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SUMMARY

Methane storage in mixed hydrates is advantageous due to faster kinetics and added stability.
However, capacity needs to be improved. Here we study mixed hydrates of methane (CH,) and tetra-
hydrofuran (THF), in the presence of sodium dodecyl sulfate (SDS) as a kinetic promoter for hydrate
formation. We report the co-existence of pure methane (sl) and mixed CH,4-THF hydrates (sll) in
the presence of SDS; however, in the absence of SDS, co-existence of pure THF (sll) and mixed
CH,-THF hydrates (sll) was observed. Thus the presence of SDS preferentially promotes the enclath-
ration of methane over that of THF. Furthermore, through in situ Raman spectrometry, complemented
by high-pressure differential scanning calorimeter, we present temperature-dependent methane
occupancy in small and large cages of sl and sll hydrates. Our findings offer new insights for enhancing
the methane storage capacity in more stable sll hydrate configuration for large-scale methane storage
via solidified natural gas technology.

INTRODUCTION

Clathrate or gas hydrates are crystalline non-stoichiometric compounds formed by guest molecules, such as
CH,, THF, etc., and host water molecules at a suitable pressure/temperature condition. Depending on the
size, composition, and chemical properties of the guest molecules, clathrate hydrates typically crystallize in
three different structures, cubic structures | and Il (sl and sll) and hexagonal sH. sl and sl hydrates consist of
two different types of cages, called small (pentagonal dodecahedron, 5'?) and large (tetrakaidecahedron,
5262 or 5'26% cages. A unit cell of sl hydrate consists of six large 5'%? cages and two small 5'2 cages formed
by 46 water molecules (pure CHy hydrate); however, sll hydrate consists of 8 large (5"%6% cagesand 16small (5"
cages formed by 136 water molecules (for example, mixed CH,4-THF hydrate) (Englezos, 1993; Ripmeesteretal.,
1987; Sloan, 2003; Sloan and Koh, 2007). Recently, we demonstrated that mixed CHy-THF hydrates (sll) offer a
promising approach to scale up the solidified natural gas (SNG) technology by shifting the methane hydrate
storage conditions to the milder side while still maintaining very fast hydrate formation kinetics (Veluswamy
etal., 2016a, 2016b, 2018). SNG technology provides an excellent opportunity to store natural gas or methane
on a large scale (Gudmundsson, 1996; Veluswamy et al., 2018; Wang et al., 2008). Furthermore, to understand
the rapid kinetics of mixed hydrate formation, Kumar et al., elucidated the mechanism of mixed CH4-THF hy-
drate formation employing high-pressure differential scanning calorimetry (HP p-DSC); they reported the for-
mation of two types of sll hydrates (pure THF and mixed CH,4-THF hydrates) with a stoichiometricamount of THF
(5.56 mol %) in water (Kumar et al., 2016). For pure THF hydrates (THF.17H,0) the dissociation temperature is
277.5 K at 1.0 bar (THF occupies the large cages and all the small cages are empty), which aids the shifting of
mixed CHy-THF hydrates toward ambient conditions. Furthermore, literature suggests that mixed hydrates of
CHy and THF (with stoichiometric amount, 5.56 mol % THF) form sl hydrates where all the large cages are occu-
pied by THF and small cages by CH4 molecules (Seo et al., 2009; Sum et al., 1997; Veluswamy et al., 2018). Seo
etal. reported a 36.84% occupancy of small cages by CH,4 and more than 99% occupancy of large cages by THF
molecules for mixed CHy-THF hydrates (Seo et al., 2003). Prasad et al. have also reported that methane did not
occupy the large cage for 5.88 mol % THF. At a stoichiometricamount of THF, no C-H stretch from methane was
observed in the large cages (Prasad et al., 2009). Thus the relevant literature on CHy-THF hydrates shows that
methane neither occupies the large cages of sll nor co-exists in the resultant hydrate as a mixture of sl and sll
hydrates. Higher methane occupancy in small and large cages of sll hydrate (in the presence of THF) would
result in a higher methane storage capacity at milder formation conditions. Seo et al. have reported methane
occupancy in both the cages (small and large) of sl hydrate, when powdered THF - 17H,0 (formed at 263 K) was
exposed to CH, gas at a pressure of 5.0 MPa and a temperature of 274 K. They suggested that the occupancy of
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Figure 1. THF Shifts the Ice Melting Peak toward Lower Temperature; Ice Peak Position Is Insensitive to ppm-
Level SDS Addition

(A) Typical DSC thermograms for water + 5.56 mol % THF system along with heat flow and temperature profile for
ice/hydrate formation and dissociation.

