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e hydrate formation in gas–water
systems with a new compound promoter
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Hao Jin,b Bohui Shi c and Entian Li a

The effects of a new promoter on the growth kinetics of methane hydrates were investigated using

a visualized constant-pressure autoclave. The experimental results show that when the 1#, 2# and 3#

unit promoter was compounded at a ratio of 2 : 1 : 1, the induction time was shortened greatly from

30 h to 0.64 h compared to the no promoter situation. Meanwhile, there was a larger amount of hydrate

formation, and final hydrate volume fraction was 83.652%. Then, the hydrate formation characteristics

under different additive dosages (500 ppm, 1000 ppm, 2000 ppm, 5000 ppm) and different subcooling

degrees (2.5 �C, 3.5 �C, 4.5 �C, 5.5 �C, 6.5 �C) were investigated. The new promoter at these 4

concentrations could effectively shorten the induction time. And the higher the concentration, the

smaller the induction time (0.22 h at 5000 ppm). It was also found that gas consumption and hydrate

production rate increased first and then decreased with increasing promoter dosage. Finally, the optimal

dosage was determined to be 2000 ppm, at which the induction time was shortened to 0.52 h, and the

final hydrate volume fraction was 85.74%. Under the dosage of 2000 ppm and the subcooling degree of

6.5 �C, the shortest induction time (0.29 h) and the maximum formation rate (20.950 ml h�1) were

obtained among all the experimental conditions in this work. Moreover, the greater the subcooling

degree, the faster the hydrate nucleation, and the shorter the induction time. However, if the subcooling

degree was too high, a hydrate layer formed rapidly at the gas–liquid interface in the autoclave, which

would hinder hydrate formation and lead to the reduction of hydrate volume fraction to 60.153%.

Therefore, a reasonable selection of the proportioning of promoters, dosage of the promoter and

formation temperature could significantly promote the formation of hydrates. The findings in this work

are meaningful to hydrate associated applications and can provide useful references for the selection of

hydrate promoters.
1 Introduction

Hydrates are cage crystals formed by small molecules of gas and
water molecules under low temperature and high pressure
conditions.1,2 1 m3 of hydrate can store 180 m3 of natural gas
(standard conditions).3,4 Based on their unique physical and
chemical characteristics, a series of hydrate associated tech-
nologies in hydrogen storage,5,6 carbon capture,7,8 seawater
desalination,9,10 cold storage refrigeration11,12 and other elds
have been developed and applied. However, a series of prob-
lems such as strict hydrate formation conditions, long induc-
tion time, slow reaction rate, etc., hinder the industrialization of
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hydrate application technology.13–15 In the recent decade, one of
the most common methods to promote hydrate formation is
adding low-dose chemical additives, most of which are organic
liquids and surfactants, including tetrahydrofuran (THF),
sodium dodecyl sulfate (SDS), sodium dodecylbenzenesulfonate
(SDBS) and nanouid series, etc.16–21

Veluswamy et al.22 studied the effects of 5.6 mol% THF on the
kinetics of methane hydrates. They found that under static
conditions, the hydrate formation pressure decreased from
6.7 MPa to 2.5 MPa, indicating that a large amount of gas could
be stored at moderate pressure. Zhang et al.23 investigated the
effects of different dosages of SDS on the induction time of
methane hydrates. For their pure water + methane system, aer
the addition of SDS, the induction time was reduced to less than
14 hours, while there was no hydrate formed even 3 days later
without SDS addition. However, no regular relationship was
observed between induction time and SDS concentration by
them. Kumar24 studied the growth kinetics of CO2 hydrates
under different concentrations of SDS solution. They found that
the addition of SDS signicantly increased the hydrate
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Overview diagram of the gas hydrate experimental system. 1-
Gas cylinder; 2-gas booster pump; 3-air compressor; 4-water bath; 5-
constant pressure reactor; 6-pressure sensor; 7-temperature sensor;
8, 9-data acquisition system; 10, 11, 12, 13, 14, 15, 17-valves.
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conversion rate, and hydrate conversion rate gradually
increased with the increasing SDS concentration. Okutani
et al.25 examined the promotion of methane hydrate formation
by SDS in a static system, and found that the SDS solution at
1000 ppm could shorten the induction time to 40 min, simul-
taneously, enhance the formation rate and conversion rate of
hydrates. Jiang et al.26 found that the addition of SDS could
signicantly shorten the induction time and improve the
stability of hydrate formation, but SDS did not have signicant
effect on hydrate storage capacity.

