CHAPTER V
EXPERIMENTAL INVESTIGATION ON METHANE HYDRATE
FORMATION KINETICS IN THE PRESENCE OF MIXED HYDRATE
PROMOTERS FOR GAS STORAGE APPLICATION

5.1 Abstract

Gas hydrate is not only important for energy resources but also is of interest
for the process to store and transport gas in the hydrate form. Two different
promoters, tetrahydrofuran (rnr) and sodium dodecyl sulfate (SDS), were
investigated for methane hydrate formation kinetics. The concentrations were
prepared at 1, 3, and 556 mol% for twr and 1, 4, and 8 mM for SDS. The
experiments were conducted in a quiescent condition in a fixed volume crystallizer at
8 MPa and 4 °C. The results showed that all concentration of SDS and THer
enhanced the methane hydrate formation Kinetics and methane consumption
compared to pure water, except 1 mol% of vwr. In addition, the mixture of 1 mM
SDS and 1 mol% v showed the synergetic effects on the methane hydrate
formation kinetics by forming the fastest methane hydrate due to SDS decreased the
surface tension of water, and twr only enhanced the methane hydrate to form in
structure I and more stable hydrate than pure water. The time required to achieve
90% of the final methane uptake (/go) was employed to  dy the kinetic rate of
methane hydrate formation. The 5.56 mol% THr/cra System showed the fastest .9
at about 32.9 min. The average methane hydrate yields were also calculated in the
range of 7.04 -51.0 mol% in the experiments at 8 MPa and 4 °c.

Keywords: Methane; Hydrate; Formation; Tetrahydrofuran; Sodium dodecyl sulfate;
Promoter

5.2 Introduction

Clathrate hydrates or gas hydrates are solid crystalline and non-stoichiometric
compounds, in which gas guest molecules are trapped by hydrogen bond framework
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of the water lattice and stable at low temperature and high pressure (Sloan and Koh,
2008). Generally, gas hydrates are often found in the permafrost region or under the
deep ocean. There are three well-known structures of gas hydrates, including si, sll,
and sH (Englezos, 1993; Sloan and Koh, 2008). Hence, the amount of gas, which can
be stored in the hydrate form, depends on the available cages of the hydrate
structures. The si unit cell contains 46 water molecules and eight cages (two 12-
hedra (512 and six 4-hedra (512612), which can host small molecules like methane
and carbon dioxide. The unit cell of sll consists of 136 water molecules and eight
large cages (51264) and sixteen small cages (512); thus, larger gas guest molecules
such as propane and isobutane can form the hydrate in this structure. The sH hydrate
contains three different cages, three 512-cages, two 43663cages, and one 51268-cage
(Sloan and Koh, 2008).

