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ABSTRACT: Gas hydrates are a promising methane storage
method. This study investigates the potential for zeolites to
overcome hydrate formation limitations. The chabazite zeolites
SSZ-13 and SAPO-34 increased water-to-hydrate conversion from
5.8 &+ 1.4% to 91.3 + 0.5% and 38.4 + 1.5%, respectively, due to
the high surface area of the zeolites enlarging the gas-to-water
contact area. SSZ-13 promoted on average 2.6 times more hydrate
growth than SAPO-34 due to SSZ-13’s more hydrophobic nature
resulting in higher methane adsorption (can be consumed in
hydrate formation) and lower electrostaticity (does not restrict
water activity/ orientation). Overall, SSZ-13 maintains its structural
integrity and exhibits reproducible hydrate formation promotion
results.
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lobally, the increasing rate of energy usage relies upon

natural gas to meet the demand. Natural gas, consisting
primarily of methane, is sought after as it is a relatively clean
energy source and occurs abundantly."” A limitation of natural
gas stems from methane’s low density resulting in low energy
content pler volume, making storage and transportation
expensive.

An effective approach for gas storage is the use of gas hydrates.
Gas hydrates consist of water molecules that form hydrogen
bonds to encage a guest molecule, such as methane.’ Pure
methane hydrates crystallize as structure I, illustrated in Figure
l(a).4

Gas hydrates typically form under high pressure and low
temperature conditions, depending upon the guest molecule
present.’ Some attractive aspects of gas hydrates are they have
high methane storage capacities (~160 m® of methane fits in 1
m® of hydrate at STP) and they are benign environmentally
(hydrates consist only of water and gas).’

From the transportation viewpoint, gas hydrates are appealing
due to the “self-preservation” phenomenon, which prolongs
hydrate stability at modest temperatures.® This phenomenon is
believed to result from a shielding ice layer on the surface of the
gas hydrate, which prevents the escape of host gases, thus
maintaining stability at ambient pressure and below the freezing
temperature of ice.”® One study preserved methane hydrates
with THF as an additive at ambient pressure and —2 °C for 2
years.”

Although alluring, high water-to-hydrate conversion can be
difficult to achieve in a static, pure methane and water system.®
Low gas-to-water contact area inhibits hydrate growth, as
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Figure 1. Representative illustrations of (a) gas hydrate structure I with
unit cell diameter 1.2 nm”* and (b) the chabazite zeolite structure with a
limiting pore window of 0.38 nm.” Not to scale. Reproduced with
permission from ref 4. Copyright 2007 John Wiley and Sons.
Reproduced with permission from ref S. Copyright 2004 Elsevier.

hydrates start forming at this interface thus limiting gas diffusion
to the now trapped water phase.”” Local heat of formation can
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slow hydrate growth if not removed, and impeded water
ordering may prevent hydrate cages from forming.'”""

Several approaches have been proposed to overcome these
barriers, such as adding chemical additives," " modifying
apparatus design,'”'® and using porous materials. In particular,
porous materials provide multiple advantages for hydrate
promotion: large surface area (e.g, increases gas-to-water
contact area)” and good surface chemistry (e.g., removes local
heat of formation,™ positively affects water ordering,10 or
adsorbs methane'®). In addition, pore size and channel shape/
topology can influence hydrate promotion.'”

A wide assortment of porous materials are undergoing
research, such as organic (e.g., activated carbonlg), hybrid
organic—inorganic (e.g., metal organic frameworks'”*"), and
inorganic (e.g, zeolites™' ' >2122) among others. Zeolites are
suitable porous materials due to their high mechanical and
thermal stability, large surface areas, and tunable surface
chemistry. As far as the authors are aware, few zeolites have
been regorted as methane hydrate promoters: RHO,® 13A,'
13X,>"** 3A,"° and 5A." >

Two small pore zeolites suitable as promoters for methane
hydrate formation are SAPO-34 and SSZ-13. These zeolites
crystallize in the same chabazite topology, illustrated in Figure
1(b); thus, both have limiting pore apertures of 3.8 A, aninternal
pore diameter of ~7.4 A, and surface areas in the ~450—550 m*/
g range.5’23

These zeolites differ in composition and surface chemistry:
SAPO-34 contains silica, alumina, and phosphate, leading to a
relatively hydrophilic surface,”* whereas SSZ-13 only contains
silica and alumina, resulting in a more hydrophobic surface.”
Hydrophobicity influences methane hydrate formation due to
its effect on the tetrahedral water ordering needed for hydrate
formation.'””® A comparison of SAPO-34 and SSZ-13 would
provide insight into the effect of hydrophobicity in methane
hydrate formation without variance from pore structure
differences.

