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Hydrate-based gas separation is a potential technology for CO, recovery and storage, and
its products can be used for fire prevention and control in mines. Promoters are often
employed to accelerate or moderate hydrate formation. In this study, experiments were
performed to examine the effects of different concentrations of the thermodynamic
promoter tetrahydrofuran (THF) and kinetic promoter sodium dodecyl sulphate (SDS)
on CO, hydrate formation under stirring. The results showed that THF significantly
shortens the induction time of CO, hydrates; however, because THF occupies a large
cavity in the hydrate structure, it also reduces the gas absorption and hydrate formation
rate. SDS has no obvious effect on the induction time of hydrates, but it can increase the
gas storage density and hydrate formation rate. Using THF and SDS together consumed
more CO, than using THF alone or pure water. The peak gas consumption rate was
2.3 times that of the THF system. The hydrate formation efficiency was improved by
including both THF and SDS, which maximized both the hydrate formation rate and total
gas uptake.

Keywords: carbon dioxide hydrate, carbon sequestration, tetrahydrofuran, sodium dodecyl sulphate, formation
kinetics

INTRODUCTION

The development of the global economy and rapid growth of fossil fuel consumption has sharply
increased the CO, content in the atmosphere, which has aggravated the greenhouse effect and
seriously affected Earth’s environment (Kasman and Duman, 2015). Thus, CO, disposal has become
an international concern (Bachu, 2000). Hydrate technology provides a new approach to the recovery
and storage of CO, gas (Gabitto and Tsouris 2006) and has been identified by the US Department of
Energy as one of the most promising options for CO, recovery (Elwell and Grant 2006).

CO; hydrates have shown potential as a fire-extinguishing material (Hatakeyama and Aida 2008)
owing to their CO, gas storage capacity and cold storage capacity. Due to the existence of CH, in coal
mine, once a fire occurs, it is easy to cause gas explosion. CO, hydrate releases a large amount of CO,
gas in the process of extinguishing the fire, which can play the role of flame retardant and explosion
suppression, Thus CO, hydrates have broad application prospects (Huang et al., 2014) to be used for
fire control in mines. Although CO, hydrate technology has many advantages, such as gas storage
capacity and a hydrate formation pressure and temperature that are relatively easy to achieve, the
formation rate and gas storage capacity need to be improved.

The application of CO, hydrates necessitated the systems to have higher gas storage capacity,
lower energy consumption, and higher efficiency of formation rate. The formation of CO, hydrate
includes two processes: nucleation and growth. The nucleation of hydrate formation is the formation
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process of the crystal nucleus exceeding the critical size
(Ripmeester and Alavi, 2016). The process from the
thermodynamic metastable state to the formation of the
crystal nucleus exceeding the critical size is an induced
nucleation process, which is described by the induction time.
The length of the induction time is one of the criteria to judge the
hydrate formation speed.

In recent years, promoters have often been used to improve the
hydrate formation rate and storage capacity (Zheng et al., 2017).
Depending on their mechanism, hydrate promoters can be
divided into thermodynamic and kinetic promoters (Mech
et al,, 2016; Sun et al, 2019). Thermodynamic promoters are
used to reduce the phase equilibrium pressure or improve the
phase equilibrium temperature; the most commonly used include
tetrahydrofuran (THF) (Beheshtimaal and Haghtalab 2017; Yue
et al., 2018), tetrabutylammonium bromide (Babaee et al., 2018;
Yue et al., 2018) and propane (Dashti et al., 2015). THF is a water-
soluble organic liquid under the conditions of normal pressure
and 4.4°C with a Sy hydrate formation structure. Veluswamy et al.
(2017) studied the formation kinetics of CO, hydrates in the
presence of THF and showed that the hydrate formation kinetics
of different guest molecules was affected by the presence of THF.
THF has mostly been used to study CO, separation technology
based on hydrates. Yang et al. (2018) studied capturing CO, from
flue gas by using a TBAB/THF compound additive. Their results
showed that adding 19 wt% THEF had an obvious effect on hydrate
formation. Other researchers (Zhong et al., 2015; Yue et al., 2018;
Yietal., 2019) studied hydrate technology for separating CO, and
CH, and found that THF improves the phase equilibrium
parameters but reduces the CO, gas separation efficiency.
Kinetic promoters are used to improve the hydrate formation
rate and gas storage density and including sodium dodecyl
sulphate (SDS), sodium dodecyl benzene sulfonate and tween-
80 (Dashti et al., 2015). SDS is considered as one of the best
kinetic promoters (Kumar et al., 2015). Partoon et al. (2013)
studied the formation kinetics of CO, hydrate in SDS solution
and showed that adding SDS significantly increases CO,
absorption and the hydrate formation rate. In recent years,
some scholars have begun to study the combined effects of
THF and SDS on CO, hydrate formation. Yang et al. (2013)
suggested that SDS/THF can reduce the hydrate phase
equilibrium pressure and increase hydrate gas consumption,
while Lirio et al. (2013) suggested that SDS does not
significantly increase the CO, hydrate gas storage capacity.