Methane gas is the most common gas guest molecule in natural gas hydrate
(NGH). Although gas hydrates are concerned as the pipeline blockage in oil and gas
industry (Chatti et al., 2005; Panter et al, 2011; Koh et al., 2011), it has been realized
that natural gas hydrates are a great potential natural gas source of energy. Natural
gas hydrates are not only important for the potential energy source but also
considered as the method for gas storage and transportation due to its high capacity
per unit volume (Kang and Lee, 2000; Sloan, 2003; Englezos and Lee, 2005; Linga
et al., 2007; Mandai and Laik, 2008: Li et al., 2010; Koh et al., 2011 Kim ¢t al.,
2011; Veluswamy et al., 2014a). For example, 170 m3of methane gas at STP can be
stored in a unit volume of the hydrate (Englezos and Lee, 2005). The main issues of
storing gas in the hydrate form are the slow Kinetic rates of the hydrate formation and
its stability. To store and transport natural gas in a hydrate form, the hydrate
formation rates and the stability need to be improved. It has been reported that
tetrahydrofuran (THF) can form the hydrate in the large cages of structure 11 (sll);
therefore, the small cages are empty and could be occupied by methane gas (Kim et
al., 2006; Prasad et al., 2009). Moreover, THF is defined as the thermodynamic
promoter in the gas hydrate formation, which shifts the hydrate phase equilibrium
and extends the stability zone of the hydrate (Susilo et al., 2008; Strobel et al., 2009;
Chari et al, 2012). Many experiments on the gas hydrate formation with the
presence of THF focused on the thermodynamic data. Less information is available
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on the kinetics of gas hydrates formation. Previously, Florusse et al. (2004) added
THF to increase the hydrogen hydrate formation at low pressure by reducing the
formation pressure from 300 MPa at 27 °c to 5 MPa at 6.6 ¢. Lee et al. (2005)
reported that the molecule of THF occupied the large cages of sll, which reduced the
hydrogen storage capacity in the hydrate. Linga et al. (2007) used THF as a promoter
for carbon dioxide capture from a flue gas. They observed that THF decreased the
rates and gas consumption. Chari et al. (2012) investigated the methane hydrate
phase equilibrium of mixed hydrate with the presence of THF. They reported that,
with the certain amount, the methane hydrate was formed in two structures, si and
sll. The methane hydrate phase equilibrium was also changed after adding THF.
Veluswamy and Linga (2013) formed the hydrogen hydrate by adding THF as a
promoter. The result indicated that the rate of hydrate growth increased at the high
concentration of THF. Another work by Veluswamy et al. (2014h) compared the
impact of THF, tetra-n-butylammonium bromide (TBAB), and cyclopentane (CP) as
a hydrate promoter on hydrogen hydrate. The results indicated that the presence of
THF showed the best performance on hydrogen uptake capacity; however, it was not
stable compared to the other promoters,

Furthermore, an anionic surfactant such as sodium dodecyl sulfate (SDS) is
described as a gas hydrate promoter, which decreases the surface tension of water
and form micelles resulting in the hydrate formation rates. Ganji et al. (20073,
2007h) investigated the effect of different surfactants on methane hydrate formation.
They found that SDS exhibited the maximum promotion effect on the formation rate
and the stability of the hydrate. The effects of SDS on ethane hydrate were studied by
Mandai and Laik (2008). They demonstrated that the presence of SDS increased the
0as consumption and storage capacity of ethane and also increased the dissociation
rate. Partoon et al. (2013) studied the low-dosage of SDS on carbon dioxide hydrate
formation. They reported that the small amount of SDS increased the induction time
and gas consumption of carbon dioxide hydrate formation, but the gas consumption
decreased when the concentration was higher than the CMC point. Hao et al. (2014)
reported that using SDS was efficient to enhance the methane hydrate formation rate
and the storage capacity. Veluswamy et al. (2015) also emphasized the effect of SDS
by conducting the experiment on mixed hydrogen/propane hydrates. They reported
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that the presence of SDS reduced the induction time even with low SDS
concentration. However, the final gas uptake performed with SDS was similar to the
experiments conducted without surfactant.

In this stuay, these two hydrate promoters, THF and SDS, and their mixture
were investigated for their effects on the methane hydrate formation kinetics in the
static condition. Moreover, the induction time, time required to achieve 90% of the
final methane uptake (%), methane consumption, and the storage capacity were
reported.

5.3 Experimental

5.3.1 Materials and Apparatu

Ultra high purity methane (99.999 %, Labgaz Thailand Co., Ltd.),
distilled deionized water, tetrahydrofuran (THF, 99.8 %, Lab-Scan, Thailand),
sodium dodecyl sulfate (SDS, 99.0 %, Sigma-Aldrich) were used for hydrate
formation. Figure 5.1a presents the schematic of the gas hydrate apparatus,
consisting of a high-pressure stainless steel crystallizer (CR) with the internal volume
of 50 mL and supply gas or a reservoir (R). The crystallizer and reservoir were
immersed in a water bath, which controlled the temperature by an external
refrigerator. Two pressure transmitters (Cole Parmer, model 68073-68074) with 0.13
% global error were used to measure the pressure. The temperature in the crystallizer
was measured by four k-type thermocouples, located at different positions, as seen in
Figure 5.10: T1 at the top of the bed, T2 at the middle of the bed, T3 at the bottom of
the bed, and T4 at the bottom of the crystallizer. A data logger (AI210, Wisco
Industrial Instruments, Thailand) was connected to a computer to record the data
during the experiment. All experiments were earned out in the quiescent condition
with a fixed amount gas and water in the closed system.