Torre J.-P. et al.27 found that the combination of THF and
SDS could greatly shorten the induction time of CO2 hydrates in
both static and stirring conditions. They suggested that the
additives directly affected hydrate formation, while SDS had no
effect on the phase equilibrium curve of CO2 hydrates and CO2 +
THF hydrates. However, the reason why the combination (THF +
SDS) was so effective, and the exact mechanism has not been
proposed by them. Lirio et al.28 studied the effects of SDS and
THF on the gas storage capacity of CO2 hydrates. It was found
that hydrates could nucleate faster in the SDS (500 ppm) and
THF (5 mol%) compound solution, and the gas storage capacity
was also promoted. They presented that THF formed SII
(structure II) hydrates and occupied larger cavities formed by
water molecules, which would promote the formation of SI
hydrates formed by CO2 molecules. This effect was benecial to
capture more gas into the solid hydrates, indicating a syner-
gistic effect of the simultaneous usage of SDS and THF. Kumar
et al.29 studied the formation kinetics of CO2 hydrates at
constant pressure (3.55 MPa) and constant temperature (274 K)
condition with the addition of silica gel. They found that silica
gel possessed large pore size and high surface area, which could
improve hydrate formation rate and conversion rate. Among the
three surfactants, anion (SDS) and nonionic (Tween-80) are
more effective than the cationic surfactant (dodecyl-
trimethylammonium chloride). SDS was found to be most
effective in increasing the rate of hydrate formation and
reducing the induction time, and the hydrate formation rate
was increased 15 times compared to static pure water system.
Mohammadi et al.30,31 studied the effects of synthetic silver
nano-particles and SDS on the formation rate and storage
capacity of CO2 hydrates. Their results showed that SDS or silver
nano-particles had no signicant effect on reducing induction
time or increasing the storage capacity of CO2 hydrates. But the
mixture of SDS and silver nano-particles signicantly increased
the storage capacity of carbon dioxide. Fazlali et al.32 studied the
effects of complex solutions of SDS, SDBS and CTAB on the
formation characteristics of methane hydrates. Compared with
the pure water system, the induction time of the system with
SDS and CTAB was shortened from 58min to 17 min (which was
2.4 times) and the formation rate was increased by 4.5 times
(from 3.811 � 10�5 mol s�1 to 2.091 � 10�4 mol s�1), exhibiting
pretty signicant promotion effect. In conclusion, the effect of
the compounding additive is much more signicant than that
of a single additive.

For both single hydrate promoters and complex hydrate
promoters, the promotion effect varies and are limited by
experimental materials and conditions. There is still a big gap
This journal is © The Royal Society of Chemistry 2019
from industrial applications.33 In this work, the growth char-
acteristics of methane hydrates (induction time, hydrate
volume fraction and average formation rate) in different com-
pounding ratio, dosage, and subcooling degree were investi-
gated in a high pressure autoclave. This study provides
a reference for the study of the kinetics of methane hydrate in
the presence of promoters.
2 Experiment section
2.1 Apparatus

According to the requirements of the experiments, a constant
pressure visualized experimental system for studying gas
hydrate formation characteristics was designed and built. As
showed in Fig. 1, the experimental system mainly consists of
a hydrate reaction system (visualized reaction kettle), a gas
supply and boosting system, a temperature control system,
a data acquisition system, etc. The core device, reaction kettle, is
shown in Fig. 2, and its working principle diagram is shown in
Fig. 3. The piston can move downwards to maintain the system
pressure in the kettle. The maximum volume of the kettle is
100 ml, which can hold liquid up to 50 ml. Besides, with 30 ml
liquid injection, the gas–liquid interface can be just observed at
the center of lens, which are benecial to obtain a more clear
version of images of the hydrate growth process. The working
pressure range is 0–15 MPa, and the working temperature range
is �10–30 �C. The temperature sensor in the kettle is platinum
resistance (Pt100) with a precision of �0.1 �C. The gas pressure
in the autoclave is measured by a pressure sensor with a preci-
sion of �0.01 MPa. The experimental temperature of the reac-
tion kettle is controlled by a water bath with the adjusting
precision of�0.01 �C, where an antifreeze solution composed of
40% ethylene glycol and 60% distilled water is selected as the
coolant.
2.2 Materials

The methane gas used in the experiments was purchased from
Changzhou Jinghua Industrial Gas Co. Ltd, and the purity was
99.8%. The experimental hydrate promoter was obtained by
RSC Adv., 2019, 9, 33506–33518 | 33507
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Fig. 2 Constant pressure visualized reactor.
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compounding 1#, 2# and 3# unit promoter, and was self-
developed with a mass fraction of 99.0%. All of the unit
promoters (1#, 2# and 3#) were surfactants. The weighing of the
additives was completed by a high-precision TG328A electro-
optical analytical balance with an error of 0.1 mg.
2.3 Experimental procedures

(1) The autoclave was washed three times with distilled water.
1#, 2#, and 3# unit promoters were weighed using a TG328A
electro-optical analytical balance, and mixtures with different
components were compounded according to the experimental
requirements.

