydrate generated
in quasi-reaction kinetic process had certain holes and gas
molecules would be adsorbed in connecting holes generated in
previous process which led to non-stoichiometric property of
hydrate. In the process of gas adsorption, hydrate pore diameter
of connecting hole could only allow small gas molecules to pass
through, but small gas molecules could not fully occupy con-
necting hole. Therefore, filling of gas molecules in hydrate
connecting pores could be described by Langmuir adsorption
theory.

The process of forming hydrate between CO2 and water mole-
cules could be described by the following formula [42]:

CO2+M H2O→CO2·M H2O (5)

In Eq. (5), M represented hydration number. Type I hydrate
structure was formed between CO2 and water molecules, and
hydration number was related to filling rate of large pores and
small pores. The formula for calculating hydration number of type
I hydrate was shown in Eq. (6):

M =
23

3θL + θS
(6)

In Eq. (6), θL and θS represented occupancy of large pores and
small pores respectively, which could be calculated by Langmuir
adsorption theory.

The calculation of CO2 gas consumption in hydrate phasewas as
follows:

ΔnCO2
=

P0V0
Z0RT0

-
PtVt

ZtRTt
(7)

In Eq. (7), P and T represented temperature and pressure
respectively, and V represented volume of gas in the reactor. Z
represented gas compression factor, calculated from PR equa-
tion. R was gas constant 8.314 J·mol- 1·K- 1. The subscripts
0 and t indicated hydration at different time respectively. In
the hydration formation process, volume of hydrate phase was
different from volume of solution. Hydrate phase volume
constantly changed with continuous entry of gas into hydrate
phase. The volume of experimental gas in reactor changed
with time which was defined as Vt . The calculation formula
was listed as follows:

Vt = VC - VF,H2O + VR,H2O - VHydrate (8)

In Eq. (8), VC represented total volume of reactor (246 ml),
VF,H2O represented volume of solution (90 ml), VR,H2O repre-
sented volume of solution participating in hydration, VHydrate
represented volume of hydrate generated during hydration
process, and subscript t represented hydration time. Volume of
solution VR,Water that could participate in hydration was
calculated as follows:

VR,H2O = M× ΔnCO2
× v

Liquid
H2O

(9)

In Eq. (9), v
Liquid
H2O

represented molar volume of liquid phase, and

M represented hydration number, which could be obtained from

Eq. (6). The specific calculation v
Liquid
H2O

was listed as follows [43]:

v
Liquid
H2O

= 18.015×
{
1 -

(
1.0001× 10- 2

)
+
(
1.33391× 10- 4

)

×[1.8× (T - 273.15) + 32 ] +
(
5.50654× 10- 7

)

×[1.8× (T - 273.15) + 32 ]2
}
× 10- 3

(10)

Table 3
Hydrate formation pressure of CO2 in biological surfactants solutions.

Additive Concentration
/% (mass)

Temperature
/K

Pressure
/MPa

Additive Concentration
/% (mass)

Temperature
/K

Pressure
/MPa

H2O 273.76 1.32 279.66 2.55
275.45 1.61 281.67 3.34
276.54 1.85 283.45 4.38
277.69 2.08 SL 0.03 275.50 1.53
278.77 2.42 277.98 2.08
279.82 2.75 279.99 2.70
280.95 3.21 281.80 3.50

RL 0.03 275.53 1.48 283.77 4.46
277.68 1.98 0.05 275.87 1.57
279.77 2.55 277.70 1.98
281.96 3.53 279.83 2.62
283.72 3.97 281.58 3.37

0.05 275.52 1.49 283.76 4.43
277.38 1.82 0.07 275.52 1.54
279.24 2.28 277.34 1.93
281.58 3.16 279.88 2.70
283.68 4.09 281.92 3.52

0.07 275.53 1.49 284.13 4.55
277.45 1.86 0.09 275.96 1.59
279.31 2.43 278.24 2.12
281.25 3.18 279.64 2.54
283.32 4.40 282.30 3.65

0.09 275.71 1.54 284.17 4.43
277.44 1.91
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In Eq. (10), units of T and v
Liquid
H2O

were K and m3·kmol- 1 respec-

tively. Zhao et al. [44] proposed formula for calculating molar
volume of type I empty base hydrate crystals which was function
of temperature and pressure. The calculation formula was shown
in Eq. (11):

vMT
H2O[I] =

(
11.835+ 2.217× 10- 5T + 2.242× 10- 6T2

)3

×
10- 30NA

46
- 8.006× 10- 9P + 5.448× 10- 12P

(11)