5.3.2 Hydrate Formation Experiment
The concentrations of promoter solution were prepared at 1, 3, and
5.56 mol% for THF and 1 4, and 8 mM for SDS. In order to investigate the effect of
mixed hydrate promoters, SDS with the concentration of 1 mM was mixed with 1
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mol% THF solution. Approximately, 30 mL of the solution was added into the
crystallizer at each experiment. The crystallizer was pressurized to 0.5 MPa and
depressurized to atmospheric pressure twice to eliminate the presence of air bubble
in the system. The experimental condition is set at 8 MPaand 4 ¢ The data was then
recorcled every 10 by the data logger. During the hydrate formation, the pressure in
the crystallizer was decreased due to the gas consumption. The experiments
continued until there was no further pressure drop at least 1 h. The pressure and
temperature data were used to calculate the moles of methane consumed by equation

; N —= ( PV PV
ML~ Nee = M ZRT)(;,U 7RT>G,I

(1)

where A H" is the number of moles of gas consumed for hydrate formation at the end
of experiment.  HQis the number of moles of hydrates at time zero. w1 is the
number of moles of the hydrates at time t. Subscripts of G,0 and Gt represent the gas
phase at time zero and time t, respectively, p and T are the pressure and temperature
in the system. Vs the volume of gas phase in the crystallizer. R is the universal gas
constant, z is the compressibility factor calculated by Pitzer’ correlation (Babu et ai,
2013; Veluswamy and Linga, 2013).

In the THF solution, the conversion of water to hydrates was calculated with
equation 5.2 (Veluswamy and Linga, 2013);

Conversion (%) - (An,,_l+An-,~,,F)XHydration number <160 (52)

1,0

where w20 IS the number of moles of water in the system. The hydration number is
the number of water molecules per gas molecules to form the hydrate structure, 5.66
for the experiment conducted with THF and 5.75 for the experiment conducted
without THF. AnTHF is the number of moles of THF consumed for the hydrate
formation at the end of experiment, which was calculated based on the assumption
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that THF occupied only the large cage of sll, as seen in equation 5.3 (Veluswamy
and Linga, 2013);

number of large cages 59
~+ v nuntber ot small cages :

The methane hydrate yield was measured by equation 6.4 in the closed system.

Methane consumed (mol
Methane hydrate yield (mol%) = ~Methane input (mir) Xi00 (5.4)

