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formation behaviors in high
water-cut oil-in-water systems with hydrate
promoters

Yan Kele,*ab Ren Yuemeng,ab Lv Cheng,ab Xiao Anshanab and Lv Xiaofang *c

Hydrate slurry transport technology has become a focal point among worldwide researches, due to its high

economic efficiency. However, themechanism and law of hydrate growth kinetics in flow systems were still

unclear, especially in high water-cut oil–water systems with hydrate promoters. On this basis, this paper

conducted a series of growth kinetic experiments using a high-pressure transparent sapphire cell, and

investigated systematically several influencing factors (such as initial pressure, the concentration of

emulsifier, hydrate promoter, and the concentration of hydrate promoter) of growth kinetics, and

obtained the quantitative relationship between these factors and gas consumption as well as the hydrate

growth rate (gas consumption rate). It could be seen from the analysis of these influencing factors that

the presence of hydrate promoters can promote hydrate nucleation rapidly and shorten the hydrate

induction time, as compared with the (diesel oil + water) system. The concentration of emulsifier is

positively correlated with the induction period of hydrate formation, whether it was sodium dodecyl

sulfate (SDS) or L-leucine (L-l) systems. The SDS and L-l system could significantly improve the formation

kinetics of methane hydrate in the emulsion system, while tetrabutylammonium bromide (TBAB) and

polysorbate 80 (Tween80) significantly inhibited the nucleation and growth of methane hydrate in the

emulsion. The kinetic curves of hydrate formation showed a trend of first increasing and then gradually

decreasing, with the increase of SDS concentrations. However, the hydrate formation kinetics tended to

increase gradually and reach equilibrium in the L-l system, with an increase in the concentration of L-l.
1 Introduction

Formation of gas hydrates in systems with high water content is
one of the major challenges faced by the petroleum industry
today.1 Conventional mitigation using thermodynamic inhibitors
is expensive due to large water volumes, while themost recent ow
management strategies (anti-agglomerants, cold ow, etc.) have
not yet been adopted because the dynamics of hydrate slurry are
insufficiently understood.2 Clathrate hydrate formation presents
a serious challenge to the petroleum industry. The low tempera-
ture and high pressure conditions necessary for hydrate formation
between natural gas and water are frequently satised in petro-
leum pipelines. Upon formation, hydrate accumulation and
agglomeration ultimately form a plug, blocking the ow through
the pipeline.3 These plugs can be costly and dangerous to remove
and can lead to a signicant loss in production.4

As oil and gas are produced from less protable and/or older
wells, there is an increased likelihood of higher water cuts,
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resulting in more costly inhibition strategies. Various authors
have studied hydrate formation from low water cut emulsions
with few studies approaching 60 vol% or more.5 The purpose of
this work is to increase the understanding of hydrate formation
and dissociation from these high water content (>60 vol%) emul-
sions of water-in-oil (W/O) and oil-in-water (O/W).6 For W/O
emulsions, it has been proposed that the hydrate initially forms
as shells around water drops. In the model, shells form rapidly
rst, followed by a slow conversion of the internal, trappedwater to
hydrate, which is limited by mass transfer of the hydrate guest
molecule through the shell.7,8

Hoiland et al.9 have considered the interaction of hydrates
and emulsions at high water cuts as they explored how the
presence of hydrate particles can promote or delay the inversion
of a water-crude oil emulsion (emulsion inversion describes the
change in emulsion type from O/W to W/O or vice versa as dis-
cussed below). By comparing the water cut at inversion with
hydrates to that without hydrates, Hoiland et al.9 predicted the
relative wettability of the hydrate particles. The results showed
good correlation between the crude oil plugging behavior tested
in a ow loop and the experimental wettability; crude oil, which
formed oil-wet hydrates (through adsorption of natural
components) showed no signs of plugging in the ow loop.
RSC Adv., 2021, 11, 30597–30609 | 30597
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Table 1 The composition of diesel oil with a freezing point of 263.2 K

Component Mol% Wt%

Heptanes 0.50 1.05
Octanes 0.50 0.92
Nonanes 2.81 4.60
Decanes 7.74 11.40
Undecanes 8.74 11.73
Dodecanes 9.95 12.24
Tridecanes 8.74 9.94
Tetradecanes 6.53 6.90
Pentadecanes 4.92 4.86
Hexadecanes 4.72 4.37
Heptadecanes 5.33 4.64
Octadecanes 6.83 5.63
Eicosanes 14.47 10.74
Tetracosanes 15.78 9.77
Octacosanes plus 2.41 1.28
Total 100.00 100.00
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Some researchers10,11 have also investigated the effect of
different hydrate promoters on methane hydrate formation in
high water-cut systems. Solidied natural gas (SNG) is a new
and promising option to store natural gas in the eld of natural
gas storage and transportation because of several benets
offered that include mild storage and transportation environ-
ments, eco-friendliness and so on, compared with conventional
gas storage technologies, such as CNG/LNG.12–14 However, the
slow hydrate formation rate and low gas storage capacity are the
bottlenecks hindering the development of solidied natural gas
technology; chemical promoters are an effective way to improve
the gas storage efficiency of hydrate.15 However, most of the
current studies on the methane hydrate kinetics with chemical
promoters are based on pure water systems, and the studies on
hydrate in oil–water systems are rarely reported.16,17 The pres-
ence of the oil phase in the oil–water system signicantly
increases the hydrate formation process; part of the research
contents have been covered in the earlier paper,18 but the effect
of emulsier on the methane hydrate formation kinetics in oil–
water systems is not included.
Fig. 1 Chemical structure of four hydrate promoters.