Although many studies have considered the kinetic
characteristics of CO, hydrate formation, research on the
effect and mechanism of additives (THF and THF/SDS
composite) under stirring is still very limited. To explore the
relationship between the promoter and CO, hydrate formation
under stirring and determine the formation mechanism of CO,
hydrates, this study examined the effects of THF and THF/SDS
on the formation kinetics of CO, hydrates. Under stirring action,
three THF concentrations (1, 2 and 3 mol%) and three THF/SDS
concentrations (2 mol% THF + 0.05wt% SDS, 2 mol% THF +
0.1 wt% SDS and 2 mol% THF + 0.2 wt% SDS) were used to study
the formation kinetics of CO, hydrates. An improved calculation
method of the gas consumption was developed, and the effects of
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the THF and THF/SDS concentrations on the hydrate formation
time, CO, gas consumption and rate of hydrate formation were
evaluated. The hydrate formation method adopted in this study
can also provide some guidance for the rapid formation of CO,
hydrates, which is of great significance for CO, recovery and
storage in the enclosed space of a coal mine as well as mine fire
control.

EXPERIMENTAL

Materials

CO, gas was provided by Harbin Liming Gas Company Limited.
THF and SDS at 99.9% purity were provided by Harbin Branch
Analytical Instrument Company Limited. All experiments were
performed with deionized and distilled water.

Experimental Apparatus

Figure 1 shows the setup for the CO, hydration experiments. The
reactor (crystalliser) comprised 316 stainless steel with an inner
diameter of 9.2 cm, height of 26.5 cm and volume of 1,500 cm”. It
was surrounded by a water jacket with a temperature controlled
by an external refrigerator. A rectangular viewing window and
lighting window were on the broad side of the reactor for visual
observation. Two thermocouples (Omega, T-type, £0.01 K) were
inserted into the reactor to measure the temperatures of the gas
and liquid phases. A pressure transducer (model 3051 S, +20 kPa)
was used to monitor the pressure in the reactor. The gasholder in
the system was used to realize an accurate gas supply of the
reactor. It comprised 304 stainless steel with a volume of 12 L. A
pressure transducer and thermocouple were inserted into the
gasholder with the same models and accuracies as those in the
reactor. Both pressure and temperature data were acquired with a
data acquisition system (National Instruments) and recorded on
a computer with the software LabVIEW. A data acquisition unit
was connected to a computer to collect the temperature and
pressure data every second.

Experimental Procedure

As the thermodynamic promoter, THF can greatly improve the
thermodynamic conditions of CO, hydrate. According to the
literature, According to literature, small amounts of THF can
change the structure of CO2 hydrate from Sy to Sy. Structure II
hydrates are constituted of 16 small cavities and eight large cavities,
count then 136 H,O molecules, THF occupies all the eight large
cavities and then only the 16 small cages can be occupied by CO,
molecules. When the molar concentration of THF is 5.6 mol%, the
gas consumption is 0.1176 mol CO, per mol H,0. CO,-H,0 forms
S1 hydrate without THF, Structure S; hydrate are constituted of two
small cavities and six large cavities, count then 46 H,O molecules.
CO, molecules occupy all the cavities. when the molar
concentration of THF is 0mol%, the gas consumption is
0.1739 mol CO, per mol H,O. According to the analysis of the
thermodynamic conditions for improving hydrate by THF, the
optimal concentration of THF is 5.6 mol%. According to the
analysis of hydrate kinetics as gas consumption, the lower THF
concentration, the gas consumption is better. Therefore, in this
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FIGURE 1 | Diagram of the setup for the CO, hydration experiment.
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study the concentration of THF is prepared as 1 mol%, 2 mol% and
3 mol% in order to find the optimal concentration which can take
both kinetics and thermodynamics into account.