5.4 Results and Discussions

54.1 Effect of Sodium Dodecyl Sulfate (SDS)

Figure 5.2 presents the typical methane uptake and temperature
profiles of experiment conducted with the presence of 8 mM at 8 MPa and 4 °c. As
seen from the figure, the methane uptake is suddenly increased at the initial stage as
same as the temperature in the bulk liquid, detected by thermocouples inside the
crystallizer due to the exothermic process of the hydrate formation. After that, the
methane gas is consumed to grow the hydrate crystal until reaching the plateau,
meaning that no more gas is allowed to form the hydrate with free water.
Furthermore, the methane uptake is increased enormously again in the crystallizer,
which is attributed to the hydrate formation in the bulk water. These results can be
explained by the mechanism of methane hydrate formation with the presence of SDS.
Yoslim et al. (2010) observed the mechanism of hydrate growth through a hollow
polycarbonate (Lexan) column and demonstrated that with a thermocouple present at
the surface of liquid phase, the hydrate crystal started to form at the surface of liquid,
where the thermocouple was located and grew to cover all the gas-liquid interface. At
the same time, the water level was decreased due to the water was delivered to grow
the hydrate chunk. With less support from the bottom, the hydrate chunk would drop
back to the bulk water and leave the wet surface of the wall that would quickly form
the hydrate again. Contrarily, the crystallizer in this  dy was made from stainless
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steel; thus, the mechanism of hydrate growth is different. In other words, the
methane hydrate could form as snowflakes (Kalogerakis et al., 1993; Zhong and
Rogers, 2000; Rogers et al., 2007) or an open porous hydrate structure (Gayet et al.,
2005) suspended at the liquid interface. Meanwhile, the hydrate particles prefer to
move to the crystallizer wall than thermocouples due to the conductive removal of
the latent heats from the hydrate formation process by colder metal surface and grow
upward along the wall (Kalogerakis et al-, 1993). Gayet et al. (2005) and Yoslim et
al. (2008) stated that the capillary suction of the liquid from the bulk upward to the
free wall can renew the gas-liquid interface of the hydrate growth front. It is believed
that the hydrate particles are creeping along the wall of crystallizer until it blocks the
0as inlet hole, located at the side of crystallizer (Figure 5.1b), showing in the first
plateau in Figure 5.2. Later, the hydrate that blocks the gas inlet hole is cracked and
the free gas is consumed to form the hydrate continuously until it reaches the
equilibrium as shown by the second plateau in Figure 5.2

To further clarify this behavior in this specific crystallizer, Figure 5.3
presents the methane hydrate sample in the experiment conducted with 8 fflM SDS at
8 MPa and 4 °c. It can be seen from Figure 5.3a that the hollow hydrate sample is

observed and the thermocouple tip is covered by hydrate particles, indicating that the
methane hydrate is formed along the crystallizer wall. Figure 5.3b shows the
blockage of gas inlet hole as pointed. Eventually, it can be noted that the crystallizer
design in this study is not proper to conduct the experiment with the certain amount
of surfactant due to the gas inlet hole blockage, causing the slow kinetic rates and
low methane hydrate yield than it should be.

Figure 5.4 shows the typical methane uptake and temperature profiles
of experiment conducted with different SDS concentrations. From the figure, the
methane uptake profile of 1 mM SDS is distinctively difference from the others. In
other words, it takes a longer time to form the hydrate, about 10 h, and only the first
stage of gas uptake is observed. This indicates that the hydrate crystal maintains
stable at the gas-water interface, while, in the experiment conducted with 4 mM and
8 mM, the second stage of hydrate growth is observed resulting in higher methane
uptake, as discussed previously. It should be noted that a longer time of methane
hydrate formation is not suitable for gas storage and transport applications.
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Meanwhile, the 4 mM and 8 raM SDS exhibit almost the same gas uptake profile but
the time for the first hydrate fonnation in 4 mM is longer than at 8 mM.

Table 51 shows the methane hydrate fonnation data of the
experiments conducted with SDS at 8 MPa and 4 ¢. As seen form the table, the
experiment conducted with pure water (Exp. 1) does not show any evidence of
hydrate formation during 48 h. This may be caused by 1) the hydrate could fonn a
thin film on the interface of gas-solution, which then prevents the methane gas
diffusion to the liquid phase for further hydrate growth (Erik et al., 2001; Jiang et al.,
2008; Fandino and Ruffine, 2014), and 2) The needle-like dendritic crystal could be
formed at the interface of liquid phase and does not develop downward (Yoslim et
al, 2010); therefore, the fonn of hydrate cannot be observed in the experiment. It can
be deduced from Table 5.1 that with the presence of SDS, the hydrate formation
kinetics is enhanced compared to pure water. It is this gas hydrate formation rate that
Is considered as an important factor for gas storage and transport applications (Zhong
and Rogers, 2000; et al., 2003; Lin et al., 2004; Jiang et al., 2008; Fandino and
Ruffine, 2014). The induction times listed in the table indicate the first hydrate
fonnation in the experiments. It can be noted that the induction time of methane
hydrate fonnation is decreased with the increase in the concentration of SDS due to
the surface tension of the liquid phase is decreased, and a film-like interface is
created along the wall. It is believed that this film is a preferred location for
nucléation and initiation of gas hydrate (Yoslim et al, 2008 and 2010).