30598 | RSC Adv., 2021, 11, 30597–30609
Studies on hydrate slurry based on absorption-water method
have been paidmore attention in the eld of natural gas storage in
recent years;19 the gas storage efficiency can be improved by the
absorption of oil to gas and the effective coupling between gas and
water to form hydrate. Most of the current studies in this eld
focus on how to control the slurry which makes the oil–water
system stable in order to improve the uidity, and the starting
point of this work is to use high water cut oil–water volume for gas
storage, for studying the specic effects of methane hydrate
formation kinetics in oil–water systems with the presence of the oil
phase, the concentration of emulsier and the type of
promoters.11,18,20,25,36 A systematic study of this eld is of great
signicance to the development of solid hydrate gas storage
technology and absorption-water gas storage technology.21

2 Experimental section
2.1 Materials

The methane gas with high-purity grade (99.995%) used in this
study was manufactured and supplied by Qingdao Heli Gas Co.
Ltd. The deionized water used was prepared by twice distilling in
our laboratory with a conductivity less than 10�4 S m�1. Diesel oil
(Table 1) with a freezing point of 263.2 K is adopted to eliminate
the impact of resin and asphaltene compositions in crude oil. The
hydrate promoters under test including SDS (99.5% pure), L-l (98%
pure), TBAB (99.0% pure) and Tween80 (pharmaceutically pure)
were purchased from Shanghai Aladdin Biochemical Technology
Co. Ltd. and used without further purication. The chemical
structure of these promoters mentioned is shown in Fig. 1. The
dosage of these hydrate promoters in this work was set at 0.01%,
0.03%, 0.05% and 0.1% for SDS, 0.1%, 0.3%, 0.5% and 1% for L-l,
0.05% for Tween80, and 0.05% for TBAB, all of which were the
weight percent to water.

2.2 Apparatus and procedure

A schematic diagram of the experimental apparatus used for
methane hydrate formation and dissociation studies is shown
in Fig. 2. The most important parts of the apparatus are
a transparent sapphire cell with a diameter of 2.54 cm and an
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic diagram of the experimental apparatus.
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effective volume of 60 cm3, and a steel-made blind cell with an
effective volume of 155 cm3. The designed maximum pressure
of the sapphire and blind cell is 15 MPa and 25 MPa, respec-
tively. A calibrated Heise pressure gauge and differential pres-
sure transducers are used to measure the system pressure with
a precision of �0.01 MPa. The system temperature is controlled
by a humidity chamber with a precision of �0.1 K, and the
temperature sensor used is a secondary platinum resistance
thermometer Pt100.

Initially, the emulsion was prepared by mixing distilled
water, oil and the surfactant combination in a certain propor-
tion in a glass beaker. The volume of the emulsion was 10 mL.
The emulsication was performed using an ULTRA TURRAX T-
18 homogenizer (dispersator). The surfactant combination
includes Span20 + SDS and Span20 + L-l with different concen-
trations. Before the experiment, the sapphire cell was washed
with distilled water and dried, and then loaded with 10 mL of
prepared oil–water mixture. Subsequently, the sapphire cell was
installed and connected to the blind cell. These two cells were
then purged through vacuuming, replacing with methane, and
vacuuming in turn. Aerwards, the top valve of the sapphire cell
was closed and the blind cell was charged with methane until
the desired pressure was achieved. The air bath was set to the
experimental temperature. Thereaer, when the sapphire cell
system achieved the given temperature and kept at least 1.0 h,
the top valve of the sapphire cell was opened, letting the low
temperature methane into the sapphire cell. When the pressure
of the sapphire cell reached a specied value, the top valve was
closed again. The stirrer was turned on at a stirring speed of
60 rpm to promote the hydrate formation. The system pressure
dropped rapidly to a stable value, which means that the
methane gas reached the dissolved equilibrium into the diesel
oil. And then this stable stage may be kept for a period until the
gas hydrate formed in the system. Generally, the time interval
© 2021 The Author(s). Published by the Royal Society of Chemistry
between the time point when the system reached the thermo-
dynamic equilibrium state and the time point when stable
hydrate nucleation occurred could be regarded as induction
time. In this work, the time from the injection of methane to the
appearance of gas hydrate that was characterized by pressure
reduction or temperature increase was dened as the induction
time. The pressure variation with the time was recorded with
a computer. Aer 1.0 h from the beginning of the hydrate
formation, the experiment was manually stopped and the
temperature of the air bath was set to 298.15 K. In this present
work, the temperature and initial pressure of all the experi-
ments were set at 276.15 K and 7.0 MPa.
2.3 Experimental data processing

It was reported that the solubility of methane in pure water is
much less than that in the oil by an order of magnitude under
standard conditions.22 Therefore, the solubility of methane in
water was neglected in this work. The methane solubility in oil,
S, is dened as

S ¼ ng

ng þ no
(1)

where ng represents the methane moles dissolved in the oil, and
no is the mole number of diesel oil. The methane solubility S
can be determined by gas–liquid equilibrium calculation using
the Patel–Teja equation of state.23 So, eqn (1) can be rewritten as

ng ¼ Sno

1� S
(2)

The mole number of diesel oil is determined by

no ¼ mo

Mo

(3)

where mo represents the mass of diesel oil measured in the
experiment, and Mo is the molecular weight of diesel oil.