Three THF solutions (1.0, 2.0 and 3.0 mol%) and three
THEF/SDS solutions (2 mol% THF + 0.05 wt%, 2 mol% THF +
0.1 wt% and 2 mol% THF + 0.2 wt%) were prepared. In order
to study the effect of THF and THF/SDS on the kinetics of CO,
hydrate, the pure water system was used as a reference for
comparison against the THF and THF/SDS solutions. An
experimental sample comprised 650 ml aqueous solution
containing one of the promoter concentrations considered
in this study. The reactor was cleaned thoroughly with
distilled water before each experimental run. Then, the
reactor was filled with one of the prepared aqueous
solutions. The temperature of the external incubator was
adjusted until the system temperature was fixed at 288.15 K
(i.e. liquid phase temperature). The gasholder was inflated to
obtain a pressure of 3.30 MPa at a constant temperature in the
gasholder. Then, the air source was closed. Subsequently, the
gas supply valve of the reactor was opened, and the reactor was
supplied with CO, by the gasholder for 12 h. The pressure in
the reactor was controlled to 3.0 MPa after the dissolution
equilibrium was reached. Subsequently, the gas supply valve of
the reactor was closed, the stirrer was opened with 500r/min,
and the external incubator temperature was adjusted to
271.15K CO, hydrate formation experiments were carried
out at a constant volume and fixed temperature. As the
hydrate formation progressed, the pressure kept dropping
because of gas consumption. The formation experiment was
allowed to terminate until there was no significant pressure
drop within 2 h.

Calculation Methods

Gas Consumption of S, CO, Hydrates

In this experiment, S; CO, hydrates formed in the pure water
system (Kang et al., 2001). However, the high solubility of CO,

in the aqueous solution meant that calculating the gas
consumption of the CO, hydrates required determining the
variation of CO, not only in the gas phase but also in the liquid
phase. According to the law of mass conservation, the molar
quantity of CO5 in the reactor is constant at any time. Thus, the
CO, consumption during hydrate formation can be calculated
as follows:

Nnco, = Hgtol = Ng — 1y, (1)

where nco, is the gas consumption of CO, during hydrate
formation, ngq is the total molar quantity of CO, in the reactor,
ny is the molar quantity of CO, dissolved in the solution and #, is
the molar quantity of gaseous CO, in the reactor. In this
experiment, the reactor was supplied with gas by the gasholder,
so the total CO, ngq in the reactor can be calculated according to
the gas state parameters of the gasholder before and after gas supply:

_ [ PorVer PerVer
Ngtol = - > (2)
ZRTGT 0 ZRTGT 1
where Pgr, Tgr and Vgr are the pressure, temperature and
volume, respectively, of the gasholder; state 0 is the gas state
in the gasholder before gas is supplied to the reactor; and state one
is the gas state in the gasholder after gas is supplied.

The molar quantity of gaseous CO, (n,) in the reactor is
calculated according to the gas state parameters of the reactor:

where P, V and T are the pressure, volume and temperature,
respectively, of the gas phase in the reactor at the time f. The
ideal-gas state R is 8.31 J/(mol K). Z is the gas compressibility
calculated with a Pitzer correlation (Smith et al., 2011):

P P
Z =1+ B~ + wB'-L. 4
T " @)
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B° and B! are calculated as follows:

0 0.422 0.172
B —0.083—W,B —0.139—W. (5)
pr and T, are calculated as follows:
P T
r= 50 Tr =70 6
P p. T, ©)

where P, and T, are the critical pressure and temperature,
respectively, of CO,. For CO, gas, P. = 7.381MPa, T. =
304.19K and w = 0.225.