To further investigation the kinetic effect of SDS, time required to
achieve 90 % (t90) of final gas uptake is present in Figure 5.5. It can be clearly seen
that the average time is the shortest for the 1 mM SDS concentration at 17.0 min,
followed by 172 and 205 min for 8 mM and 4 mM, respectively. Note that .90 is
counted from the induction time (first hydrate formation). Although, the 1 mM SDS
solution has the shortest 19) it shows the longest induction time to fonn the first
hydrate, and the methane hydrate yield is relatively low due to methane hydrate
fonnation takes place only in the first stage of, as shown in Table 5.1. On the
contrary, Veluswamy et al. (2015) demonstrated that was higher for lower SDS
concentration, but SDS had no effect on M at higher concentration. For the methane
0as storage application, the methane yield is measured to quantify the effect of SDS
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concentration. It can be deduced that the average methane hydrate yield is increased
with the increase of SDS concentration. The experiment conducted at 1 mM SDS
concentration shows a low average methane hydrate yield due to the hydrate
formation is stable in this condition and does not grow downward in the bulk water
unlike at 4 mM and 8 mM. Moreover, the methane hydrate yields in the range of 5.02
- 52.5 % are achieved for any given SDS concentrations.

5.4.2 Effect of Tetrahydrofuran (THF)

Table 5.2 summarizes the data of methane hydrate formation with
THF at 8 MPa and 4 ¢. As seen from the table, the experiment conducted with
water or 1mol% THF at 8 MPa do not show the evidences of the hydrate formation
after 48 h. In can be noted that the low concentration of THF does not affect the
hydrate formation kinetics, while the hydrate formation kinetics is significantly
influenced by the higher THF concentration. In addition, the experiments conducted
with 3 and 5.56 mol% THF start to form the hydrate within 10 min. The induction
time of experiment conducted with 5.56 mol% THF (theoretical concentration of
THF hydrate formation) shows the average methane hydrate induction time at about
1.78 min, which is shorter than that with 3 mol% THF, as shown in the table.
Moreover, the time required for 90 % of the final methane uptake with the presence
of THF is also reported. As seen from Table 5.2, the system of 556 mol%THF/CH4
shows a shorter time to reach 90 % of the final methane uptake than the system of 3
mol%THF/CH4. This is because the methane hydrate phase equilibrium with the
presence of THF is shifted to higher temperature and lower pressure than that of pure
water (Susilo et al., 2008; Strobel et al., 2009; Chari etal., 2012).

Although the system of 5.56 mol%THF/CH4 exhibits a shorter time of
the first hydrate formation and the time to achieve 90 % of the final methane uptake
than the system of 3 mol%THF/CH4, the methane consumption and methane hydrate
yield shows otherwise. In other words, the average methane consumed and methane
hydrate yield of the experiment conducted with 5.56 mol% THF is lower than with 3
mol% THF. These results may be caused by the fast methane hydrate formation at
higher THF concentration on the gas-water interface that covered and blocked the
gas molecules to grow the hydrate crystal, while at lower concentration of THF, the



hydrate grows slowly and forms the hydrate crystals through the multiple nucléation
of gas hydrate. This explanation corresponds to the methane uptake and temperature
profdes of the experiments conducted with 3 and 5.56 mol% of THF as presented in
Figure 5.6. It can be deduced from the figure that the experiment conducted with 3
mol% THF shows multiple methane hydrate formation after the first hydrate is
formed, ohserved by the temperature profiles at different locations in the crystallizer
and consumed more methane gas than the experiment conducted with 5.56 mol%
THF, which is observed only the first stage of methane uptake.