In Eq. (11), NA denoted Avogadro's constant which is
6.02214076 × 1023; Assuming that molar volume of gas hydrate
and empty hydrate crystal were equal, the formula for calculating
volume of empty hydrate crystal was listed as follows:

VHydrate = M× ΔnCO2
× vMT

H2O (12)

Gas storage capacity of hydrate was amount of gas
stored per unit volume of hydrate under standard conditions.
Calculation of CO2 storage capacity in hydrate phase was listed as
follows:

GS =
V0

VHydrate
=

ΔnCO2
RT0

/
P0

VHydrate
(13)

In Eq. (13), subscript 0 represented standard condition. VHydrate
represented hydrate volume when hydration process reached
equilibrium.

(2) Model calculation steps and flow chart of CO2 hydrate gas
storage capacity
(1) Model calculation steps
① Input initial pressure P0, temperature T, total volume

of reactor VC, volume of hydrated solution VF,H2O, gas
pressure Pt at time t.

② The total volume of reactor and hydrated solution
were used to calculate the remaining total volume of
reactor.

③ According to formula, PR equation of state was used
to calculate gas fugacity fgas.

④ The hydration number M was calculated according
to quasi-chemical reaction kinetics in Chen—

Guo hydrate model and Langmuir adsorption
theory.

⑤ The volume of water VR,H2O consumed in hydration
process, volume of hydrate VHydrate generated and
gas consumption in the hydration process were
calculated according to Eqs. (7), (9) and (12)
respectively.

⑥ The volume of gas after hydration was calculated by
Eq. (8) Vt = VC - VF,H2O + VR,H2O - VHydrate.

⑦ The remaining volume of reactor was compared with
volume of hydrated gas Vt .

⑧ The gas storage capacity of hydrate was calculated
according to Eq. (13).

(3) Model calculation flow chart

The calculation flow of CO2 hydrate storage capacity change
over time was shown in Fig. 3.

3. Results and Discussion

3.1. CO2 hydrate formation pressure in rhamnolipid and
sophorolipid solution

In this section, hydrate formation pressure data of CO2 gas in
rhamnolipid and sophorolipid solutions were studied. The exper-
imental results were shown in Table 3 and Fig. 4.

Fig. 4(a) showed the influence of rhamnolipid on CO2 hydrate
formation pressure. When concentration of rhamnolipid was
0.03% (mass), formation pressure of CO2 hydrate decreases by
0.16 MPa compared with the value in pure water. When the con-
centrationwere 0.05% and 0.07% (mass), pressure dropped by 0.29
and 0.27 MPa. The thermodynamic promotion effect was the best.
When the concentration of rhamnolipid was 0.09% (mass), the
formation pressure of CO2 hydrate was close to that of 0.03%
(mass), and the formation pressure decreases by 0.18 MPa on
average. Therefore, rhamnolipid had the promoting effect on CO2

Fig. 3. Gas storage calculation process of CO2 hydrate reaction.
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hydrate formation pressure and thermodynamic promoting effect
was obvious when the concentration was 0.05% (mass). Fig. 4(b)
showed the influence of sophorolipid on CO2 hydrate formation
pressure. Compared with pure water, formation pressure of CO2
hydrate decreased by 0.11 MPa when concentration of sopho-
rolipid was 0.03% (mass). With the increase of concentration,
promoting effect of sophorolipid on CO2 hydrate formation pres-
sure became weaker. When the concentration were 0.05% and
0.07% (mass), formation pressure of CO2 hydrate decreased by
0.09 MPa on average. When concentration of sophorolipid was
0.09% (mass), formation pressure of CO2 hydrate decreased by
0.13 MPa. Therefore, sophorolipid had thermodynamic promoting
effect on formation pressure of CO2 hydrate. Compared with
rhamnolipid, sophorolipid had weaker thermodynamic promoting
effect on formation pressure of CO2 hydrate.

3.2. Effects of biosurfactants on the kinetics of CO2 hydrate
formation

In this section, hydrate formation kinetic data of CO2 gas under
different rhamnolipid and sophorolipid concentrations, tempera-
ture and initial intake pressure were measured as shown in
Table 4. Comparison of experimental results under different con-
ditions was shown in Fig. 5.