In this study, we determined the performance of SAPO-34
and SSZ-13 in promoting methane hydrate formation. Detailed
synthesis instructions along with equipment and procedures for
zeolite characterization and observing hydrate formation are
given in the Supporting Information. Without any zeolite
present in the HP-DSC, only 5.8 + 1.4% of the water was
converted into hydrate. SSZ-13, the more hydrophobic zeolite
due to the high Si/Al ratio in its framework, converted as high as
91.3 + 0.5% of the water to hydrate, whereas SAPO-34, the more
hydrophilic of the two zeolites due to its low Si/Al, only
converted as high as 38.4 + 1.5%. Thus, SSZ-13 outperformed
SAPO-34 as a promoter for improving water-to-hydrate
conversion, evident in Figure 2.

The amount of hydrate converted for both zeolites depended
upon the mass ratio of water to zeolite (R,,). The values reported
in Figure 2 are summarized in Tables S1 and S2 for SAPO-34
and SSZ-13, respectively. The warming HP-DSC profiles
corresponding to each R, are given, respectively, in Figures S2
and S3. Both zeolites promote hydrate growth at their respective
optimal mass ratios as a result of their large surface areas leading
to an enhanced gas-to-water contact area. Notably, no hydrates
should form inside of the pores as the pores of these zeolites
(0.74 nm in diameter)’ are too small for the methane hydrate
structure I unit cell (1.2 nm).’

The discrepancy in water-to-hydrate conversion between
SSZ-13 and SAPO-34 is associated with the zeolite’s hydro-
phobicity, which affects the wetting of the zeolite particles. The
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Figure 2. Water-to-hydrate conversion as a function of the water-to-
zeolite mass ratios for SSZ-13 and SAPO-34. Conversion is calculated
from scanning experiments in the HP-DSC conducted at 8.0 MPa.

measured amount of water adsorbed by SSZ-13 (7 mmol/g) is
significantly less than that of SAPO-34 (16 mmol/g), indicating
that SSZ-13 is more hydrophobic than SAPO-34. The effect of
hydrophilicity arises especially in the water to zeolite mass ratio
(R,,) of 0.3, denoted as a partially saturated bed. At this R, SSZ-
13 converted 73.0 + 0.8% of water into hydrate and does not
form any ice. This observation results from the hydrophobicity
of §SZ-13 leading to high adsorption of methane in its pores and
on the external surface of the particles, which can then be
consumed in hydrate formation, as depicted in Figure 3(a).*°
The large surface area of SSZ-13 results in a thin water layer
around the particles, which in principle would promote a thin
layer of hydrate formation and thus explain the lack of ice
formation.

In comparison, in a partially saturated bed of SAPO-34 with
an R, = 0.3, no hydrate or ice formation was observed.
Therefore, all of the water in the HP-DSC system fills the SAPO-
34 pores, as illustrated in Figure 3(b), where the zeolite particles
are tinted blue.”* The lack of water outside of the SAPO-34
particles results in no formation of hydrate or ice.

The difference in optimal R, for the two zeolites also supports
the hypothesis that hydrophobicity plays a primary role in how a
zeolite can promote water-to-hydrate conversion. As evident in
Figure 2, the optimal R,, for SSZ-13 (R,, = 0.49) is lower than the
optimum for SAPO-34 (R,, = 0.7). The system with SAPO-34
requires more water to reach its optimal ratio due to the
hydrophilicity preferentially filling the pores of SAPO-34 with
water. This trapped water cannot convert to hydrate as the pores
of SAPO-34 are too small. Thus, a higher ratio of water to zeolite
is necessary to create the desirable thin layer of water around the
SAPO-34 particles, as the thin layer maximizes the gas-to-water
contact area. The relative hydrophobicity of SSZ-13 does not
preferentially fill its pores with water; consequently, the
desirable thin layer of water is reached at a lower water to
zeolite ratio.