When the methane hydrate appears, the total mole number
of methane gas in the sapphire cell contains the residual gas
phase and dissolved in the diesel oil,

n1 ¼ P1Vg

Z1RT
þ S1no

1� S1

(4)

where P1, T, Vg and R denote the system pressure at the begin-
ning of hydrate formation, system temperature, gas phase
volume in the sapphire cell and universal gas constant. Z1 and
S1 represent the gas compressibility factor and methane gas
solubility in the oil at P1 and T. The gas compressibility is
calculated by the Peng–Robinson equation of state (PR
EOS).24

With the formation of methane hydrate in the cell, the gas
molecules transfer from the gas phase to the hydrate phase,
resulting in the pressure drop. Therefore, the gas mole number
at time t including the residual gas phase and in the oil can be
calculated by

nt ¼ PtVg

ZtRT
þ Stno

1� St

(5)
RSC Adv., 2021, 11, 30597–30609 | 30599
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Fig. 3 Typical pressure variation curves of different promoters in the
oil–water system.
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where Pt, Zt, and St are the pressure at time t, compressibility
factor at Pt and T, and methane solubility in the diesel oil at Pt
and T. Thus, themole number for the gas hydrate formation can
be calculated by eqn (4) and (5),

Dn ¼ n1 � nt (6)
Fig. 4 Pressure variations of methane hydrate formation with different

Fig. 5 Pressure variations of methane hydrate formation with different e

30600 | RSC Adv., 2021, 11, 30597–30609
3 Results and discussion
3.1 Methane hydrate formation in high water cut systems

In order to study the effect of initial pressure, temperature and
water cut on the formation rate of hydrate slurry in deep-sea
operation of multiphase oil and gas pipeline, all the experi-
ments performed in this work were conducted at constant
volume and constant temperature, recording the variations of
pressure with time, which expressed the formation rate of
hydrate slurry. Fig. 3 shows the typical pressure variation curves
of different promoters in the oil–water system. Fig. 4–6 show the
inuence of concentration of promoters, concentration of
emulsier and initial pressure on the pressure variation,
respectively. It can be seen from Fig. 3 that there were two sharp
decreases in pressure, corresponding to the absorption of
methane and hydrate formation, respectively. The initial sharp
decrease in pressure demonstrated that the absorption process
of methane in the oil reached equilibrium rapidly within 5 min.
And then, the pressure remained constant in the cell until the
pressure decreased again. The hydrate growth resulted in the
pressure drop due to the consumption of gas in the formation
process. The second sharp decrease in pressure indicated the
formation of methane hydrate.

A high water cut system (up to 30 vol%) was used in this
study, which was different from the study of Mu et al.25 But the
pressure changes aer the system intake were similar between
promoter concentrations in water–oil systems within an emulsifier.

mulsifier concentrations.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Pressure variations in hydrate promoter systems with different initial pressure.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 8

/2
/2

02
5 

1:
35

:1
8 

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
two studies; most test systems had two sharp decreases in
pressure, the initial sharp decrease in pressure was the
absorption and dissolution of methane gas in the oil phase (it
was reported that the solubility of methane in pure water is
much less than that in the oil; therefore, the solubility of
methane in water was neglected in this work25), and the second
Table 2 The induction time of hydrate formation and gas consumption

Number Experimental pressure (MPa)
Emulsier
concentrations

Promo
and typ

1 7 — —
2 7 0.5% Span20 —
3 7 0.5% Span20 0.05%
4 7 0.5% Span20 0.5% L

5 7 0.5% Span20 1% Tw
6 7 0.5% Span20 1% TB

Experiment of promoter concentrations
7 7 0.5% Span20 0.1% S
3 7 0.5% Span20 0.05%
8 7 0.5% Span20 0.033%
9 7 0.5% Span20 0.01%
10 7 0.5% Span20 1.0% L

4 7 0.5% Span20 0.5% L

11 7 0.5% Span20 0.3% L

12 7 0.5% Span20 0.1% L

Effect of emulsier concentrations
13 7 1.0% Span20 0.05%
3 7 0.5% Span20 0.05%
14 7 0.25% Span20 0.05%
15 7 0.1% Span20 0.05%
16 7 1.0% Span20 0.5% L

4 7 0.5% Span20 0.5% L

17 7 0.25% Span20 0.5% L

18 7 0.1% Span20 0.5% L

Effect of initial pressure
3 7 0.5% Span20 0.05%
19 6.5 0.5% Span20 0.05%
20 6 0.5% Span20 0.05%
21 5.5 0.5% Span20 0.05%
4 7 0.5% Span20 0.5% L