The molar quantity of CO, in the liquid phase #; is calculated
as follows:

1= ;- Meoy = (Mol — "w)mcoz = (”wml - nCO;”HNl)mCOz:

@)

where 7, is the total amount of moles in the aqueous solution,
n, is the molar quantity of residual water after the hydration
reaction, #,, is the molar quantity of water consumed during the
hydration reaction, mco, is the solubility of CO, in the presence
of hydrates and nyy; is the number of Sy hydrates. In reference to
Kang et al. (2001), ngn; was set to 7.23.

Hashemi et al. (2006) used the Gibbs free energy minimization
model to obtain the dissolution law of CO, gas in the presence of
hydrates. Diamond and Akinfiev (2003) obtained the solubility of
CO, gas in the presence of hydrates, which can be calculated as
follows:

Mo, = 1.570451 + 7.887505 x 1072 (T — 273.15) + 4.73472
x 1073 (T — 273.15)* + 4.56477 x 10™* (T - 273.15)°
—3.796084 x 107 (T — 273.15)".
(8)
Eq. 8 has high accuracy in the temperature range of
-1.48°C-9.93°C and ignores the effect of pressure on CO,
solubility. Thus, it can be used to calculate the solubility of
CO, gas in the presence of hydrates. Eq. 1-8 can be used to

derive the following equation for calculating the CO,
consumption during hydrate formation:

Ngtol — Ng — NwiolMCO,

&)

Nco, =
: 1 = nunimco,

Gas Consumption of S, CO, Hydrates

THF was used to study the influence of a promoter on the kinetics
of CO, hydrate formation. According to the literature, small
amounts of THF can change the structure of CO, hydrates from
the S; type to the Sy type (Kang et al, 2001). The CO,
consumption of Sy hydrates is calculated as follows:

_ Ngtol — g — HwiolMCO,

Nco, = ( 10)

1 — npnamco,

S hydrates comprise 16 small cavities and eight large cavities
with 136 H,O molecules. According to Marinhas et al. (2007),
THF occupies all eight large cavities; then, only the 16 small

Carbon Dioxide Hydrate

cavities can be occupied by CO, molecules. Then, Sy hydrates
have a hydration number nyy, of 8.5, and the other parameters
are the same as those of S| hydrates.

In order to calculate the gas consumption of CO, hydrate with
different crystal forms, it assumed that only a single structure
hydrate is formed in hydrate formation stage which determined
by the change of hydrate pressure and temperature in this study.

Normalized CO, Consumption

The gas consumption calculated with Eqs 9, 10 can be further
divided by the number of moles of water in the system to obtain
the normalized gas consumption (mol gas/mol water) (Zheng
et al,, 2019):

(Ancoz)[ = (HCOZ)t

(11)

Nytol

The rate of gas uptake can be calculated with the forward
difference method:
(A”coz,nm - AnCOz,t)

d (Ancoz)t
= , 12
dt At (12)

where At is the time difference between two moments, which was
set to 1 min (Govindaraj et al., 2015). The average rate of gas
hydrate formation (R,,) was calculated every 30 min (Li et al.,
2016):

(dAnCOz)l + (dAnCOZ)Z +...+ (dAnCOZ)
m

Ry = 21, m = 30.

(13)

Error Calculation
The error indicates the degree of dispersion of numerical values to
the average value, and it can be calculated according to the

standard deviation:
n 2
Error = \7Zi:lrf}il *) > (14)

where # is the number of data values, x is the average value and x;
is a certain value.

RESULTS AND DISCUSSION

The influence of the promoters THF and THF/SDS on CO,
hydrate formation under stirring action was studied. At a fixed
pressure of 3.0 MPa and stirring speed of 500 r/min, three
concentrations of THF (1.0 mol%, 2.0 mol% and 3.0 mol%) and
three concentrations of THF/SDS (2.0 mol% THEF + 0.05 wt% SDS,
2.0 mol% THEF + 0.1 wt% SDS and 2.0 mol% THF + 0.2 wt% SDS)
were configured as the research objects. Table 1 presents the
experimental results for CO, hydrate formation, which includes
the induction time #;,,4 (min), standardized gas consumption at the
end of the experiment Ancp, (mol gas/mol water) and average rate
of gas consumption 30 min before standardization (NRav30, mol
gas/mol water/h).
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TABLE 1 | Summary of experimental conditions and results for CO, hydrate formation at 3.0 MPa.