Further explanation on these results can be attributed to the structures
of methane hydrate formation, characterized by the ratio of structure | to structure Il
hydrates (sl/sll), as shown in Table II. The average ratio of sl/sll indicates how much
hydrate formed in each structure, The calculation of si or sl hydrates is based on the
assumption that, with the presence of THF, gas hydrate should be fully occupied in
the small cages of structure Il due to the thermodynamics effect of THF before
continue occupying the small cages and large cages of structure 1. For instance, in the
system of 556 mol% THF/CH4 methane hydrate forms only in sll; therefore, the
ratio is equal to 0. When the concentration of THF is decreased to 3 mol%, the ratio
of sl/sll is changed, implying that the methane hydrate is formed in both structures.
In this case, methane hydrate can be formed by the mole ratio of methane to water of
1:5.75 for structure | and 1:5.66 for structure II. That is the reason that the system of
3 mol% THF/CH4 shows higher methane consumed and methane hydrate yield than
that of 5.56 mol% THF/CH4. These results are in agreement with Chari et al. (2012),
who reported that the structure Il of hydrate was observed when the mole fraction of
THF was higher than 0.0556, and the structure I was no longer existed (Chari et al.,
2012; Sharma et al., 2014). Furthermore, the average methane hydrate yield is 19.1
and 34.1 % in the experiments conducted with 5.56 and 3 mol% THF, respectively.

54.3 Effects of Mixed THF-SDS Promoters
The effect of mixed hydrate promoters is carried out in order to
enhance the methane hydrate formation kinetic of 1 mol% tHr/cHa System. In the
case of no hydrate formation in the system of 1 mol% trr/cra, a small amount of
SDS concentration of 1mM is added to the mixture. The typical methane uptake and



temperature profiles of the experiment conducted with 1 mM SDS and 1 mol% THF
at 8 MPa 4 °c is shown in Figure 5.7. From the figure, the two-stage of methane
hydrate formation is clearly seen as same as the experiment conducted with 4 mM
and 8 mM of SDS concentrations. The methane hydrate forms very fast after
introducing methane gas into the system and grows the hydrate crystal until reaching
the plateau for the first stage of methane hydrate formation. The second stage of
methane uptake may be caused by the same effect in the system of 4 mM and 8 mM.
As discussed previously, the hydrate crystal is initially formed like snowflakes
suspended in the liquid phase. The hydrate particles appear to attach each other
covering the liquid interface and creeping to the crystallizer wall. At the same time,
water in the liquid phase is delivered to grow the hydrate crystal along the
crystallizer wall as high as the gas inlet hole (Kalogerakis et al., 1993; Zhong and
Rogers, 2000; Rogers et ai, 2007; Yoslim et al., 2008; Gayet et al., 2005). Later, the
hydrate at the gas inlet hole is cracked, and then the free gas is consumed to grow the
hydrate crystal again until it reaches the equilibrium,

The results of the induction time, methane consumption, methane
hydrate yield, and the sl/sll ratio of the 1 mM SDS/L mol% THF/CH4 system are
also presented in Table 5.2. It clearly demonstrates that the mixture of 1 mM SDS/1
mol% THF shows the synergetic effects on the methane hydrate formation kinetics
compared to the experiment conducted with only 1 mM SDS or 1 mol% THF. The
induction time of methane hydrate formation is about 0.39 min, which is lower than
the experiments conducted with 3 and 5.56 mol% THF. However, the time required
to achieve 90 % of the final methane uptake (/90) Is not significantly difference from
the system of 3 mol% THF/CH4, but higher than that of the 5.56 mol%THF/CH4
system. The average methane hydrate yield at about 41.8 mol% is observed for the
mixture of 1 mM SDS/1 mol% THF/CH4. In addition, the average sl/sll ratio of the
mixture of 1 mM SDS/1 mol% THF/CH4 is about 3.51, indicating that methane
hydrate is formed mostly in structure 1. At the same time, the average ratio of sI/sll
of the system of 3 mol% THF/CH4 indicates the methane hydrate information mostly
in structure 11. It should be noted that, although the hydrate structure of the 3 mol%
THF/CH4 system and the mixture of 1 mM SDS/1 mol% THF/CH4 is different, the
methane hydrate yield is almost the same as seen in Table 5.2, It is believed that the
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mixture of 1 mM SDS/1 mol% THF/CH} shows the synergy effect to promote the
hydrate formation and take up more methane gas as high as the system of 3 mol%
THF/CH4regardless of the low concentration.