22 6.5 0.5% Span20 0.5% L

23 6 0.5% Span20 0.5% L

24 5.5 0.5% Span20 0.5% L

© 2021 The Author(s). Published by the Royal Society of Chemistry
sharp decrease in pressure was due to the consumption of gas
in the formation process. For example, in a system of 80 vol%
(diesel + water), before 30 min, it was the dissolution process of
methane in the oil phase, being an obvious dissolution equi-
librium stage, and aer 30 min, the pressure of the system
decreased to 6300 kPa due to the formation of hydrate.
at different experimental conditions

ter concentrations
es

Induction
time (min)

Gas consumption (min)

t20 t40 t60

22 0.0108 0.0133 0.0153
7.25 0.0198 0.0238 0.0291

SDS 6.0 0.0442 0.0548 0.0609
-l 5.5 0.0309 0.0553 0.0599
een80 8.5 0.0128 0.0139 0.0147
AB 4.5 0.0151 0.0178 0.0189

DS 24 0.0342 0.0521 0.0653
SDS 6.0 0.0442 0.0548 0.0609
SDS 20 0.0256 0.0447 0.0585

SDS 16 0.0142 0.0153 0.0141
-l 5.0 0.0355 0.0548 0.0619
-l 5.5 0.0309 0.0553 0.0599
-l 15 0.0277 0.0492 0.0572
-l 13 0.0156 0.0306 0.0465

SDS 8.0 0.04627 0.05954 0.06811
SDS 6.0 0.0442 0.0548 0.0609
SDS 5.0 0.0397 0.0496 0.0534
SDS 5.0 0.0356 0.0429 0.0499
-l 8.0 0.0344 0.0531 0.0588
-l 5.5 0.0309 0.0552 0.0599
-l 5.5 0.0305 0.0562 0.0629
-l 4.0 0.0261 0.0506 0.0618

SDS 6.0 0.0442 0.0548 0.0609
SDS 6.5 0.034 0.0501 0.0586
SDS 8.5 0.0349 0.0496 0.0567
SDS 9.5 0.0314 0.0416 0.0478
-l 5.5 0.0309 0.0553 0.0599
-l 7 0.0273 0.0462 0.0537
-l 9 0.0174 0.0342 0.0441
-l 9 0.0179 0.0281 0.0361

RSC Adv., 2021, 11, 30597–30609 | 30601
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Fig. 7 Gas consumption in the process of methane hydrate formation
with different kinds of promoters.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 8

/2
/2

02
5 

1:
35

:1
8 

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
However, the two pressure drop stages described in some
systems were not obvious as shown in Fig. 3, which means that
hydrates appeared in the methane's dissolution stage, leading
to a sharp drop in pressure. For example, in the (0.5% Span20 +
0.05% SDS) system, there were no obvious two sharp decreases
in pressure and hydrate particles appeared in the system before
the gas dissolution equilibrium was reached.

The induction time of hydrate formation and gas
consumption at different times in the high water cut system
under the condition of different emulsier concentrations,
hydrate promoters, and initial pressure are shown in Table 2.

According to Table 2, compared with the system without
emulsiers and hydrate promoters, the addition of emulsiers
and hydrate promoters both can promote the hydrate nucle-
ation and shorten the hydrate induction time. For example, the
hydrate induction time was 22 min in the pure (diesel + water)
system and 7.5 min in the (diesel + water + 0.5% Span20)
system, while less than 7 min (except Tween80) in the (diesel +
water + 0.5% Span20 + promoters) system; in the 1.0% TBAB
system, the hydrate induction time was 4.5 min, whichmight be
because TBAB was a thermodynamic promoter which can
reduce the hydrate formation conditions, and thus the induc-
tion time of hydrate formation was shorter.
Fig. 8 Comparison of gas consumption in different stages of methane
hydrate formation in high water cut systems.
3.2 Methane consumption in high water cut systems with
different kinds of hydrate promoters

Gas consumption in high water cut systems with different kinds
of hydrate promoters was shown in Fig. 7. The appearance of
white hydrate particles in the system was shown as the origin,
and the gas consumption rst increased sharply and then ten-
ded to be stable with the continuous hydrate formation, the gas
consumption rst increased sharply and then tended to be
stable. In addition, with the addition of emulsiers and hydrate
promoters, the hydrate formation kinetics were signicantly
improved, and the best promotion effect was obtained under
the same conditions in the system containing 0.05% SDS and
0.5% L-l. Meanwhile, the experiment also found that, compared
30602 | RSC Adv., 2021, 11, 30597–30609
with the system of (diesel + water + emulsier), the addition of
SDS/L-l/Tween80/TBAB had different effects on the methane
hydrate formation kinetics; SDS/L-l can signicantly improve
the methane hydrate formation kinetics in the emulsion
system, while Tween80 and TBAB can inhibit the methane
hydrate formation in the emulsion system.

In order to compare the promotion effect at different
experimental stages in detail, the comparison of gas
consumption at 20 min, 40 min and 60 min of hydrate forma-
tion is shown in Fig. 8. According to Fig. 8, the gas consumption
was the highest in both (0.5% Span20 + 0.05% SDS) and (0.5%
Span20 + 0.5% L-l) systems, indicating that the two systems had
a faster hydrate formation rate. For example, when the experi-
ment was carried out for 40 minutes, the gas consumption of
(0.5% Span20 + 0.05% SDS) and (0.5% Span20 + 0.5% L-l) was as
high as 0.0548 mol and 0.0553 mol, while that of the 0.5%
Span20 alone was 0.0198 mol, and that of the system of (0.5%
Span20 + 1.0% TBAB) and (0.5% Span20 + 1.0% TBAB) was only
0.0128 mol and 0.0121 mol.