(2) Methane gas was injected and discharged for three times
to remove the air in the reaction vessel and the gas line. Inject
30 ml pure water or a solution with promoters of a denite mass
concentration through the inlet valve.

(3) Start the water bath circulation system to reach the
required experimental temperature. Open the inlet valve, and
then introduce methane gas into the reactor to a specied
pressure of 5.50 MPa.

(4) An experimental system with constant pressure was ob-
tained through the automatic movement of the piston in the
reactor, where the pressure was stabilized at 5.50 MPa. Set the
water bath temperature to a target value. Then start the data
acquisition system. The whole experimental process could be
observed through the visual window.

(5) When there was a signicant temperature increase or
a signicant change of gas phase volume, hydrate formation
began and remained this state until the temperature and
volume of the reactor no longer changed.

(6) Export the experimental data, close the data acquisition
system, evacuate the gas in the reaction kettle, and close the
experimental equipment.
Fig. 3 Schematic diagram of the piston in the reactor. The piston can
move downwards to maintain the system pressure in the kettle.
2.4 Determination of induction time

The hydrate formation induction time is an important param-
eter for characterizing the hydrate formation process. The
current denition of induction time mainly includes
33508 | RSC Adv., 2019, 9, 33506–33518
microscopic induction time and macroscopic induction time34

(see Fig. 4). The microscopic induction time is the time required
for the nucleation of hydrates whereas phase equilibrium state
is attained before hydrate formation. However, primary nucle-
ation, i.e., hydrate critical nuclei, cannot be detected accurately
by the existing technologies so far. Since the parameters, such
as system temperature T, system pressure P and gas volume V,
can be determined experimentally, the macroscopic induction
time is usually used to describe hydrate nucleation, which is
dened as the time required for the system to reach a phase
equilibrium state and a sudden change of the state parameter of
the system (i.e., temperature, pressure, etc.). Therefore, for the
experimental device in this paper, that is, the inection point of
the temperature–time curve is used as the end point of the
induction time, as shown in Fig. 5. The interval between the
time point when the system reaches the phase equilibrium
temperature and the time point when the rst inection point
of the temperature curve appears is regarded as the (macro-
scopic) induction time of the system (ti). For convenience,
“induction time” means macroscopic induction time in the
following sections.
2.5 Calculation of hydrate volume fraction

Since the experiment is carried out under constant temperature
and constant pressure conditions, the gas consumption during
hydrate formation can be calculated by the following equation:

Dn ¼ n0 � nt ¼ P0V0

Z0RT0

� PtVt

ZtRTt

(1)

where Dn is the amount of gas consumed; T is the experimental
temperature; V is the volume of gas phase, and is recorded by
the data acquisition system; the subscripts 0 and t represent the
parameter conditions of the reaction kettle at the reaction start
time and the reaction time respectively; gas consumption
volume DVg ¼ V0 � Vt; Z is the gas compression factor and
calculated by R–K equation of state;35 and R is the gas constant,
8.314 J mol�1 K�1.

Hydrate formation is a complex multi-phase heat and mass
transfer process, which can be regarded as an exothermic
chemical reaction.
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Schematic diagram of gas hydrate formation.34
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nG(g) + mH2O(1) ¼ nG$mH2O(s) + reaction heat (2)

where G refers to gas, n is the number of gas molecules, andm is
the number of water molecules. The ratio of m to n refers to
hydration number (for methane hydrates, it equals to 5.75).

The volume of water participating in hydrate formation (VW)
and the volume of hydrates (VS) can be calculated by eqn (3) and
(4), respectively:

VW ¼ DnW � ML/rW (3)

VS ¼ 1.25VW (4)

where DnW is the molar amount of water participating in the
reaction, DnW ¼ Dn � 5.75, ML is the molar mass of water, and
the hydrate volume expansion coefficient is 1.25.22,36

The hydrate volume fraction is an important indicator for
the evaluation of promoters, which is obtained by the following
equation in this paper:
Fig. 5 Pressure, temperature and gas consumption versus time during e
gas consumption is regarded as the end point of induction period.