(B and C) (B) Comparison of dissociation thermograms of ice melting and THF hydrate dissociation (water + 5.56 mol %
THF). (C) Comparison of dissociation thermograms of ice melting in the presence and absence of SDS (100 and

1,000 ppm) in water.

methane in large cages is kinetically controlled and that it takes a longer time to occupy the large cages
(Seo et al.,, 2009). Thus the presence of kinetic promoters (like sodium dodecyl sulfate [SDS]) and suitable
experimental conditions may allow methane to share the large cages with THF and also enhance
the small cage occupancy, resulting in a thermodynamically more stable mixed CH,-THF hydrate. Thus the
focus of the present work is to understand the influence of SDS on mixed CHy-THF hydrate formation at the
molecular level and to distinguish the various types of hydrates (pure methane, pure THF, and mixed
methane-THF) formed in different thermodynamic or kinetically controlled conditions. In this work, we employ
HP u-DSC and in situ Raman spectroscopy to characterize the mixed CHy-THF hydrates in the presence and
absence of SDS. Change in heat flow during hydrate formation and dissociation process in the presence of
5.56 mol % THF (stoichiometric composition) with and without a kinetic promoter (SDS, 100 and 1,000 ppm)
was monitored employing HP pu-DSC. The formed hydrates were distinguished using in situ Raman
spectra in real time. Refer to the Supplemental Information for experimental method and procedures (Figures
S1-S3).

RESULTS AND DISCUSSION

Differential Scanning Calorimetric Studies

Effect of THF and SDS in Ice Formation (Without Methane Gas)

In a typical DSC thermogram, upward exothermic peak(s) during cooling step represents hydrate/ice for-
mation, and the endothermic hydrate/ice melting peak(s) can be seen as downward peak(s) during the
heating step. Figure 1A shows a typical DSC thermogram for water + 5.56 mol % THF system along with
heat flow and temperature profile for ice/hydrate formation and dissociation. The experimental data pre-
sented in Figure 1A were obtained at atmospheric pressure. As can be seen in the figure, two exothermic
peaks were observed in the cooling step (see inset figure for better clarity), and subsequently, two
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endothermic peaks were observed during the heating step. The two exothermic peaks in Figure 1A can be
attributed to the formation of ice and slI (pure THF hydrate). Although it is ambiguous to assign the exact
peaks to one another, the endothermic peaks can be assigned to ice formation or THF hydrate formation
based on the dissociation temperature. To distinguish the ice and THF hydrate melting peaks, we present
the heat flow data of dissociation thermogram with respect to temperature for THF hydrate
dissociation (water + 5.56 mol % THF) in Figure 1B along with the dissociation thermogram of pure ice
dissociation experiment conducted independently (black solid line in Figure 1B). Figure 1B shows two
distinct peaks, one for THF hydrate and one for ice (water, which did not participate in the formation of
THF hydrate). In addition, we can also see the influence of THF (in the liquid phase) on the melting temper-
ature of ice; the ice melting peak has shifted toward lower temperature (depression in freezing point of ice)
when compared with the data presented for pure ice melting. Furthermore, we performed the ice forma-
tion experiments with different concentration of SDS in water (100 and 1,000 ppm); Figure 1C compares the
dissociation thermograms of ice melting in the presence and absence of SDS in water. We found that the
ice melting temperature is insensitive to the addition of SDS in water. Moreover, for better clarity of ice
nucleation (or subcooling temperature) in the presence and absence of SDS in water, Figure S4 in Supple-
mental Information presents the complete ice formation-melting thermograms along with heat flow and
temperature profile.