Considering that SDS and L-l can promote the methane
hydrate formation kinetics in an oil–water emulsion, therefore,
these two promoters will be the focus of the study; the following
will focus on the effects of methane hydrate formation kinetics
in the emulsion system with the hydrate promoter concentra-
tions, emulsier concentrations and initial pressure.
3.3 Effect of the concentration of hydrate promoter on the
hydrate formation

Variation of gas consumption with different promoter concen-
trations on methane hydrate formation is shown in Fig. 9, and
the concentrations of SDS were 0.1%, 0.05%, 0.03% and 0.01%,
while those of the L-l were 1.0%, 0.5%, 0.3% and 0.1%,
respectively, and the emulsier concentration was 0.5%
Span20, and the temperature and initial pressure of all the
experiments were set at 276.15 K and 7.0 MPa.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Variations of gas consumption with different promoter concentrations with methane hydrate formation (a: SDS ;b: L-l ).
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The initial concentration of SDS/L-l had different effects on
the induction time of hydrate formation in the emulsion system
shown in Table 2. For the SDS system, with the increase of SDS
concentration (the critical micellar concentration (CMC) of SDS
water solution is 242 ppm under hydrate-forming conditions), the
induction time of hydrate formation showed a trend of rst
gradually shortening and then increasing; 0.05% concentration
had the best promotion effect and the shortest time, only 6.0 min;
however, when the concentration increased to 0.1%, the induction
time was as long as 24 min, even longer than that in the (diesel +
water + no addition) system. For the L-l system, when the
concentration was less than 0.5%, the induction time of hydrate
formation was more than 10 min, while with the concentration of
0.5% and 1.0%, the induction time was only about 5.0 min.

The initial concentration of SDS/L-l had a great inuence on the
methane hydrate formation kinetics in the emulsion system as
shown in Fig. 9. According to Fig. 9(a), with the increase of SDS
concentration, the curve of hydrate formation kinetics showed
a trend of rst increasing and then gradually decreasing, and was
the fastest with the 0.05% concentration. However, in the L-l
system, with the increase of L-l concentration, the curve of hydrate
formation kinetics showed a trend of gradually increase and then
Fig. 10 Comparison of gas consumption with the SDS system in
different experimental stages of hydrate formation.

© 2021 The Author(s). Published by the Royal Society of Chemistry
equilibrium, and the hydrate formation kinetics was similar under
the concentration of 0.3%, 0.5% and 1.0%.

The comparison of gas consumption of systems with
different concentrations of SDS/L-l at different stages (t20, t40
and t60) is shown in Fig. 10 and Fig. 11. The order of gas
consumption at t20 and t40 was 0.05% SDS > 0.1% SDS > 0.03%
SDS > 0.01% SDS as shown in Fig. 10, but at t60, the gas
consumption was similar when the SDS concentration is 0.1%,
0.05% and 0.03% and much larger than that under the 0.01%
concentration. It meant that although the concentration in the
early stage of hydrate formation had a great inuence on the
hydrate formation kinetics, there was little difference in gas
consumption when the experiment was carried out for 60 min;
for example, at t20, the corresponding order of gas consumption
was 0.05% SDS (0.0442 mol) > 0.1% SDS (0.0342 mol) > 0.03%
SDS (0.0256 mol) > 0.01% SDS (0.0142 mol), when the experi-
ment was carried out for 60 min; the corresponding gas
consumption was 0.0653 mol, 0.0609 mol and 0.0585 mol at
0.1% SDS, 0.05% SDS and 0.03% SDS, respectively. In addition,
the experimental results also showed that when the concen-
tration of SDS was 0.01%, its promoting effect on methane
hydrate was limited and reached equilibrium, and when the
Fig. 11 Comparison of gas consumption with the L-l system in
different experimental stages.
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experiment was carried out for 20 min, the corresponding gas
consumption at t20, t40 and t60 showed little difference.

Fig. 11 shows that gas consumption gradually increased with
the increase of L-l concentrations, and the corresponding gas
consumption of each system gradually increased with the progress
of the experiment. However, when the experiment was carried out
for 60 min, the corresponding gas consumption was relatively
close with the concentration of 1.0%, 0.5% and 0.3%. For example,
at t20, the corresponding order of gas consumption was 1.0% L-l
(0.0355mol) >0.5% L-l (0.0309mol) >0.3% L-l (0.0277mol) >0.1% L-l
(0.0156 mol), when the experiment was carried out for 60 min, the
corresponding gas consumption was 0.0619 mol, 0.0599 mol and
0.0577 mol with the concentration of 1.0%, 0.5% and 0.3%,
respectively, and the gas consumption was relatively close.

The reason why SDS and L-l present different phenomena of
different induction time and hydrate formation kinetics in the
emulsion system was that SDS and L-l have different promotion
mechanisms on hydrate formation; SDS is a good surfactant,
which can promote hydrate formation mainly by reducing gas–
liquid interfacial tension;26 in addition, Lin et al.27 found that
SDS showed the best promotion effect at a concentration of
0.06%; excessive concentration had no obvious continuous
enhancement effect on hydrate formation kinetics, and this
paper also proved that the concentration of 0.05% is a more
appropriate concentration for the promotion effect.