This journal is © The Royal Society of Chemistry 2019
r ¼ VS

VS þ VL

¼ 1:25VW

1:25VW þ ð30� VWÞ � 100% (5)

where VL represent the volume of remaining water.
3 Results and discussion
3.1 Hydrate formation in gas-pure water systems

The formation process of gas hydrate is a non-equilibrium
kinetic process, which can be divided into three stages,
namely, dissolution, induction and growth stage.

The rst stage is the dissolution period of methane, where
methane accumulates at the gas–liquid interface and enters the
liquid phase, increasing the gas concentration in the liquid
phase, providing suitable conditions for the formation of
hydrates.37

The second stage is the induction period (0–30 h), which is
the preparation for the nucleation of hydrates to reach critical
xperimental process. The sudden change of pressure, temperature or

RSC Adv., 2019, 9, 33506–33518 | 33509
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Fig. 8 Snapshots of hydrate formation in the gas-pure water system.

Fig. 6 Variations of pressure and temperature with time in the pure
water system.
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size. As shown in Fig. 6, pressure remains unchanged during
the whole experimental process, as the piston in the reactor
moves downward automatically. Aer nishing fast cooling of
the experimental liquid, temperature also nearly remains
unchanged. Fig. 7 illustrates that in the induction period,
hydrate volume fraction slightly increases, due to the further
increase of gas concentration in liquid phase. In other words,
supersaturation may occur in the gas-pure water system. During
this stage, water molecules gather around gas molecules, and
hydrates will preferentially nucleate at the positions where the
formation conditions are satised. These nucleation positions
mostly locate at the gas–water interface and few on the surfaces
of gas bubbles in the liquid phase. Aerwards, the network
structure formed by gas molecules and water molecules breaks
up and reorganize continuously.38 The nuclei nally reach
critical size, aer which a large amount of hydrates emerge and
hydrate volume fraction increases signicantly (see Fig. 7),
indicating the end of induction period. The induction time of
Fig. 7 Variation of methane hydrate volume fraction with time in the
pure water system.

33510 | RSC Adv., 2019, 9, 33506–33518
the methane–pure water system in this work is approximately
30 h. At the same time, it can be found that when hydrate
formation begins, the system temperature does not change
signicantly (Fig. 6). Because there is no agitation, the growth of
hydrates is extremely slow, the amount of liquid injection is
small, and the heat generated due to hydrate formation can be
taken away by the water bath system in time.

The third stage is the steady growth process of the crystals.
The heat and mass are transferred between water, hydrate and
gas phase, which is a process in which tiny hydrate crystals
aggregate into larger hydrate particles nally. As shown in
Fig. 7, hydrate volume fraction increases continuously to
approximately 50% in 10 days.

Fig. 8 shows the visual observation results during hydrate
formation in the gas-pure water system. Its macroscopic
conceptual diagram is shown in Fig. 9. At the end of the
induction period, there is no discernible hydrate crystal in the
kettle (see Fig. 9a). Hydrates rstly emerge at the gas–liquid–
metal interface, where the subcooling degree as well as the gas
concentration are the largest. In other words, the hydrate
nucleation driving force is the largest at the gas–liquid–metal
interface. Aer nucleation, hydrates horizontally extend to the
center of the gas–liquid interface and a hydrate lm forms (see
Fig. 9b). Since the hydrate lm prevents the contact between gas
and liquid, the hydrate formation rate is pretty slow in the static
pure-water system. The hydrate layer at the interface gradually
grow downward the gas–water interface and nally a thick
hydrate layer forms (see Fig. 9c). Therefore, for methane hydrate
formation in the pure water system in this work, the induction
time is relatively long and the growth rate is relatively low,
which is unacceptable for the hydrate application issues and
should be improved.
3.2 Effects of hydrate promoters and their compositions on
the formation characteristics of methane hydrates

How long it required for hydrates to form target amounts under
different experimental conditions is the premise and basis of
Fig. 9 Macroscopic conceptual diagram of hydrate formation (a–c).

This journal is © The Royal Society of Chemistry 2019
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Fig. 12 Variation of pressure and temperature with time in the system
with ratio of 1 : 1 : 2.