Influence of SDS in Mixed CH,-THF Hydrate Formation

Figure 2 shows the DSC thermograms for water + 5.56 mol % THF + 100 ppm SDS-CH, system along with
heat flow and temperature profile for hydrate formation and dissociation (obtained at 6.8 MPa pressure).
More precisely, Figure 2A presents two formation-dissociation cycles, which were performed using a
temperature ramping program. Run 1 is an isochoric process, in which the temperature was decreased
from 303.2 to 263.2 K at 1.0 K/min during hydrate formation step, resulting in an exothermic peak due to
hydrate formation; hydrate dissociation during run 1 was ensured by raising the temperature from 263.2
to 308.2 K at 0.10 K/min, resulting in few endothermic and at least one exothermic peak. One quick obser-
vation of the thermogram (expanded in Figure 2B) suggests that there is no ice formation during run 1 (only
a single exothermic event); however, no ice peak may not mean that all the water got converted into hy-
drate. On the other hand, for run 2, the temperature was decreased from 308.2 to 258.2 K (lower temper-
ature than that of run 1) during formation path, with rest of the procedure and conditions being the same.
Two unique exothermic events (see expanded Figure 2C) are observed during the cooling step (formation
step) in run 2, one attributed to ice formation and the other attributed to hydrate formation. The ice forma-
tion observed in run 2 is mainly due to higher subcooling leading to a higher driving force for ice nucleation
and growth. Hydrate dissociation thermograms as a function of temperature could be compared to distin-
guish the ice from hydrates; onset of ice dissociation (for run 2) could be seen closer to 273.2 K (refer to
Figure 2D). Moreover, Figure 2D represents an unusual dissociation thermogram plotted against temper-
ature; we can see two distinctive endothermic peaks for run 1 and run 2, occurring around 283 and 301 K.
These two endothermic peaks suggest the presence of two different structures (sl and sll hydrates) in the
resulting solid hydrate phase. The endothermic peak at ~283 K can be attributed to the dissociation of pure
CHg hydrates (sl), and the endothermic peak at ~ 301 K can be attributed to the dissociation of mixed CHy-
THF hydrates (sll). These peaks are confirmed based on the hydrate phase equilibrium conditions (pres-
sure-temperature curve) available in the literature (Kumar et al., 2018; Nakamura et al., 2003).

Figure 3 presents repeat runs (dissociation thermograms) for water + 5.56 mol % THF + 100 ppm SDS-CH,
system. On a careful analysis of the dissociation thermogram, it can be observed thatinruns 1, 2, and 4, a
small dissociation peak of pure THF hydrate is followed by an exothermic peak, signifying hydrate forma-
tion event. This exothermic peak represents the formation of mixed hydrate of CH4-THF (sll); this aspect of
methane-water-THF system is explained in detail in our previous works (Kumar et al., 2016, 2019). For the
DSC experimental data presented in Figures 2 and 3, the thermodynamic conditions were such that the
formation of sl hydrate of methane was possible. The DSC thermogram for water + 5.56 mol % THF-CH,4
system and water-CH, system in the absence of SDS is shown in Figure S5. As can be seen in Figure S5,
for the water + THF-CH, system we do not observe a dissociation peak around 283 K, whereas we can
observe a dissociation peak around 301 K. The analysis of the water + THF-CH,4 system in DSC is discussed
in more detail in our previous work (Kumar et al., 2016), and the presence of sl hydrates were never
observed for the water + THF-CH,4 system. Even earlier literature works report that with a stoichiometric
concentration of THF (5.56 mol %), the presence of sl hydrate was not identified (Prasad et al., 2009; Seo
et al., 2003). Thus the co-existence of both the structures (sl and sll) observed in Figures 2 and 3 in the
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Figure 2. If Thermodynamic Conditions Are Favorable, Co-existence of Pure Methane (sl, structure 1) and Mixed CH,-THF Hydrates (sll, structure
1) Could Be Observed in the Presence of SDS

(A) DSC thermograms for water + 5.56 mol % THF +100 ppm SDS-CH, system along with heat flow and temperature profile for hydrate formation and
dissociation.