Exp. no THF concentration SDS concentration
(mol %) (wt %)
1-1 0 0
1-2 0 0
1-3 0 0
2-1 1.0 0
2-2 1.0 0
2-3 1.0 0
3-1 2.0 0
3-2 2.0 0
3-3 2.0 0
4-1 3.0 0
4-2 3.0 0
4-3 3.0 0
5-1 2.0 0.05
5-2 2.0 0.05
5-3 2.0 0.05
6-1 2.0 0.1
6-2 2.0 0.1
6-3 2.0 0.1
71 2.0 0.2
7-2 2.0 0.2
7-3 2.0 0.2
35 300
A Pure Water (Exp 1-1) ===
3.0 : 2mol% THF (Exp 3-1) === 1295
i sl :
25h 4 : _
2 i g
g 20\ ! <——Pressure : E
g [ 14285 €
215k % E &
A : 5
) A 280 =
Lofih,
osk i - Di4275
S i
O'O i E : 1 : 1 1 1 1 1 ; 270
0 100 200 300 400 500 600
Time (min)
FIGURE 2 | Typical changes in p and T over time for CO, hydrate
formation (2 mol% THF).

Effect of THF on the Formation Kinetics of

CO, Hydrates

Eq. 9 shows that the gas consumption of CO, hydrates depends
not only on the initial state but also on the crystal structure when
the hydrate is formed. The formation process and crystal
structure of CO, hydrate are different with different promoters.

Figure 2 shows the process of CO, hydrate formation under
the action of THF with the stirrer 500 r/min. The hydrate
formation curve of the 2mol% THF system was significantly
different from that of the pure water system. In the pure water
system, the pressure and temperature in the reactor dropped with

Tind (min) Gas consumed NRav30 (mol
at the gas/mol water/h)
end of

experiment (mol
gas/mol water)
81 0.02754 0.02411
85 0.02687 0.02378
90 0.02732 0.02462
28 0.02379 0.01048
27 0.02298 0.00987
27 0.02254 0.01010
21 0.02607 0.00680
20 0.02504 0.00712
20 0.02538 0.00693
17 0.02351 0.00510
17 0.02408 0.00523
17 0.02245 0.00518
20 0.02740 0.00967
21 0.02728 0.00954
21 0.02756 0.00946
21 0.02784 0.00916
21 0.02826 0.00912
21 0.02770 0.00920
21 0.02741 0.00919
21 0.02719 0.00924
21 0.02736 0.00913

the temperature of the water bath (i.e. section A-E); this period
was defined as the induction time T},q. After point E was reached,
the phase equilibrium in the reactor was broken, and a large
amount of hydrates began to form. After 600 min, the pressure in
the kettle was generally constant, and the hydration experiment
ended. The hydration process for the 2 mol% THF system can be
divided into two stages: sections B-C and C-D. As the
temperature in the kettle decreased, the pressure dropped
from point A to B; hydrates began to form, and the pressure
inside the kettle decreased further. After point C was reached, the
pressure began to drop sharply. After 600 min, the pressure in the
reactor was generally constant, and the hydration experiment
ended. The hydrate formation process for the THF system has
two stages mainly because of the thermodynamic promoter THF.
According to the literature (Kang et al., 2001; Marinhas et al,,
2007), a small amount of THF can change the structure of CO,
hydrates from the Sy type to the Sy type. For a single S;; THF
hydrate, THF occupies all eight large cavities. It can be inferred
that THF occupies the large cavities in the THF system, and only
the 16 small cavities can be occupied by CO, molecules
(Mohammadi and Richon 2009; Lee et al., 2012; Mech and
Sangwai 2014; Kumar et al., 2018). This reduces the gas
consumption and gas consumption rate compared to those of
the Sy hydrates. In the CO, + 2 mol% THF system, THF causes the
St hydrates to form first in section B-C section. At point C, the Syy
hydrates begin to form S hydrates. CO, begins to be consumed in
large quantities, and S; hydrates are formed in section C-D.
The induction time, standardized gas consumption and
hydration formation rate can be used to express the kinetic
performance of the hydrate formation process under the
action of stirring. To investigate the effects of different
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FIGURE 3 | Pressure and temperature evolution of CO, hydrate
formation with different THF concentrations at 3.0 MPa.

concentrations of THF on the formation kinetics of CO, hydrates,
the CO, hydrate induction time, standard gas consumption and
hydration formation rate were measured for the 1.0 mol% THEF,
2.0 mol% THF and 3.0 mol% THF solutions under 500 r/min
stirring.