While L-l is an amino acid hydrate surfactant, Liu et al.28

found that L-l was a good promoter for the bubble-free hydrate
decomposition; although its hydrate promotion effect is slightly
lower than that of SDS, L-l decomposition is bubble-free and eco-
friendly, and the promotion mechanism of amino acid surfac-
tant is different from that of SDS. Chen et al.29 believed that
compared with the pure water system, the L-l system had signi-
cantly shorter hydrate formation time and faster growth rate;
a comparison on the change of L-l molecule position and the
hydrate formation system potential energy was performed, L-l
tended to adsorb on the gas–liquid interface and hydrate surface,
and disturbance was formed on the gas–liquid interface-hydrate
surface – gas–liquid interface, which was shown as the rise of
system potential energy, and then the potential energy dropped
sharply until the completion of hydrate layer growth, further
demonstrating the positive effect of surface adsorption on
methane hydrate formation. Therefore, its mechanism of promo-
tion is quite different from that of SDS.
Fig. 12 Variations of gas consumption with different emulsifier concent

30604 | RSC Adv., 2021, 11, 30597–30609
3.4 Effect of the concentration of the emulsier on the
hydrate formation

The effect of emulsier concentration on the methane hydrate
formation kinetics of the SDS/L-l system is shown in Fig. 12. The
emulsier is Span20 and the concentrations are 1.0%, 0.5%,
0.25% and 0.1%, respectively.

The concentration of Span20 had a similar effect on the
hydrate formation induction time in the oil–water emulsion
with SDS/L-l as shown in Table 2. With the increase of emulsier
concentration, the hydrate induction time gradually increased,
which was similar to the research results of Chen et al.30 For
example, when the emulsier concentration increased from
0.1% to 1.0%, the induction time of the oil–water emulsion with
0.05% SDS increased from 5.0 min to 8.0 min, while that of the
oil–water emulsion with 0.5%L-l increased from 4.5 min to
8.0 min.

Meanwhile, Table 2 also shows that the concentration of
emulsier played a signicant role in the hydrate induction
time. When the emulsier concentration was constant, whether
it was the SDS or L-l system, the hydrate induction time was
similar; for example, under the same condition of 1.0% Span20,
the hydrate induction time of the systems of (1.0% Span20 +
0.05% SDS) and (1.0% Span20 + 0.5% L-l) was 8.0 min, and that
of the systems of (0.25% Span20 + 0.05% SDS) and (0.25%
Span20 + 0.5% L-l) was about 5.5 min. It can be seen that in the
emulsion system, the presence of the emulsier had a great
effect on the hydrate formation induction time.

But the reason for the inverse ratio of emulsier concentra-
tions and hydrate induction time can be attributed to the strong
emulsication, with the increase of emulsier concentrations,
both the oil–water emulsion and the droplets in the system are
more uniform, which means that methane has a greater solu-
bility in the system, resulting in a longer and more uniform
dissolution process, leading to a longer hydrate formation
induction time.

The effect of emulsier concentrations on the hydrate
formation kinetics of the system with SDS/L-l is shown in
Fig. 12. According to Fig. 12, the emulsier concentrations had
different mechanisms of methane hydrate formation kinetics in
the system with SDS/L-l; according to Fig. 12(a), the emulsier
concentrations had a great inuence on the SDS system; with
the increase of the emulsier concentration, the methane
hydrate formation kinetic rate gradually increased, which was
rations on hydrate formation (a: SDS ;b: L-l ).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Comparison of gas consumption at different stages of
methane hydrate formation with 0.05% SDS under different
emulsifiers.

Fig. 14 Comparison of gas consumption at different stages of
methane hydrate formation with 0.5% L-l under different emulsifiers.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 8

/2
/2

02
5 

1:
35

:1
8 

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
1.0% Span20 > 0.5% Span20 > 0.25% Span20 > 0.1% Span20.
According to Fig. 12(b), the emulsier concentrations had no
obvious inuence on the hydrate formation kinetics of the
system with L-l; the kinetic curves of the four groups almost
Fig. 15 Variation of gas consumption with different initial pressures con

© 2021 The Author(s). Published by the Royal Society of Chemistry
coincided within the range of the four emulsier
concentrations.

The comparison of gas consumption at different stages in
each system is shown in Fig. 13 and 14. According to Fig. 13, the
order of methane hydrate gas consumption under different
emulsier concentrations was 1.0% Span20 > 0.5% Span20 >
0.25% Span20 > 0.1% Span20; for example, at t40, the gas
consumption under different emulsier concentrations was
0.05954 mol, 0.0548 mol, 0.0496 mol and 0.0429 mol, respec-
tively. However, in the emulsion system with 0.5% L-l, the
concentrations of emulsier had little inuence on the gas
consumption, and it was almost the same in each stage; for
example, at t40, the gas consumption was 0.0531 mol,
0.0552 mol, 0.0562 mol, and 0.0506 mol under different emul-
sier concentrations.