Fig. 10 Variation of pressure and temperature with time in the system
with ratio of 2 : 1 : 2.
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hydrate application, which is also one of the signicant indi-
cation of hydrate promoters. Hydrate formation experiments
were carried out in gas–water systems with different compo-
nents of the compound promoter under the constant temper-
ature of 3 �C, constant pressure of 5.50 MPa and mass
concentration of 1000 ppm. The compound promoters compose
of 1#, 2# and 3# unit promoter, and mass ratios of these units
are selected as 2 : 1 : 2, 1 : 1 : 1, 1 : 1 : 2 and 2 : 1 : 1 (promoter
1# : 2# : 3#). The experimental results are presented in Fig. 10–
13.

Hydrate formation is an exothermic reaction with methane
consumption. Therefore, whether hydrates forms in the reactor
can be judged by monitoring the magnitude of the change in
temperature and pressure. Fig. 10–12 show that in the gas–
water systems with the promoter proportion of 2 : 1 : 2, 1 : 1 : 1
and 1 : 1 : 2, no hydrate forms even aer 15 h. Fig. 13 shows that
there is signicant temperature increase and pressure decrease
in the 2 : 1 : 1 compounding system at 0.64 h, indicating that
Fig. 11 Variation of pressure and temperature with time in the system
with ratio of 1 : 1 : 1.

This journal is © The Royal Society of Chemistry 2019
hydrate formation induction time is shortened to 0.64 h and
a large amount of hydrate forms subsequently. The evaluation
parameters, including induction time, gas consumption (15 h)
and nal hydrate volume fraction, under each compounding
ratio are tabulated in Table 1. It can be seen that the com-
pounding ratio 2 : 1 : 1 is the optimum ratio to promote hydrate
formation among these selected ratios in this work, which is
then named as TH3 and the following experiments are carried
out using this optimal ratio. Compared to the pure-water
system, the induction time is signicantly shortened by the
proper promoter, and average hydrate formation rate is
extremely higher (83.652%/6.0 h [ 60%/240 h).

Fig. 14 is the conceptual diagram of the dissolution process
of methane in the gas–water system with and without the
promoter (TH3). Fig. 14a shows the dissolution process of
methane gas under the condition without additives. The gas–
liquid interfacial tension is not reduced. Fig. 14b indicates the
surface tension of the liquid system is reduced with the
Fig. 13 Variation of pressure and temperature with time in the system
with ratio of 2 : 1 : 1.

RSC Adv., 2019, 9, 33506–33518 | 33511
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Fig. 14 Conceptual diagram of methane dissolution process (a and b).

Table 1 Hydrate formation parameters under different component ratios

Proportion (1# : 2# : 3#)
Induction time
(h)

Gas consumption
(15 h, mol)

Hydrate volume
fraction (%)

2 : 1 : 2 >15 0.006412 0
2 : 1 : 1 0.64 0.116208 45.549
1 : 1 : 1 >15 0.005254 0
1 : 1 : 2 >15 0.006511 0
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function of the additives, the resistance of the gas entering the
liquid phase is reduced. In the dissolution process of methane,
there is a clear transition zone at gas–liquid interface, as
a solubilization zone with a very low surface tension. Due to the
function of the promoter, more gas can be dissolved into water
and the mass transfer of gas molecules can be promoted. The
promoter compounded of three types of surfactants is selec-
tively adsorbed at the gas–liquid and liquid–solid interfaces. A
molecular layer on the interface of upper gas phase and lower
water phase forms, and the surface tension of the aqueous
solution is reduced to the lowest point, thereby adding more
nucleation sites to the gas–liquid and liquid–solid interfaces.
Aer hydrate nucleation, the hydrate lm is a needle-like loose
structure, and the siphon action generated at the pores makes
the gas and liquid contact more easily. Then water molecules
are transported to the wall surface continuously, and conse-
quently hydrate formation at the wall surface is promoted.39,40

Fig. 15 is the images obtained during hydrate formation process
through the visual window of the autoclave. Combining Fig. 8 and
15, systems with and without the promoter show very different
morphology behavior of hydrate formation. Unlike the pure water
system, hydrates expand upwards and downwards at the gas–water
interface. Meanwhile, hydrates spread from the metal wall to the
center of the lens gradually, aer which the liquid level drops, and
hydrates extend downward as well as in themiddle until they ll the
reaction vessel to form hollow-like hydrates.
Fig. 15 Snapshots of the gas–water systems with hydrate promoter.
3.3 Effect of dosage on the formation characteristics of
methane hydrate