Induction time studies are important in investigating the
kinetics of CO, hydrate formation under stirring. The time
interval between establishment of super saturation and the
formation critical nuclei is called as the induction time. in this
study, there is a cooling process in the formation of CO, hydrate,
which decreases from 288.15k to 271.15k, Therefore, the real
induction is not easy to determine. As to Yang et al. (2013), the
induction time was defined as the time from the start of cooling
process to the time of hydrate formation, when the temperature
begins to rise. Although this time is not a real induction time for
CO; hydrate nucleation, it is convenient for discussing the results
and has no negative impact on the conclusions. In this study the
Initial pressure and temperature of all experiments were set to
3 MPa and 288.5 K, at the same time the cooling rate are the same.
thus, the effects of THF on the hydrate induction time can be
expressed by the time elapsed from the start of cooling to
abundant hydrate formation.

It can be seen from Figure 3 that during the induction period
of CO, hydrate formation, the solution temperature in the reactor
began to decrease from 288.15k. Within 17 min when the
temperature of the solution decreased from 288.15k to
284.25k, the pressure and temperature curves of the four
systems almost coincide; with the decrease of temperature, the
pressure in the reactor began to drop rapidly, Part of the reason is
the drop of gas phase temperature in the reactor, the other part of
the reason is the increase of CO, solubility and the entry of a large
amount of CO, into solution. After 17 min, the temperature of
3 mol% THF system began to rise, and the pressure drop rate
decreased significantly. It was mainly due to the formation of
hydrate in the reactor, which consumed a large amount of
solution and released a large amount of CO,. Then the
induction period of the system ended and entered the hydrate
growth period. The temperature and pressure of other systems

Carbon Dioxide Hydrate

continued to drop rapidly. The same as 3 mol% THF system, the
induction period of 2 mol% THF system ended at 21 min, the
induction period of 1 mol% THF system ended at 28 min, pure
water system ended at 81 min.

Table 1 demonstrate that the average induction time of CO,
hydrates was 85.3 min in the pure water system, 27.3 min in the
1 mol% THF system, 20.3 min in the 2 mol% THF system and
17.0 min in the 3 mol% THF system under 500 r/min stirring.
Adding the thermodynamic promoter THF shortened the
induction time by nearly 80%, which confirms that THF can
reduce the induction time of CO, hydrates under stirring action.
Increasing the molar concentration of THF reduced the induction
time. This is consistent with the law obtained in the literature
(Sabil et al.,, 2010). From the perspective of the CO, hydrate
formation process, the formation time of Sy hydrates gradually
increases with increasing THF concentration; the hydrate
formation rate does not change much, while the pressure and
rate of S; hydrate formation change greatly. S; hydrate formation
was fastest in the 2 mol% THF system under stirring action.

THF can greatly shorten the induction time of CO, hydrates
under stirring action, which lays a foundation for application to
CO, hydrate technology. However, the influence of THF on the
gas consumption of CO, hydrate formation needs further
analysis. As shown in Figure 4, the shape of the gas
consumption curve for hydration formation differed between
the THF and pure water systems under stirring action. In the pure
water system, the gas consumption curve increased sharply at the
beginning of hydrate formation. Over time, the gas consumption
curve gradually flattened and reached an equilibrium state after
570 min. For the THF system, the gas consumption curve had two
peaks. The first peak was lower than that of the pure water system
and was caused by the formation of Sy hydrates. The second peak
represented the formation of S; hydrates. The final gas
consumption of CO, hydrates was 0.02724 mol/mol in the
pure water system (after normalisation). The maximum CO,
gas consumption of the 2 mol% THF system was 0.02550 mol/
mol, which is a reduction of 6.5%. The final gas consumptions of
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FIGURE 4 | CO, consumption curves (normalized by water amount)
during CO, hydrate formation with different initial molar concentrations of THF.
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FIGURE 5 | Rate of CO, hydrate formation at different initial molar
concentrations of THF.

the 1mol% and 3 mol% THF systems were nearly equal at
0.02310 and 0.02335 mol/mol, respectively, which are 14.3%
less than that of the pure water system. Therefore, 2 mol%
THF had the least impact on CO, gas consumption among
the THF systems under stirring action.