(B-D) (B and C) hydrate formation profiles obtained using a temperature ramping program from 303.2 K to 263.2 K and 308.2 K to 258.2 K at 1.0 K/min. (D)
Comparison of dissociation thermograms obtained using a temperature ramping program from 263.2 K to 308.2 K and 258.2 K to 308.2 K at 0.10 K/min.

presence of SDS can be attributed to the preferential kinetic promotion of sl hydrate formation; SDS helps
in improving the gas diffusion (Kumar et al., 2015) and preferentially enhances the formation of pure
methane hydrate (sl). This is an interesting behavior considering that the presence of SDS seems to favor
the enclathration of gaseous guest in the resulting mixed hydrate. In Figure S5, a more prominent or sig-
nificant peak for pure THF hydrate dissociation is observed for water + THF-CH,4 system at around 278 K
when SDS is not present in the system. In the presence of SDS (see Figure 2D), pure THF hydrate dissoci-
ation is detected for some experiments (a small broader peak seen inrun 1in Figure 2D andruns 1, 2, and 4
in Figure 3), whereas in some experiments (run 2 in Figure 2D and run 3 in Figure 3) it is negligible.

Furthermore, Figure 4 compares the dissociation thermograms obtained for THF (5.56 mol %)-CH,4 and
non-THF-CH, systems in the presence and absence of SDS (100 and 1,000 ppm). Figure 4A compares
the dissociation thermograms for water + 5.56 mol % THF-CH, system in the presence and absence of
SDS (refer to Figure Sé for repeat runs of 1,000 ppm SDS system). As can be seen in Figure 4A, in the pres-
ence of SDS, we see a clear signature of both the structures, sl and sl hydrates; peaks at ~283 and 301 K,
respectively, are due to the dissociation of pure methane and mixed CH,;-THF hydrates. In the absence of
SDS, (water + 5.56 mol % THF-CHy system) no endothermic peak for sl hydrate is observed (can be seen in
Figure 4A, black solid line). Furthermore, in the absence of SDS, the formation of pure THF hydrates can be
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Figure 3. Formation of sl Hydrate in the Presence of 100 ppm SDS Was Repeatable and Consistent
Repeatability of the dissociation thermograms for water + 5.56 mol % THF + 100 ppm SDS-CHjy system (note: hydrate
formation for runs 3 and 4 were obtained using a temperature ramping to 258.2 K and for runs 1 and 2 at 263.2 K).

observed (black curve showing sll hydrates at ~278 K), suggesting lower enclathration of methane in
the resultant hydrate. Thus it is evident that SDS preferentially promotes hydrate formation of gaseous
species, resulting in the formation of sl hydrate (at suitable thermodynamic condition) or mixed THF-
methane hydrate, which maximizes methane storage capacity in the solid hydrate. On the other hand, in
the absence of methane, the addition of SDS does not affect the formation kinetics of pure THF hydrate
(refer to Figure S7), thus confirming that SDS only enhances enclathration of gaseous species during
hydrate growth.

Figure 4B presents the dissociation thermograms of pure CH,4 hydrate in the presence and absence of SDS
(water-CHy system). Expectedly, we observed only a single endothermic peak (at ~ 283 K) for hydrate disso-
ciation (except ice peak), which corresponds to the dissociation of pure methane hydrates (sl). The addition
of SDS to this system was found to enhance the formation of pure methane hydrate (see Figure 4B). Inter-
estingly, in the presence of 1,000 ppm SDS, we observe a huge exothermic peak after the ice dissociation
peak (refer to the blue solid line in Figure 4B), which is due to the formation of sl hydrates. A similar peak for
sl hydrate growth is observed in the presence of 100 ppm SDS, albeit at a later time, and is of smaller magni-
tude. This observation suggests that compared with 100 ppm SDS, 1,000 ppm SDS shows better kinetics,
resulting in faster enclathration of gaseous species in the solid hydrate (Hayama et al., 2016; Kumar et al.,
2015). The SDS-concentration-dependent promotion of hydrate growth is well known in the literature
(Kumar et al., 2015).