The characteristics of gas hydrate formation in gas–water
systems with different dosages of additive (TH3) were
33512 | RSC Adv., 2019, 9, 33506–33518
investigated. Methane hydrate formation experiments were
conducted under the constant experimental temperature of 3 �C
and constant pressure of 5.50 MPa with concentrations of
500 ppm, 1000 ppm, 2000 ppm and 5000 ppm. The formation
parameters of hydrate formation (induction time and average
hydrate formation rate etc.) with different dosages of TH3 are
tabulated in Table 2. Fig. 16 shows the temperature proles of
the systems with different dosages of TH3. As seen, the induc-
tion time is shortened to 2.52 h, 0.64 h, 0.52 h and 0.22 h, as well
as the hydrate formation rate is promoted to different extents by
TH3 with different dosages (500–5000 ppm). Meanwhile, the
induction time shortens with the increasing mass concentra-
tion within the experimental range, which is consistent with the
results reported by Lee et al.41 When the mass concentration is
selected as 5000 ppm, the hydrate formation induction time is
about 0.22 h, and the induction time is shortened by 136.4
times compared to that of the system in the absence of the
promoter, indicating remarkable promoting effect.

Fig. 17 shows the hydrate volume fraction of the systems
with different dosages of TH3. For the system with 500 ppm
This journal is © The Royal Society of Chemistry 2019
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Table 2 Effect of different additional amounts on hydrate formation parameters

Concentration
(ppm)

Induction time
(h)

Gas consumption
(8 h, mol)

Average hydrate
formation rate (ml h�1)

Hydrate volume
fraction (8 h, %)

500 2.52 0.078095 11.382 31.553
1000 0.64 0.116208 16.112 45.549
2000 0.52 0.117929 24.684 46.162
5000 0.22 0.106391 21.906 42.122
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promoter, the nal hydrate volume fraction is signicantly
lower than that of the systems with higher dosages of promoter,
but is still much higher than that of the system without
promoter. The nal hydrate volume fraction of the gas–water
systems rst increase and then decrease with the increasing
TH3 mass concentration. The highest nal hydrate volume
fraction is obtained in the presence of 2000 ppm TH3. It is
supposed that aer adding a smaller amount of the promoter,
the gas molecules can be surrounded by the hydrophobic group
of the promoter.42 As shown in Fig. 18, with the function of the
hydrophilic group, the micelles (one-layer structure) are
uniformly distributed in the aqueous phase, which promotes
the dissolution of the gas into the liquid phase. The concen-
tration difference of gas molecules in hydrate phase and water
phase provides the driving force for hydrate formation.44

However, when the concentration of the added promoter is too
high, the attaching point of the bubble surface is gradually l-
led. Since the promoter is the mixture of three types of surfac-
tants, including anionic and cationic surfactant, it is speculated
that the electric charge of the hydrophilic group of one excess
promoter molecule is opposite to that of another molecule43

which is adsorbed on the surface of gas bubble, and conse-
quently they are attracted to each other (see Fig. 18). Therefore,
the mass transfer of water molecules into the surfaces of gas
bubbles is hindered, resulting in a reduction in gas consump-
tion and hydrate volume fraction.44 In order to more intuitively
Fig. 16 Experimental temperature of the systems with different
dosages of TH3 versus time.

This journal is © The Royal Society of Chemistry 2019
compare the effect of different additions on the gas consump-
tion rate of hydrate, average formation rate45 is used in this
work, which is dened as the ratio of the volume of hydrate
produced during a certain period to the time and in units of ml
h�1.

Table 2 shows that average hydrate formation rate has the
similar variation trend with hydrate volume fraction, as the
promoter dosage increases. This also indicates that the
promoter exists a optimal dosage. These ndings are consistent
with Yang et al.46 and Li et al.47 using SDS and SDBS as
promoters. Traditional surfactant SDS were also used to carry
out some experiments in this work. And results are compared
with that of TH3 and that of SDS conducted by other
researcher48,49 using different reactors. As shown in Table 3, it is
found that TH3 has signicant advantages in shortening the
induction time, which may be the coordination of multiple unit
promoters aer compounding.43 To further understand the
effects of additives on the characteristics of hydrate formation,
subsequent work should be conducted with other experimental
conditions.

3.4 Effect of subcooling degrees on the formation
characteristics of methane hydrate

Subcooling degree refers to the difference between the system
temperature and the equilibrium temperature of hydrate phase. It is
a fundamental parameter for evaluating the kinetic promoter. The
Fig. 17 Hydrate volume fraction of the systems with different dosages
of TH3 versus relative time.