In the oversaturated saturated scenario (R, > 1.2), SSZ-13
converts more than twice as much hydrate as SAPO-34 (13.1%
versus 5.3%, respectively). This difference could result from the
adsorbed methane on the surface of SSZ-13 (both inside the
pores and on the external surface), creating a thin layer of
methane or methane bubbles on the external surface of the
particle, illustrated in Figure 3(c)."® The adsorbed methane may
be consumed in methane hydrate formation, resulting in an
overall increased gas-to-water contact area relative to a system
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Figure 3. Illustration of packing in (a) a partially saturated SSZ-13 bed, (b) a partially saturated SAPO-34 bed, (c) an oversaturated SSZ-13 bed, and
(d) an oversaturated SAPO-34 bed. Pink represents methane gas, blue represents water, and gray represents zeolite particles. Reproduced with

permission from ref 26. Copyright 2020 American Chemical Society.

without any hydrates.'® Despite SSZ-13 and SAPO-34
adsorbing a similar amount of methane (0.53 mmol/g versus
0.52 mmol/g at 1 bar and 20 °C, respectively), the competitive
adsorption between water and methane dominates how much
methane is adsorbed in the hydrate formation conditions. The
methane adsorption isotherms are shown in Figure S4. The ratio
of water to methane adsorbed for SAPO-34 is 31.5, which is 2.4
times more than SSZ-13 at 13.1. Note that these ratios are
similar to a study in the literature on the adsorption of methane
and water on these zeolites.”” Similar to the low R,, scenario with
SAPO-34, at the high R, the water blocks the pores. A study on
how humidity affects SAPO-34 found that the adsorbed water
completely blocked the pores, preventing the permeation of
methane through the material.”* These observations aid in
explaining why at R, ~ 1.2, the conversion in a system with
SAPO-34 (5.3 + 0.3%) is nearly the same as a system without
any zeolite (5.8 + 1.4%). The lack of readily available adsorbed
methane on SAPO-34 is illustrated in Figure 3(d). The
competitive adsorption affects the performance of the zeolites
at all other water to zeolite mass ratios, with conversions
averaging 2.6 times more for SSZ-13 compared to SAPO-34.

Interestingly, both zeolites showed a similar trend with regard
to their effect on the hydrate dissociation temperature. As the
amount of water in the system decreased (i.e., zeolite to water
mass ratio decreased), the dissociation temperature decreased,
as shown in Figure 4.

Although the difference in dissociation temperature (system
without zeolite versus system with zeolite) is nearly
commensurate with the precision of the HP-DSC (+0.5 °C),
the trend is distinct for each zeolite with small deviations.
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Figure 4. Hydrate dissociation temperature for bulk water (red
diamond) and for different water to zeolite mass ratios for SSZ-13
(black triangle) and SAPO-34 (black circles).

Studies in the literature found that a decrease in hydrate
dissociation temperature correlates to thermodynamic inhib-
ition, which can be caused by hydrates forming in a confined
space, such as the interparticle spacing, restricting the water
activity and in consequence shifting the phase envelope.'”** To
reiterate, the pores of both zeolites in this study (~0.74 nm,
shown in nitrogen adsorption isotherms at 77 K in Figure SS)
are too small for hydrate formation (structure I unit cell size 1.2
nm) to take place within the pores; thus, the formation is most
likely taking place in the interparticle spacing.

The effect of zeolite hydrophobicity on the wetting of the
zeolite particles may contribute to SAPO-34 depressing the
dissociation temperature at lower water content more than SSZ-
13. The hydrophilicity of SAPO-34 may hold water in interstitial
and interparticle spaces better than the hydrophobic $8Z-13.>°
Although at a lesser extent, the system with SSZ-13 also
experiences a decreasing trend in dissociation temperature, as
SSZ-13 is not completely hydrophobic due to the presence of Al
in the structure (Si/Al molar ratio is 20).