(1) Kinetics of CO2 hydrate formation in rhamnolipid solution

This section studied the effect of different rhamnolipid con-
centrations, temperature and initial pressure on CO2 hydrate for-
mation. As can be seen from Fig. 5(a), compared with the results of
CO2 hydration process in pure water, growth rate of CO2 hydrate
reached the maximum value of 3.69 × 10- 4 mol·mol- 1·min- 1

when rhamnolipid concentration was 0.05% (mass). When rham-
nolipid concentration increased from 0.03% to 0.07% (mass), and
the gas storage capacity of CO2 hydrate increased at first and then
decreased. When concentration of rhamnolipid was 0.05% (mass),
gas storage capacity of CO2 hydrate reached maximum of 31.22
(volume ratio). When the concentration of rhamnolipid was 0.05%
(mass), surface tension of the solution was minimal and the gas-
liquid contact was sufficient, which was conducive to formation
of CO2 hydrate. Fig. 5(b) showed effects of different temperatures
on CO2 hydrate growth kinetics. With the decrease of temperature,
gas storage capacity of CO2 hydrate increases. When the pressure
was 3.0 MPa, temperature dropped from 277.15 to 275.15 K, and
gas storage capacity of CO2 hydrate dropped from 24.37 to 34.73
(volume ratio), so low temperature was conducive to formation of
CO2 hydrate in rhamnolipid solution. Fig. 5(c) explored the influ-
ence of different initial pressure on CO2 hydrate formation ki-
netics. With increase of pressure, consumption of CO2 hydrate gas
increased. At 276.15 K, hydrate formation pressure increased from
2.5 to 3.5 MPa and conversion rate of CO2 hydrate increased from
9.31% to 19.73%. Fig. 5(b) and (c) described the change of gas
pressure in the reactor. As for the crossing line in above figure, it

Fig. 4. Hydrate formation pressure of CO2 in biological surfactant solutions: (a) RL, (b) SL.

Table 4
CO2 hydrate formation kinetics data in surfactant solutions.

Additive Concentration
/% (mass)

Temperature
/K

Initial
pressure
/MPa

Balance
pressure
/MPa

T50
/min

Consumption
/mol

Hydrate formation
rate r

Gas storage capacity
(volume ratio)

Percent
conversion
/%

H2O 0 276.15 3.00 2.01 0.21 0.132 2.15 × 10- 4 26.28 15.94
RL 0.03 276.15 3.00 1.95 0.20 0.137 2.49 × 10- 4 27.32 16.57

0.05 276.15 3.00 1.84 0.18 0.157 3.69 × 10- 4 31.22 18.94
0.07 276.15 3.00 1.91 0.19 0.145 2.83 × 10- 4 28.88 17.55
0.05 275.15 3.00 1.72 1.56 0.174 3.09 × 10- 4 34.73 21.07
0.05 277.15 3.00 2.11 0.15 0.122 2.31 × 10- 4 24.37 14.73
0.05 276.15 2.50 1.90 0.21 0.084 6.65 × 10- 4 16.65 10.11
0.05 276.15 3.50 2.27 1.53 0.163 4.14 × 10- 4 32.52 19.73

SL 0.03 276.15 3.00 2.05 0.14 0.127 2.17 × 10- 4 25.24 15.31
0.05 276.15 3.00 1.80 0.16 0.161 4.72 × 10- 4 32.01 19.42
0.07 276.15 3.00 1.95 0.15 0.141 8.74 × 10- 4 28.10 17.05
0.05 275.15 3.00 1.82 0.91 0.161 3.39 × 10- 4 32.12 19.49
0.05 277.15 3.00 2.11 0.16 0.121 3.48 × 10- 4 24.11 14.63
0.05 276.15 2.50 1.97 0.12 0.077 7.70 × 10- 4 15.35 9.31
0.05 276.15 3.50 2.23 1.61 0.165 4.84 × 10- 4 32.78 19.89
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was infected by the formed hydrate particles, stirred equipment
and gas-liquid contact situation. So the gas pressure change curve
in the reactor may had certain change. However, the final gas
pressure had obvious rule when the hydrate reaction experiment
was completed.