RSC Adv., 2019, 9, 33506–33518 | 33513
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Fig. 18 Conceptual diagram of one-layer and two-layer group encasing gas molecules.
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characteristics of hydrate formation in the systems with different
subcoolings were investigated. The experimental pressure was
5.50 MPa, and the dosage of the promoter was 1000 ppm. Other
experimental conditions and formation parameters are tabulated in
Table 4.

It has been reported that, for one-component gas hydrates, the
hydrate nucleation driving force generally depends on either the
subcooling degree and/or the over-pressurizing level of the system
against the equilibrium state.50 Therefore, in this work, the effect of
experimental temperature on hydrate induction time can be inves-
tigated under the constant pressure condition. Fig. 19 displays the
changes of temperature during methane hydrate formation process
under different subcooling degrees. As obviously seen, with the
increasing subcooling degree, the temperature-peak curve of
different systems is larger and narrower, indicating faster hydrate
formation, which is similar to the phenomenon observed in DSC
systems.51 Fig. 20 shows that induction time decreases as the sub-
cooling degree increases, which is ascribable to higher crystalliza-
tion driving force and lower free energy of the system52 with
decreasing experimental temperature.
Table 4 Effect of different subcooling degrees on hydrate formation pa

Subcooling
(�C)

Maximum temperature
difference (�C)

Induction time
(h)

Ga
(8

2.5 2.2 3.99 0.
3.5 3.3 0.80 0.
4.5 4.0 0.64 0.
5.5 5.2 0.37 0.
6.5 5.4 0.29 0.

Table 3 Kinetic parameters of methane hydrate under different conditio

Promoter type Pressure (MPa)
Temperature
(�C)

Concentration
(ppm)

TH3 (this work) 5.5 3.0 1000
SDS (this work) 6.0 3.0 300
SDS (this work) 7.5 3.0 1000
SDS48 6.6 3.25 800
SDS49 7.0 0.85 1150

33514 | RSC Adv., 2019, 9, 33506–33518
Fig. 21 shows the hydrate volume fraction of the systems
under different subcooling degrees. It is found that the gas
consumption and the nal hydrate volume fraction rst increase
and then decrease with the increasing subcooling degree (see
Table 4). Specically, when the subcooling degree of the system
approaches 6.5 �C, the gas consumption is signicantly reduced,
and nal hydrate volume fraction of the system with 6.5 �C
subcooling is only 78.5% of the system with 3.5 �C subcooling.
Moreover, as shown in Fig. 21, at the initial stage of hydrate
formation (0–0.3 h, relative time), hydrate formation rate, which
is proportional to the slope of the curve, increases with the
increasing subcooling degree,53 i.e., rini(2.5 �C) (refers to the
initial formation rate of the system with 2.5 �C subcooling) <
rini(3.5 �C) < rini(4.5 �C) < rini(5.5 �C) < rini(6.5 �C). However, nal
hydrate volume fraction exhibits the opposite trend, i.e., Fn(2.5
�C) (refers to the nal hydrate volume fraction of the system with
2.5 �C subcooling) > Fn(3.5 �C) > Fn(4.5 �C) > Fn(5.5 �C) >Fn(6.5
�C). These phenomena are predominately caused by thicker
hydrate layer formed under higher subcooling due to the lack of
stirring in the reactor. It was found than hydrates tend to
rameters

s consumption
h, mol)

Average hydrate
production rate (ml h�1)

Hydrate volume
fraction (8 h, %)

119890 12.904 46.857
122241 13.099 47.799
116208 16.122 45.549
107336 31.866 42.367
094167 32.196 37.526

ns

Injection volume
(ml)

Induction time
(min)

Average gas consumption
(mol min�1)

30 26 0.00211
30 40 0.00306
30 15 0.00618
10 — 0.00700
150 99.6 0.01627

This journal is © The Royal Society of Chemistry 2019
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Fig. 21 Hydrate volume fraction of the systems under different sub-
cooling degrees versus relative time.