The reasons for the different effects of emulsier concen-
trations on the dynamics containing SDS and L-l can be
summarized as follows: SDS and L-l promote methane hydrate
differently, because SDS is a surfactant and can interact with
Span20 for the purpose of synergistic emulsication; with the
increase of emulsier concentrations, the system emulsication
degree was enhanced and gas–liquid reaction was more suffi-
cient, thus effectively enhancing the hydrate formation kinetics,
while the L-l had different mechanisms of hydrate promotion,
and Span20 had limited effect on the hydrate formation
kinetics; therefore, with the increasing emulsier concentra-
tions, the induction time will be reduced gradually in the
hydrate nucleation stage due to the emulsication degree
enhanced. However, L-l still played a major role in the hydrate
formation stage. Therefore, the increase of the emulsier
concentrations had no signicant inuence on the formation
kinetics.31

SDS has the surfactant promoting mechanism, reducing the
gas–liquid interfacial tension and increasing the methane
solubility, thus improving the hydrate formation rate, while the
L-l has the active site adsorption mechanism; therefore,
controlling the concentrations of L-l unchanged and changing
the emulsier concentrations can only promote the hydrate
nucleation and shorten the induction time, but L-l had limited
effect on the hydrate formation kinetics, which was also a major
discovery of this paper. In fact, the hydrate promoting mecha-
nism of L-l was non-surfactant type conrmed in some sense.
taining methane hydrate promoters.
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Fig. 16 Comparison of gas consumption on methane hydrate
formation with different initial pressures containing 0.05% SDS.

Fig. 17 Comparison of gas consumption on methane hydrate
formation with different initial pressures containing 0.5% L-l.
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3.5 Effect of initial pressure on the methane hydrate
formation with hydrate promoters

The effect of different initial pressures on the methane hydrate
formation kinetics of the SDS/L-l system is shown in Fig. 15. The
Fig. 18 Morphological evolution of the (20 vol% diesel oil + 80 vol% wa

30606 | RSC Adv., 2021, 11, 30597–30609
emulsier was Span20 and the concentration of SDS and L-l was
0.05% and 0.5%, and the initial pressure was 7.0 MPa, 6.5 MPa,
6.0 MPa and 5.5 MPa respectively.

According to Table 2, the initial pressure had a similar effect
on the induction time of hydrate formation in the oil–water
emulsion system containing SDS/L-l; with the decrease of initial
pressure, the induction time gradually increased because the lower
initial pressure meant the less driving force of hydrate formation,
which led to a longer hydrate induction time; for example, when
the initial pressure was 7.0 MPa, the hydrate formation induction
time in the oil–water emulsion system containing 0.05% SDS and
0.5% L-l was only 6.0 min and 5.5 min, while when the initial
pressure dropped to 5.5 MPa, the induction time of hydrate
formation increased to 9.5 min and 9.0 min.

Variation of gas consumption onmethane hydrate formation
with different initial pressures containing 0.05% SDS and 0.5%
L-l is shown in Fig. 15, 16 and 17 which showed the comparison
of gas consumption when the hydrate was formed to 20 min,
40 min, and 60 min. According to Fig. 15–17, with the decrease
of initial pressure, the methane hydrate promotion kinetics of
both 0.05% SDS and 0.5% L-l systems gradually decreased, and
the corresponding gas consumption gradually decreased. For
example, when the initial pressure decreased from 7.0 MPa to
5.5 MPa at 40 min of the experiment, the gas consumption of
the 0.05% SDS system decreased from 0.0548 mol to 0.0416 mol
and that of the 0.5% L-l system decreased from 0.0553 mol to
0.0281 mol.
3.6 Morphological characteristics of the oil–water system
with different hydrate promoters

The morphological characteristics of hydrate formation in
different promoter systems were compared and analyzed.
According to Fig. 18, in the (diesel + water) system, the emul-
sication effect was poor without the addition of any surfactant.
The oil phase existed within the water phase in the form of
larger particles even with stirring, and part of the water phase
stuck to the wall of the gas-phase pipe. Hydrates began to
ter) system.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 Morphological evolution of the (20 vol% diesel oil + 80 vol% water + 0.5% Span20 + 0.05% SDS) system.

Fig. 20 Morphological comparison of hydrate after dissociation in the
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appear on the gas-phase wall, which then were induced by the
pipe to the gas–liquid interface, resulting in hydrate formation
inside the reactor occupying a large area. Hydrates in the bulk
phase in the sapphire reactor appeared to be relatively so and
mushy. It can also be observed that the oil phase was wrapped
into the paste hydrate structure. At the end of hydrate forma-
tion, there was no free oil phase in the bulk phase, which might
be caused by the porous structure of hydrate and the initial
hydrate lm that wrapped part of the oil phase.

The morphological characteristics of methane hydrate
formation in the (diesel + water + emulsier + promoter) system
are shown in Fig. 19. In the presence of the emulsiers, the
system presented a uniform white water-in-oil emulsion before
hydrate formation, and the oil phase in the form of small
droplets dispersed inside the water phase, unlike the (diesel +
water) system, and solid hydrate particles initially formed at the
gas–liquid interface, and the appearance of hydrate appeared in
themacroscopic form of large particles produced by instantaneous
explosion, which may be related to the hydrate formation kinetics
promoted rapidly by emulsions and promoters. And then, some
hydrate particles accumulated on the wall of the gas phase with
stirring, and a large number of hydrate particles stuck together in
the main liquid phase, so that the agitator cannot start normally.
However, with the help of hydrate promoters and capillary
attraction inside the porous structure of the hydrate, the unreacted
water phase grew along the wall of the tube, and the overall
structure was relatively uffy, so that the conversion rate of the
water phase in the system was relatively high.