In Situ Raman Spectroscopic Studies

Raman Measurements at Atmospheric Conditions for Water-THF-SDS Systems

To understand this unusual behavior of SDS for promoting the coexistence of sl and sll hydrates, we per-
formed in situ Raman analysis during mixed hydrate formation in an independent experimental facility
(Kumar et al., 2019). First, we analyzed the Raman spectra of THF-water system at room temperature con-
ditions (without methane). Figure 5A presents the comparison of Raman spectra obtained for pure THF,
water, and water-THF (5.56 mol %), which can be differentiated from each other based on specific stretch-
ing frequencies for C-C and C-H stretch of THF and -OH broad band of water (refer to Figure 5A for specific
peak positions). Furthermore, to probe the effect of SDS (100 and 1,000 ppm) we compare the Raman
spectra obtained at room temperature conditions for pure water and water-THF (5.56 mol %) system in
the presence and absence of 100 and 1,000 ppm SDS (Figure 5B). As can be seen in Figure 5B, there is
no change in peak positions or no new peaks were observed for SDS (presence of up to 1,000 ppm of
SDS does not get detected in bulk solution).
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Figure 4. Presence of SDS Improves the Kinetics of Methane Enclathration during Hydrate Growth

(A) Comparison of dissociation thermograms for water-5.56 mol % THF-CH, system in the presence and absence of 100
and 1,000 ppm SDS.

(B) Comparison of dissociation thermograms for non-THF systems in the presence and absence of 100 and 1,000 ppm SDS

in water.

In Situ Raman Investigations during Pure THF Hydrate Formation

Figure 6 presents the pure THF hydrate formation for water + 5.56 mol % THF + 1,000 ppm SDS system at
atmospheric pressure and ~270 K temperature in an unstirred reactor configuration (UTR). Figure 6A pre-
sents the pressure and temperature profile during the THF hydrate formation; in the experiment, water and
THF mixture is being cooled from 283 K, sharp rise in temperature at 112 minutes corresponds to THF hy-
drate nucleation. Figure 6B corresponds to Raman spectra taken at different time intervals during THF hy-
drate formation. THF forms sl hydrate structure (THF-17 H,O) on its own, in which the THF molecules
occupy the large cage and all the small cages are unoccupied or empty (Tulk et al., 1998). As can be
seen from Figure 6B a strong split band occurs at ~920 and 892 cm™, attributing for C-C—C~C stretching
vibrations for THF in aqueous phase (0- and 60-min spectra). However, when THF gets entrapped in the
large cages of sl hydrate only a single sharp band at ~ 920 cm™" is observed (refer to 140-min spectra).
Also, the broad band at 3,100 to 3,600 cm™' corresponding to O-H stretching mode of water in THF solu-
tion becomes sharper with hydrate formation (Kumar et al., 2019). The sharp peaks from 2,850 to 3,000 cm™!
represent the C-H asymmetric and symmetric stretches of THF (Tulk et al., 1998). Raman spectra and pres-
sure-temperature profile for water + 5.56 mol % THF and water +5.56 mol % THF + 100 ppm SDS systems
have been presented in the Supplemental Information, Figures S8 and S9, respectively. We did not observe
any significant spectral change during pure THF hydrate formation in the presence and absence of SDS.