Fig. 19 Temperature of the systems with different subcooling degrees
versus time.
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nucleate at the water–hydrate interface and form a dense hydrate
layer,54 which hinders gas–liquid contact. In this work, under
higher subcooling degrees and larger formation driving force,
aer hydrates rst nucleate at the gas–liquid interface, hydrate
formation rate is higher at the beginning, and a thicker hydrate
layer forms at the interface. Thereaer, the thicker layer blocks
the contact of methane gas with aqueous solution and hinders
further hydrate formation more easily,9,54 nally resulting in
smaller amount of hydrate formation. On the other hand, the
solubility or activity of the promoter may also be affected by
temperature.55,56 Further experimental studies should be con-
ducted under the conditions with stirring or other temperature
range (such as freezing point) to verify the effect.
3.5 Induction time model for the gas–water systems with
promoter addition

Hydrate formation can be divided into two stages: nucleation
and growth stage, the induction period begins aer the gas
Fig. 20 Hydrate induction time versus subcooling degree.

This journal is © The Royal Society of Chemistry 2019
phase dissolves in the water phase and ends before the
continuous growth of hydrate crystals. Natarajan et al.57 devel-
oped an induction time model to predict the induction time of
natural gas hydrate in gas-pure water system. The hydrate
formation experimental conditions and the fugacity difference
(fvg � feq) under phase equilibrium conditions were used as the
hydrate formation driving force, and the hydrate nucleation rate
in pure water was expressed as follows:

tind ¼ K

 
f vg

feq
� 1

!�m

(6)

where K and m are experimentally-adjusted parameters,
describes nucleation characteristics. The R–K equation of
state35 is used to calculate the fugacity of gas under various
conditions (the calculation results are shown in Table 5), and
equilibrium conditions of natural gas hydrate were experi-
mentally measured.

The parameters in eqn (6) were determined by experimental
data regression to obtain the induction time model

tind ¼ 0:032

 
f vg
feq

� 1

!�3:51
with the optimal additive amount

(1000 ppm). The tting curve is obtained from the experimental
data, as shown in Fig. 22. As seen, the model can well predict
Table 5 Compressor factor and fugacity data for methane gas under
experimental conditions

Pressure/Pa Temperature/K
Compressor
factor fg (Pa

�1)

5 500 000 274.15 0.86997 4 808 146.161
5 500 000 275.15 0.87265 4 827 727.222
5 500 000 276.15 0.87419 4 825 584.004
5 500 000 277.15 0.87614 4 835 718.373
5 500 000 278.15 0.87698 4 843 777.684

RSC Adv., 2019, 9, 33506–33518 | 33515
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Fig. 22 Induction time prediction value and experimental value.
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hydrate formation induction time in the presence of the
promoter.
4 Conclusion

(1) The new kinetic promoter was obtained by compounding 1#,
2# and 3# unit promoter in a ratio of 2 : 1 : 1. The promotion
effect on methane hydrate formation was signicant: compared
with the scenario in the absence of the promoter, the induction
time was shortened from 30 h to 0.64 h, and the average
generation rate was boosted to 16.112 ml h�1, and the hydrate
volume fraction changed from 50% (growth duration of appro.
240 h) to 45.549% (growth duration of appro. 8 h).

(2) The performance test for the new promoter showed that
the induction time decreased with the increasing dosage of the
promoter. Under the experimental temperature of 3 �C and the
pressure of 5.50 MPa, when the dosage of additives was
5000 ppm, the hydrate formation induction time was the
shortest, only 0.22 h. However, the hydrate formation rate and
nal hydrate volume fraction reduced with the increasing
dosage of the promoter, when more than 2000 ppm promoter
was added. Thus, 2000 ppm was regarded as the optimal dosage
in this work (the induction time was shortened to 0.52 h, the
nal hydrate formation volume fraction was 46.16% (8 h), and
the average generation rate was 24.68 ml h�1).

(3) The subcooling degree of the systems with the presence of
TH3 has a signicant effect on the induction time, gas
consumption and average hydrate formation rate. As a driving
force for hydrate formation, the higher the subcooling degree,
the faster the nucleation rate of hydrate, the shorter the
induction time. However, according to the experimental data, in
the systems with pressure of 5.50 MPa and promoter dosage of
1000 ppm, when the subcooling degree exceeds 3.5 �C and
continues increasing, the hydrate layer is rapidly formed at the
gas–liquid interface due to the increase of the driving force,
which hinders the gas–liquid contact, resulting in smaller
amount of hydrate formation. Therefore, in the reactor without
33516 | RSC Adv., 2019, 9, 33506–33518
stirring, the experimental temperature should be reasonably
selected to promote the formation of hydrate. At the same time,
the hydrate induction time model under this condition is ob-
tained which shows good predicting accuracy.
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