(2) CO2 hydrate formation kinetics in sophorolipid solution

This section studied the influence of sophorolipid on CO2
hydrate formation kinetics. Fig. 6(a) showed kinetics data of CO2
hydrate formation in sophorolipid solution at different experi-
mental concentrations (0.3%/0.5%/0.7% (mass)). Compared with
pure water, when sophorolipid concentration increased from
0.03% to 0.07% (mass), gas storage capacity of CO2 hydrate
increased at first and then decreased. Hydrate formation rate
increased from 2.17 × 10- 4 to 8.74 × 10- 4 mol·mol- 1·min- 1.
When its concentrationwas 0.05% (mass), gas storage of hydrate
reaches maximumvalue of 32.01 (volume ratio), and conversion
rate of CO2 hydrate was 19.42%. Under same temperature and
pressure condition, conversion rate of CO2 hydrate in rhamno-
lipid solution was 18.94%. Therefore, promotion effect of soph-
orolipid on gas storage of CO2 hydrate was stronger than
rhamnolipid. Fig. 6(b) showed effects of different temperatures
on CO2 hydrate growth kinetics in rhamnolipid solution. Gas
storage capacity of CO2 hydrate were 32.01 and 32.12 (volume
ratio) respectively which was close at 275.15 and 276.15 K The
storage capacity of CO2 hydrate decreased to 24.11. Fig. 6(c)
shows influence of different initial pressure on the kinetics of

CO2 hydrate formation in sophoripid solution. When gas pres-
sure is 2.5 MPa, CO2 hydrate storage capacity in rhamnolipid
solution was 16.65 (volume ratio) which was higher than 15.35
(volume ratio) in sophorolipid solution. With increase of CO2
pressure, gas storage capacity of CO2 hydrate in sophoripid so-
lution was higher than that of rhamnoipid, which were 32.78
and 32.52 (volume ratio) respectively. From analysis of hydrate
formation rate and gas storage capacity, sophorolipid had
stronger effect on CO2 hydrate formation kinetics than
rhamnolipid.

3.3. Storage capacity in rhamnolipid and sophorolipid solutions
through hydrate formation kinetic model

Through the calculation of hydrate formation kinetic model,
Fig. 7 showed the comparison between experimental and model
values of CO2 hydrate gas storage in rhamnolipid and sophorolipid
solutions with different concentrations over time.

As can be seen from Fig. 7, model calculated value of gas
storage was in good agreement with experimental value. Hy-
dration of CO2 gas was carried out under constant temperature
and constant volume conditions. Hydration number was
considered in calculation process. Combined with hydrate for-
mation kinetic theory of Chen—Guomodel, and then hydrated gas
volume was compared with remaining volume of reactor. This
model could better calculate change of CO2 hydrate gas storage
capacity over time.

Fig. 5. CO2 hydrate formation kinetics in rhamnolipid solution under different conditions: (a) concentration, (b) temperature, (c) feeding gas pressure.
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4. Conclusions

In this work, effect of two biosurfactants on CO2 hydrate
formation kinetics were investigated. In terms of biosurfactants
rhamnolipid and sophorolipid, theyhad the promotion effect on CO2
hydrate formation kinetics. When sophorolipid concentration was
0.05% (mass), gashydrate storage reachedthemaximumvaluewhich
was 32.01 (volume ratio), and the conversion ratio of water to hy-
dratewas 19.42%.When the concentration of rhamnolipidwas 0.05%
(mass), gas storage capacity of hydrate reached the maximum 31.22

(volume ratio), and the conversion ratio of water to hydrate was
18.94%. Comparing the gas storage capacity and hydrate formation
rate, sophorolipid had stronger effect on CO2 hydrate formation ki-
netics than rhamnolipid, and it could increase the depth of gas hy-
drate reaction. The hydrate formation model of kinetics was
established according with the relevant formula and theory in this
work. Comparing with the experiment results, value of model
calculated had the good consistency, so this model could make the
application on hydrate formation kinetics in biogas additive
solutions.

Fig. 7. Experiment and model values of CO2 hydrate gas storage in different rhamnolipid (RL) (a) and sophorolipid (SL) (b) concentration solutions.

Fig. 6. CO2 hydrate formation kinetics in SL solution under different conditions: (a) Concentration, (b) temperature, (c) initial pressure.
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