Consequently, the rate of methane hydrate formation can be deduced
by the induction time and top- Figure 5.8 shows the effect of gas hydrate promoters on
190 for all experiments. As seen from the figure, the fastest time to reach 90% of
methane uptake is found in the system of 1 mM SDS, but it takes the longest
Induction time in the range of 657 - 725 min and has the lowest methane hydrate
yield. The 556 mol% THF/CH4 system shows the thermodynamic effects on the
methane hydrate formation rate with a shorter induction time and *®than the others
with the same promoter. It should be noted that THF promoter has significant effects
on the methane hydrate formation rate more than SDS. Although the system of 5.56
mol% THF/CH4 shows the faster rate of methane uptake than that with the  ixture
of THF-SDS indicated by 0, the induction time has the opposite trend. This clearly
demonstrates that the presence of 1mM SDS and 1 mol% THF in pure water shows
the synergy effects on the kinetic of methane hydrate formation. In other words, in
the system of 1 mol% THF/CH4, no hydrate formation is observed for 48 h; however,
adding 1 mM SDS into 1 mol% THF solution can enhance the methane hydrate
formation Kinetics. A small amount of SDS decreases the surface tension of water,
resulting in the increase in the solubility of methane gas in water, as the fastest
induction time is observed in the mixture of 1mM SDS/1 mol% THF (Ganji et al.,
2007a and 2007h). Though the induction time of the mixture of 1 mM SDS/1 mol%
THF is very fast, the kinetics of the hydrate formation rate is slower than the system
of 556 mol% THF/CH4 nevertheless, the methane hydrate formation kinetics,
observed by %o is faster than the system conducted with SDS and 3 mol% THF.

Furthermore, the induction time and ) are not only important for
methane storage and transport applications but the methane hydrate yield is also
considered as a value to enhance the methane storage in the hydrate form. The effect
of gas hydrate promoters on the methane hydrate yield is presented in Figure 5.9. As
seen form the figure, the system of 8 rruwvcra shows the highest average methane
hydrate yield at about 50.2 mol% followed by the mixture of 1 mM sos/l mol%
THF, and the lowest is in 1 mM sps/cra system. In addition, the methane hydrate
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yield in the range of 5.02 - 52.5 mol% is observed in all experiments. This result
emphasizes the synergetic effect of mixed THF-SDS hydrate promoters in term of
0as hydrate formation yield. As the result, it is reasonable to note that the mixture of
1mM SDS/1 mol% THF can be considered as a medium to store methane gas in the
formation of hydrate in a quiescent system, particularly to reduce the induction time
and to increase the storage capacity. Although the methane hydrate yield is lower
than that in the system of 8 mM SDS/CH4, the induction time is faster than 8 mM
SDSICH4 system. However, the data on hydrate dissociation is required for methane
0as production after storing methane gas in the hydrate form for gas storage and
transport applications.

5.5 Conclusions

The effects of hydrate promoters including tetrahydrofuran (THF) and
sodium dodecyl sulfate (SDS) on methane hydrate formation kinetics were
demonstrated. The results showed that all promoter concentrations showed the
significant enhancement of methane hydrate formation rate and methane
consumption compared to the pure water except only the 1mol% THF, which did not
form the methane hydrate until 48 h. It is noted that THF and SDS is the
thermodynamic and kinetic promoter, respectively. The mixture of 1 mM SDS/1
mol% THF showed the synergetic effects on the methane hydrate formation Kinetics
by decreasing the surface tension of water, which reduced the induction time and
enhanced the storage capacity. The time required to achieve 90 % of the final
methane uptake (t%0) including the induction time was employed to study the kinetic
rate of methane hydrate formation. The 556 mol% THF/CH4 system showed the
fastest 1D at about 32.9 min at 8 MPa and 4 °c. The average methane hydrate yields
in the range of 7.04 - 51.0 mol% were obtained in the experiments at 8 MPa and 4
°C.
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CR = Crystallizer