In Situ Raman Investigations during Mixed CH,-THF Hydrate Formation

Furthermore, to understand the coexistence of sl (pure methane) and sll hydrates (mixed CH4-THF hy-
drate), we performed in situ Raman analysis during the hydrate formation. As discussed in procedure #1,
the experiments were performed in various steps; Figure 7A presents the pressure-temperature profile
of an experiment conducted in a UTR configuration using 5.56 mol % THF and 1,000 ppm SDS in which
pure THF hydrate was formed first at 268 K temperature and atmospheric pressure (step A) and thereafter
methane gas was injected (step B) into the pre-formed THF hydrates. Steps C and D represent the temper-
ature rise to 275 and 283 K, respectively (Figure 7A); this was essentially done to study the dissociation
behavior of the resultant hydrate. Figure 7B presents the corresponding Raman spectra obtained during
these different steps. Pure THF hydrate formation (step A) has already been discussed in detail in Figure 6.
Furthermore, step B in Figure 7A presents the pressure and temperature profile during the insertion of
methane (at 7.0 MPa and ~268 K temperature) into the pure THF hydrates, and the black curve in Figure 7B
shows the corresponding Raman spectra for this step. The peak at ~ 920 cm™' (refer to Figure 7B, black
curve) corresponds to the occupancy of THF in the large cages of sll hydrate, which is consistent with
that described in Figure 6. However, two extra characteristic Raman bands were observed in the C-H
stretching region (refer to inset Figure 7C for better clarity); band at 2,914 cm™" may correspond to the
C-H stretching of methane in 512 cages (small), and band at ~2,904 cm™! corresponds to the C-H stretching
of methane in 5'%62 or 5'%6% cages (large) of sl or sll hydrates (Sum et al., 1997). The C-H stretch of methane

iScience 14, 136-146, April 26, 2019 141



iIScience

Pure THF
—— Water-5.56 mol%-THF
Pure Water

C-H stretching (THF)

/

C-C stretching (THF)

-~

C-O-C stretching (THF)

s
LA

-OH broad band (H,0)

Intensity (a.u.)

ya

800 1200 2800 3200 3600
Raman shift (cm™)

Water-5.66 mol% THF-1000 ppm SDS
Water-56.66 mol% THF

Water-100 ppm SDS

Water-1000 ppm SDS

Pure Water

Intensity (a.u.)

T T T T T T
800 1200 1600 2800 3200 3600
Raman shift (cm™)

Figure 5. Raman Analysis of Different Systems at Room Temperature and Atmospheric Pressure

(A) Comparison of Raman spectra obtained at room temperature conditions for pure THF, water, and water-THF (5.56 mol
%) system.

(B) Comparison of Raman spectra obtained at room temperature conditions for pure water and water-THF (5.56 mol %)
system in the presence and absence of 100 and 1,000 ppm SDS.

in 5'26* cages (large) of sll hydrates occurs at ~2,903 cm™", and that in 5'%6? cages (large) of sI hydrates
occurs at 2,904 cm ™" similarly the C-H stretch of methane in 512 cages (small) of sll hydrates occurs at
2,913.7 cm™", and that in sl hydrates occurs at 2,915 em™! (Sum et al., 1997).

In this work, the experiment for Raman analysis was designed in such a way that in step A, pure sll hydrate
forms through the incorporation of THF in the large sll cages, and in step B, methane gas is incorporated.
Two scenarios exist; in the first scenario all the THF in liquid solution is consumed for the formation of sll hy-
drate, and methane, which is supplied in step B, only occupies the small cages. In this scenario, we should
get only one peak for methane from the small cages of resultant sll hydrate. However, a split peak as
observed in this study points to a more complex scenario. In the second scenario, in step B, when the system
is exposed to methane, a new equilibrium is achieved. In this new equilibrium, after step B, methane shares
the large cages with THF in sl configuration, and if the temperature and pressure are favorable, sl hydrate
may additionally be formed, where both large and small cages are occupied by methane alone. Unfortu-
nately, methane peak positions are such that the extent of sl/sll hydrate formation cannot be confirmed
by Raman spectroscopy alone. It is difficult to say whether this band at 2,904 cm ™" corresponds to the large
cage of sl hydrate or sll hydrates, but it is proved beyond any doubt that in the presence of SDS, methane
also occupies the large cages in the resulting hydrate structure, thus enhancing the storage capacity.
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Figure 6. In Situ Raman Measurements during Pure THF Hydrate Formation
Pure THF hydrate formation for water + 5.56 mol % THF + 1,000 ppm SDS system at atmospheric pressure and ~270 K
temperature in an unstirred reactor configuration.
(A and B) (A) Pressure and temperature profile during the THF hydrate formation. (B) Corresponding Raman spectra taken
at a different time interval during THF hydrate formation.