The macro morphology comparison of methane hydrate in
the (diesel + water + emulsier + SDS/Tween80/TBAB) system
and (diesel + water + emulsier + L-l) system aer heating
decomposition is shown in Fig. 20. According to Fig. 20(a),
a large number of bubbles were generated aer hydrate
decomposition in the (diesel + water + emulsier + SDS/
Tween80/TBAB) system, compared to the emulsion before it
was formed, the system was lled with a lot of bubbles; maybe,
© 2021 The Author(s). Published by the Royal Society of Chemistry
numerous bubbles were still stored in the emulsion system aer
the solid hydrate lled with the reaction. According to
Fig. 20(b), there was no obvious bubble in the hydrate decom-
position process, showing a uniform white emulsion, and the
reason for this phenomenon was related to the promotion
mechanism and decomposition mechanism of the amino acid
hydrate promoter.32

The promotion effect of L-l may come from its surface activity
and surface adsorption.33 Visual observations of methane
hydrate growth in the quiescent water/methane system dis-
closed the formation of a rigid hydrate lm at the liquid/gas
interface, which would hinder further hydrate formation. In
contrast, L-leucine, a typical amphiphilic molecule composed of
hydrophilic amine and carboxylic acid groups, along with
a hydrophobic aliphatic isobutyl side chain,34 can act as
a surfactant to prevent hydrate particles from agglomerating,
but to form a rigid hydrate lm at the liquid/gas interface
instead. As such, the hydrate nucleation begins from the liquid/
gas interface close to the reactor wall, where the temperature is
the lowest due to the coolant circulation. Finally, methane
presence of SDS and L-l (a: SDS system; b: L-1 system had no bubbles).

RSC Adv., 2021, 11, 30597–30609 | 30607
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hydrate grows as a porous structure on the reactor wall, and
liquid migrates from the bulk phase to the porous structure due
to capillary forces.35 In comparison with L-leucine, L-valine
(0.5 wt%) with a lower surface activity shows a slightly lower
gravimetric capacity. However, L-isoleucine (0.5 wt%) with an
apparent lower surface activity shows a similar gravimetric
capacity to L-leucine at the same concentration; this means that
there must be other factors involved in promoting the forma-
tion of a methane hydrate.36 The exact promotion mechanism
remains elusive and needs further investigation. The enhance-
ment of L-leucine was achieved by capillary attraction, rather
than by the reduction of the gas–liquid interfacial tension.

4 Conclusions

Through the effects of hydrate promoters on induction time and
formation kinetics in high water cut slurry, the results showed
that.

(1) Compared with the (diesel + water) system, the presence
of hydrate promoters can promote the hydrate nucleation
rapidly and shorten the hydrate induction time;

(2) SDS/L-l showed a better effect of promoting the growth of
hydrate, which could signicantly improve the formation
kinetics of methane hydrate in the emulsion system, while
Tween80 and TBAB inhibited the formation of methane hydrate
in the emulsion to some extent.

(3) The initial concentrations of SDS/L-l had great inuence
on the methane hydrate formation kinetics in the emulsion
system. With the increase of SDS concentrations, the kinetic
curves of hydrate formation showed a trend of rst increasing
and then gradually decreasing, and the highest increasing rate
was with the concentration of 0.05%, while in the L-l system,
with the increase of L-l concentrations, the hydrate formation
kinetics tended to increase gradually and reach equilibrium.

(4) With the increase of emulsier concentrations, whether it
was SDS or L-l systems, the hydrate induction time gradually
increased, which might be because increase of emulsier
concentration meant that the degree of oil and water emulsi-
cation was stronger and the solubility was higher; when the
emulsier concentration was constant, whether it was the SDS
or L-l system, the hydrate induction time was similar. In addi-
tion, it was found that the change of emulsier concentrations
had no obvious inuence on the hydrate formation kinetics in
the L-l system.

(5) The initial pressure had a similar effect on the induction
time of hydrate formation in the oil–water emulsion system
containing SDS/L-l. With the decrease of initial pressure, the
induction time increased gradually, and lower initial pressure
meant less driving force on hydrate formation, resulting in
longer hydrate induction time.

(6) Compared with the (diesel + water) system, before the
hydrate formation, the system presented a uniform white oil-in-
water emulsion, and solid hydrate particles were initially
formed at the gas–liquid interface. Moreover, the appearance of
hydrate showed the macroscopic form of large particles
produced by instantaneous explosion, which may be related to
the hydrate formation kinetics promoted rapidly by emulsions
30608 | RSC Adv., 2021, 11, 30597–30609
and promoters. In addition, the decomposition of methane
hydrate in the systems containing SDS and L-l had different
macroscopic forms, and no obvious bubbles appeared in the
systems containing L-l. This phenomenon was related to
a unique mechanism, and the adsorption-capillary force, more
easily aided adsorption on the surface of hydrate. Based on the
ndings of this work, SDS and L-l show a better promotion
performance on hydrate formation, which provides meaningful
information for the promising hydrate-based gas storage
technology.
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