The rate of formation is another influencing factor on the
formation kinetics of CO, hydrates. The gas consumption rate
was sampled for all systems to evaluate the rate of CO, hydrate
formation. The gas consumption rate was calculated according to
Eq. 13. Figure 5 shows the gas consumption rates of CO,
hydrates in different THF systems. All THF systems exhibited
a very high hydrate formation rate at the beginning of the
formation process under stirring action; then, the curve began
to decrease before rising again after some time. In terms of the
hydrate formation process, the initial hydrate formation rate was
high when the Sy; hydrates had a low gas consumption rate, and
the hydration formation rate decreased as the gas consumption
rate of S; hydrates increased. S;; hydrates had a lower gas
consumption rate than S; hydrates in the presence of THF.
The 1.0mol% THF, 2.0mol% THF and 3.0 mol% THF
systems had hydrate formation rates of 0.0105, 0.0068 and
0.0051 mol/mol/h, respectively; all of these rates are lower than
that of the pure water system at 0.0241 mol/mol/h. At a higher
THF concentration, more Sy hydrates are formed. More THF
molecules competed with CO, for the hydrate cavities, which
inhibited gas consumption. As the formation of S; hydrates
ended, the formation of S; hydrates began, and the gas
consumption rate achieved a second peak. After that, the
formation rate of all systems gradually decreased and finally
reached zero after about 570 min.

The above analysis shows that THF can improve the
conditions for CO, hydrate formation and greatly shorten the
induction time under stirring action. However, the presence of
THF reduces the gas consumption and gas consumption rate of
hydrates. The gas consumption and gas consumption of the three
THF systems are combined. The 2 mol% THF system had the
highest average gas consumption rate and average hydrate
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FIGURE 7 | CO, consumption curves (normalized by water amount)
during CO, hydrate formation with different initial molar concentrations of
THF/SDS.

formation rate among the THF systems and thus is the best
choice for CO, hydrate formation.

Effect of THF/SDS on the Formation
Kinetics of CO, Hydrates

To improve the gas storage capacity and gas storage density, the
promoter SDS was added to the 2mol% THF system under
stirring action. Three solutions were prepared: 2 mol% THF +
0.05 wt% SDS, 2 mol% THF + 0.10 wt% SDS and 2 mol% THF +
0.20 wt% SDS. These were used to study the influence of THF/
SDS on the formation kinetics of CO, hydrates.

Table 1 and Figure 6 indicate that the three THE/SDS systems
had an induction time of about 21 min under stirring action, and
there was no significant change compared with the 2 mol% THF
system. At the same time, during the induction period, the
temperature and pressure curves of the three systems almost
coincide with the 2 mol% THEF system. It indicated that SDS has
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FIGURE 8 | Rate of CO, hydrate formation at different initial molar
concentrations of 2 mol% THF + 0.10 wt% SDS.

no obvious effect on the solution compatibilization during the
induction period. this is mainly because CO, gas has relatively
high solubility under high pressure, at the same time, under the
action of stirring, the gas water contact is strengthened, the
equilibrium time of dissolution is shortened, so SDS does not
have an obvious solubilization effect. Thus, SDS had almost no
effect on the induction time in this study. Although hydrate
formation can be divided into two stages, the change in the
formation process was not as obvious as that of the THF systems.
The pressure drop rate for Sy hydrate formation greatly increased
to become close to that of S; hydrate formation under stirring
action.