Analyzing the results further, when temperature increases to 275 K (step C), there is a marginal drop in pres-
sure (~7 MPa) (refer to the zoomed section of Figure 7A), which signifies further hydrate growth. However,
the two peaks from methane in large and small cages remain unchanged signifying equal distribution of
additional methane in small and large cages (refer to Figure 7C). Pure THF hydrates are stable at these con-
ditions, which makes this step mass transfer limited for further mixed CH,;-THF hydrate formation and
growth (Zhong et al., 2017).

In step D, the temperature was increased to 283.2 K; at this temperature pure sll THF hydrate is unstable (at
~278 K, THF hydrate starts to dissociate). However, formation and growth of mixed THF-CH,4 hydrate are
still possible, which results in rapid pressure drop and sharp temperature spike due to enclathration of
methane molecule in the small cages of mixed CH,-THF hydrates (sll). This is an interesting observation;
the degree of bond alteration is quite significant at this stage, which results in net heat release. After
step D, no peak for methane in the large cages was observed at 283.2 K (refer to Figure 7C). Owing to ther-
modynamic limitation it seems the system went to a new equilibrium where most of the large cages are
occupied by THF and all the small cages are occupied by methane. Similar experiments (with few modifi-
cations) with or without SDS were performed with the water-THF solution. These are included in Supple-
mental Information Figures S10 and S11.

Furthermore, we performed an additional experiment as per procedure #2 (discussed in the experimental

section) in a UTR configuration using 5.56 mol % THF and 100 ppm SDS at 7.5 MPa. Procedure #2 basically
replicates the experiments done on DSC. Pressure-temperature profile for this experiment along with
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Figure 7. In Situ Raman Measurements during Mixed CH,-THF Hydrate Formation (Procedure #1)

(A) Pressure-temperature profile of an experiment conducted in a UTR configuration using 5.56 mol % THF and 1,000 ppm SDS.
(B) Raman spectra (full spectral range) obtained for different steps (step B-D). (C) Raman spectra (C-H stretching region)
obtained for different steps at 268, 275 and 283 K; inset presents the specific peaks for the occupancy of methane in small
(2,914 cm™") and large cages (2,904 cm ™). (Refer to procedure#1, experimental section.)

Raman spectra has been presented in Figure 8. As can be seen in Figure 8A, the pressure immediately starts
to drop after gas injection in a precooled reactor due to hydrate formation and cooling effect. Furthermore,
as can be seen in Figure 8B, through the Raman spectra, we observe that both the cages (small and large)
are present (refer to Figures 8C and 8D for peaks corresponding to methane occupancy in small and large
cages). Interestingly, Raman band at 2,915 cm™! (Figure 8C, 5 min) is most prominent, which corresponds to
the C-H stretching of methane in 5'2 cages (small) of sl hydrate. Upon annealing, the peak at 2,915 cm™
shift to 2,913 em™" and the band at 2,904 cm™" (5 min) corresponding to the C-H stretching of methane
in 51262 cages (large) disappears (refer to 100-min spectra in Figure 8C). These observations can be attrib-
uted to the structural transformation of kinetically favorable pure methane sl hydrate to thermodynamically
favorable mixed CHy-THF sll hydrates (Sum et al., 1997). This observation clearly shows that under optimal
condition, in the presence of SDS, a more stable form of mixed CH4-THF hydrate could be formed in which
methane can share the large cages with THF and also occupy the small cages in larger numbers. Similar to
Figure 8, an experiment was conducted in the absence of SDS (water + 5.56 mol % THF-CH,) and presented
in Supplemental Information Figure S12; the assignment of the bands obtained for Figure S12 is consistent
with that described for Figure 8.

In summary, we employed HP u-DSC and in situ Raman spectroscopy to investigate the effect of
SDS (100 and 1,000 ppm) on mixed CH4-THF hydrate formation. It was observed that even 100 ppm
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