Furthermore, the higher electrostatic interactions of SAPO-34
due to the high Al content and the presence of phosphorus in the
structure can reduce the water activity coefficient, which can
cause thermodynamic inhibition.” In SSZ-13, the high content
of Si leads to low electrostatic interactions, yet the presence of
the small amount of Al can explain why a small decrease is still
observed. Thus, the reactivity and hydrophilicity of SAPO-34
may be the dominating factors leading to the reduced hydrate
dissociation temperatures.

To ensure that a difference in zeolite particle size was not a
contributing factor in hydrate formation and dissociation, SEM
images of SSZ-13 and SAPO-34 were taken and the particles
measured, as shown in Figure S(left).

The overall particle size distributions of SSZ-13 (0.51—3.76
um) and SAPO-34 (0.38—3.64 um) were similar. Therefore, it is
unlikely that the size of the particles influenced the depressed
dissociation temperature.

The XRD patterns, given in Figure S(right), show that the
synthesized zeolites match the simulated chabazite zeolite
pattern well. Although both pre and post HP-DSC zeolite
patterns exhibit no observable change in peak location, the
intensity ratios of the peaks change slightly for both zeolites. The
(100)/(20—1) plane intensity ratio decreased by a factor of 1.45
for SAPO-34 and 0.48 for SSZ-13. This change in preferential
plane exposure may result from water influencing the
crystallinity of the samples. As expected, SAPO-34 exhibits a
larger change, as one study in the literature found that in a humid
environment, SAPO-34 was prone to degrade to a greater extent
over time.”* The higher stability of SSZ-13 also stems from its
higher Si/Al ratio as compared to SAPO-34 with a low Si/Al
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Figure S. (Left) SEM images of SAPO-34 (a) pre HP-DSC and (b) post HP-DSC, and SSZ-13 (c) pre HP-DSC and (d) post HP-DSC. (Right) XRD
patterns for simulated chabazite and for measured SAPO-34 and SSZ-13 pre and post HP-DSC.

ratio, as one study found that the stability of these zeolites in
humid environments increased with increasing Si/Al ratios.”’

Overall, both SAPO-34 and SSZ-13 maintain their morphol-
ogy and crystallinity after three consecutive cycles of hydrate
formation and dissociation, as evident in the SEM images and
XRD patterns given in Figure S. This structural integrity
indicates that the zeolites are recyclable, lending to the materials
having a long lifecycle as hydrate promoters.

The previous work completed by our group using the metal
organic frameworks HKUST-1, ZIF-8, and ZIF-67 as methane
hydrate promoters exhibited similar high water-to-hydrate
conversion results as SSZ-13.'””° The most advantageous
aspect of using zeolites instead of metal organic frameworks is
that the process for producing zeolites is already well established.
Zeolites are composed of nonprecious metals/metalloids (i.e.,
aluminum and silica) as compared to the metal organic
frameworks which use copper (HKUST-1), zinc (ZIF-8), or
cobalt (ZIF-67). Therefore, SSZ-13 is highly desirable as it
provides a more cost-effective approach while also producing the
same high hydrate yield.

In summary, we demonstrated how the chabazite zeolites
SSZ-13 and SAPO-34 promoted methane hydrate growth by
increasing the water-to-hydrate conversion. The more hydro-
phobic zeolite, SSZ-13, on average over a range of different water
to zeolite mass ratios converted 2.6 times more water into
hydrate than SAPO-34. The better performance of SSZ-13 as a
hydrate promoter is associated with its hydrophobic nature
aiding in correctly orienting water molecules for hydrate
formation and its lower water-to-methane adsorption ratio
(13.1), as compared to SAPO-34 (31.5), thus providing an
additional gas-to-water contact area at the surface of the
material. The low Si/Al ratio in SAPO-34 (Si/Al of 0.6) resulted
in a more electrostatic structure than SSZ-13 (Si/Al of 20),
which ended up thermodynamically inhibiting the hydrates in a
system with lower water content. The mechanical stability and
preservation of crystal integrity after multiple cycles of hydrate
formation and dissociation, combined with the induced high
water-to-hydrate conversion, suggest that SSZ-13 is a highly
appealing candidate as a methane hydrate promoter for natural
gas storage.
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