Figure 7 shows that the gas consumption of CO, hydrates
differed with the THF/SDS systems under stirring action. Adding
SDS increased the gas consumption significantly compared to the
2mol% THF system: 0.2820, 0.02873 and 0.02835 mol/mol for
the 2 mol% THEF + 0.05 wt% SDS, 2 mol% THF + 0.10 wt% SDS
and 2 mol% THF + 0.20 wt% SDS systems, respectively. These are
increases of 10.6%, 12.7% and 11.2%, respectively, compared with
the 2 mol% THF system at 0.02747 mol/mol, and were higher
than that of the pure water system. Therefore, SDS can improve
the gas storage density of hydrates, which is consistent with the
results of Partoon et al. (2013). The 2 mol% THF + 0.10 wt% SDS
system achieved the highest gas storage density and gas
consumption of hydrates under stirring action.

Figure 8 compares the formation rates of CO, hydrates in the
THEF/SDS, THF and pure water systems under stirring action.
The THF/SDS and THF systems clearly have the same CO,
hydrate formation rate curve with two peaks, but the THF/
SDS systems have higher peaks than the THF system. The first
peak for the 2 mol% THEF + 0.10 wt% SDS system was 0.0160 mol/
mol/h, while the second peak was 0.01665 mol/mol/h. These are
2.3 times the values of the THF system peaks (0.0068 and
0.00734 mol/mol/h, respectively). This indicates that adding
SDS can increase the hydrate formation rate. The hydration
reaction was basically completed 3 h after hydrate formation;
at the same time, CO, hydrate formation was at its second peak in
the THF system and was far from over. Therefore, SDS can greatly
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FIGURE 9 | Rate of CO, hydrate formation at different initial molar
concentrations of THF/SDS.

increase the hydrate formation rate, which is consistent with the
results of Partoon et al. (2013).

Figure 9 shows the hydrate formation rates of the THF/SDS
systems under stirring action. Although the two peaks of the
2 mol% THF + 0.10 wt% SDS system were not as high as those of
the other two systems, the average hydrate formation rate was
higher than those of the other two systems. Thus, the 2 mol%
THF + 0.10 wt% SDS was superior to the other two systems.

In summary, the THF/SDS system does not significantly affect
the induction time compared with the THF system, which implies
that SDS does not affect the induction time of CO, hydrates
under stirring action. However, the addition of SDS increases the
gas consumption and gas consumption rate of CO, hydrates.
Therefore, THF/SDS can be used as a promoter for the industrial
preparation of CO, hydrates under stirring action, and the 2 mol
% THEF + 0.10 wt% SDS system was determined to have the best
kinetic performance.

CONCLUSION

The formation kinetics of CO, hydrates with different
concentrations of THF and THF/SDS were investigated in a
stirred tank reactor with a driving force of 3.0 MPa. The
experimental results showed that THF can significantly
shorten the induction time of CO, hydrates to 80% less than
that of pure water. However, THF also reduces the gas
consumption and gas consumption rate of hydrates; the 2 mol
% THF system had the highest gas consumption and gas
consumption rate, but these were still decreased by 14.3%
compared with pure water. To improve the gas consumption
and gas consumption rate, experiments were carried out by
adding different concentrations of SDS to 2.0 mol% THF. The
experimental results showed that the induction time of the THF/
SDS systems was the same as that of the 2.0 mol% THF system,
which indicates that SDS has no obvious effect on the induction
time under a stirring action. The final CO, gas consumption was
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greatest for the 2.0mol% THF + 0.1 wt% SDS system at
0.02873 mol/mol, which was 1.13 times that of the 2.0 mol%
THE system (0.02550 mol gas/mol water) and 1.05 times that of
the pure water system (0.02724 mol/mol). Remarkably, SDS
increased the gas consumption rate; the 2mol% THF +
0.10 wt% SDS system had a peak value that was 2.3 times of
that of THF system. Considering the induction time, reaction rate
and gas consumption, the 2 mol% THF + 0.10 wt% SDS system
had the best overall performance.

Although it is limited by assuming single structure hydrate in
hydrate formation stage which determined by the change of
hydrate pressure and temperature to calculate CO,
Consumption in this study. In the future research, we will
further analyze the hydrate crystal structure in the hydrate
formation process by Raman Spectroscopy Analyzer, However,
the results of this study are significant as a reference for utilizing
mine spaces to store CO, gas and developing methods for fire
prevention and control in mines.
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