R = Reservoir

PC = Personal computer
DL = Data logger

PT = Pressure transmitter
ER = External refrigerator

R —

GAS
TANK

Figure 5.1 Schematic diagram of gas hydrate apparatus: a) schematic diagram, b)
cross-section of the crystallizer.
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Figure 5.2 Typical methane uptake and temperature profiles of experiment
conducted with the presence of s mM at s MPa and 4 °c (Exp. s, Table 5.1).
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Figure 5.3 Methane hydrate samples in the experiment conducted with s mM SDS
ats MPaand 4 °c.
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Figure 5.4 Typical methane uptake and temperature profiles ofa) 1mM SDS (Exp.
3, Table 5.1), b) 4 mM SDS (Exp. 6, Table 5.1), ¢) 8 mM SDS (Exp. s, Table 5.1) at

8 MPaand 4 °c.
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Figure 5.5 Effect of SDS concentration on /s of the final methane uptake excluding
the induction time.
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Figure 5.6 Typical methane uptake and temperature profiles of the experiment
conducted with; &) 3 mol%THF (Exp. 2, Table 5.2) and b) 556 mol%THF (Exp. 7
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experiments.



Table 51 Methane hydrate formation experimental conditions of SDS at 8 MPa and 4 °¢

induction Tirme* End of Experiment
EXp. f Methane Consumed Methane Hydrate
(min) MOMOTOf 0] gy Yield {malo
Pure water/CHa
1 DNF
1mMSDS/CH4
3 057 0.0429 17 8.81
4 125 0.0427 30 1.29
5 112 00244 4 502
Avg. 698+29.47 0.0367+0.0087 17.0il0.61 7.04U.557
4 mMSDS/CH4
6 70.8 0.1016 156 353
T 15.7 0.1014 253 338
8 65.7 0.1169 153 39.2
Avg. 4324254 0.1015+0.0077 205i47.50 34.8+2.347
8 mMSDS/CH4
g 3.67 0.1462 122 49.1
9 467 0.1529 199 51.3
10 167 0.1568 196 525
Avg. 3.34U.25 0.1520+0.0044 173£35.54 51.0il.41

DNF = no hydrate formation for 48 .
Alnduction time is the time it takes for the first hydrate formation.
** Time required to for the 90 % of the final gas uptake excluding the induction time.



Table 5.2 Methane hydrate formation experimental conditions with THF at 8 MPa and 4 ¢

Induction End of Experiment
EXp. * Methane Consumed e Methane Hydrate Yield
Time (min) (mol/mol of H0) 1> <) (mgll %) sl
1mol% THF/CH4
1 DNF
3 mol% THF/CH4

2 383 0.1286 109 37.3 0.58

3 400 0.1273 6.5 37.0 0.57

4 250 0.1276 85.0 370 057
Avg.  3.44%0.6706 0.1278+0.0006 90.2il3.83 37.110.1414 0.5710.0

5,56 mol% THF/CH4

5 183 0.0759 335 189 0

6 133 0.0771 339 194 0

T 217 0.0763 26.1 191 0
Avg.  1.780.3450 0.076420.0005 31.243.558 19.1i0.2055 0

1mMSDS/1 mol% THF/CH4

8 0.67 0.1205 84.3 389 32

9 0.17 0.1425 65.3 46.4 393

10 0.33 0.1258 90.9 40.0 3.39
Avg.  0.39+0.2085 0.129620.0094 80.2110.83 41.813.3068 3.5U0.3

DNF = no hydrate formation for 48 .
induction time is the time it takes for the first hydrate formation.
** Time required to for the 90 % of the final gas uptake excluding the induction time.
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