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ARTICLE INFO ABSTRACT

Keywords: As the demand for energy rises, so does the need for storing natural gas. Gas hydrates offer a unique opportunity
Metal organic framework as they consist of water and gas, and can hold up to 160 m® of methane (at STP) in 1 m® of hydrate. Combining
HKUST-1

gas hydrates with the metal organic framework HKUST-1 produced synergistic improvements for methane
storage. This study scaled the system from 0.5 cm® in a differential scanning calorimeter to 60 cm® in a packed
column with a volume, with highly reproducible results, and provided insight into how HKUST-1 affects the
kinetics of methane hydrate formation. For the system with HKUST-1 concentration of only 1.0 wt% and at
operating conditions tested, the hydrate nucleation induction time reduced on average by 86.2 + 5.4%, the
amount hydrates formed increased by 47.7%, and the rate of hydrate growth increased on average by 7.0 times.
Additionally, the system with HKUST-1 operated optimally above the freezing point of ice, unlike a system
without HKUST-1, and thus requires less energy to form hydrates. This scalability of performance and positive
kinetic effect shows that the combination of HKUST-1 and gas hydrates produce a promising candidate for a
commercial method to store and transport natural gas.

Gas hydrates

Hydrate growth promoter
Gas storage
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1. Introduction

The rapid population growth worldwide results in an ever increasing
demand for energy.[1] A heavily consumed energy source is natural gas
due to its high heating value, abundancy worldwide, and since it burns
cleaner than most fossil fuels.[2] Currently, the storage and trans-
portation of natural gas are two areas in which more efficient methods
could be applied. Common methods for storing and transporting natural
gas include liquefaction (energy intensive to cool to 111 K) and
compression (highly explosive). [3] An alternative, more environmen-
tally friendly method is the utilization of gas hydrates.[4,5].

Gas hydrates are an ice-like structure that encapsulates guest mole-
cules, such as methane, and typically form under high pressure and low
temperature conditions.[6] Methane hydrates can store approximately
160 cm® of methane (at STP) in 1 cm® of hydrate, making hydrates
desirable for storage purposes.[6] A kinetic anomaly, known as ‘self-
preservation’, allows storage of methane hydrates at ambient pressure
and temperature below the melting point of ice, which reduces safety
risks.[3].

Two aspects of methane hydrate formation that are barriers to
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commercialization of this storage and transportation approach are low
water-to-hydrate conversion and long hydrate nucleation induction
times.[7,8] Many approaches are being studied to combat these issues,
such as chemical additives (e.g.-THF[9,10], SDS[11], leucine amino acid
[12], boric acid[13]), apparatus design (e.g. stirred tank,[14] bubble
column|[15], fixed bed column[16]), and porous materials (e.g. silica gel
[17,18], zeolites[19-23], activated carbon[24,25]).

Chemical additives provide a range of effects, ranging from ther-
modynamic (THF shifts the formation conditions to milder temperature
and pressure)[9] to kinetic (SDS speeds up the growth rate and overall
conversion)[11]. Apparatus designs often aim to increase the gas-to-
water contact area by agitation (mechanical stirring of a tank[26,27]
or by dispersing the water (void spaces in a fixed bed column[16]), as
hydrate formation usually takes place at that interface and forms a
barrier between the water and gas phases.[28] Porous materials also
increase the gas-to-water contact area due to their large surface areas
(high surface area activated carbon)[29], and the pores can provide
favorable nucleation sites (micropores in RHO zeolite)[19]. The types of
materials range from macroporous (silica gel)[ 18], mesoporous (model
carbons)[30], to microporous (5A type zeolite)[23]. The chemistry of
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the porous materials also plays a role in its effect on conversion and
nucleation, such as hydrophobicity[31,32] and thermal conductivity
[33].

Multiple studies discovered synergistic effects when combining these
different approaches. One study put cetyl trimethyl ammonium bromide
(CTAB) in with copper nanoparticles, which worked synergistically to
reduce the induction time and increased the growth rate.[34] Another
study observed that combining THF and hollow silica resulted in hy-
drates forming at almost ambient temperature (293.2 K) and moderate
pressure, and adding SDS reduced the induction time by half.[35].

An understudied group of porous materials that show high potential
as a hydrate formation promoter are metal-organic frameworks (MOFs).
An extensive list of studies on MOFs are the following: ZIF-8,
[18,31,32,36] ZIF-67,[36] Y-shp-MOF-5[37], Cr-soc-MOF-1,[37] MIL-
53,[38] MIL-53(Al),[18] MIL-101,[39] MIL-100(Fe),[31] and HKUST-1.
[18,40] MOFs typically have large surface area, tunable porosity, and
are chemically diverse.[41] Notably, MOFs themselves are studied for
gas storage[42] with particular interest in methane storage due to
certain MOFs exhibiting high affinity for methane adsorption.[43] The
advantage of combining MOFs with hydrates is that hydrates can in-
crease the overall amount of methane stored in a MOF, such as found in a
study on ZIF-8[31], and that after hydrate formation with the porous
materials, the self-preservation phenomena common to hydrates could
allow the stability conditions of ambient pressures and low tempera-
tures,[44] whereas methane adsorption in MOFs alone often takes high
pressure to maintain the storage.

A previous study from our group investigated the effects of varying
the saturation of a MOF called HKUST-1, which contains copper nodes
linked with organic ligands, on methane hydrate water-to-hydrate
conversion.[40] In a high pressure differential scanning calorimeter
(HP-DSC), addition of HKUST-1 to the methane/water system increased
the water-to-hydrate conversion from 5.9% to as high as 87.2%.[40]
Although this study is significantly impactful on furthering the under-
standing of the influence of metal organic frameworks on methane hy-
drate growth, the results from the HP-DSC were on a microscale and only
provided a brief investigation into the kinetic effects of HKUST-1 on
methane hydrates. On this previous work, we have performed an
investigation at micro-level on understanding the formation kinetics of
methane hydrates in the presence of HKUST-1 [40]. The results of this
investigation have shown a positive outcome of HKUST-1 in the for-
mation kinetics of methane hydrates. Motivated by these results, in this
current work, we have investigated the scalability of HKUST-1 in
improving the hydrate formation kinetics. The impact of HKUST-1 on
the kinetics of methane hydrate growth needs a more in-depth study,
and the results must be able to translate to a larger, macroscale system
for future commercialization.[45].

Several studies have been performed to investigate the challenges of
hydrate formation in large scale setup. In an investigation conducted by
Susilo et al, sH hydrates were formed from ice particles that acted as
particle seed to promote the nucleation of hydrates. In the work, high
conversion of hydrate was achieved. However, the authors reported that
hydrate growth rate was reduced due to mass transfer limitation created
by the formation of hydrate film. [46]. One promising macroscale sys-
tem is a packed column.[47] A study comparing the performance of a
stirred vessel and a column packed with silica sand found that the col-
umn promoted faster hydrate growth and higher water-to-hydrate
conversion as compared to the stirred tank.[16] This conspired due to
the better water dispersion on the packing resulting in a higher gas-to-
water contact area relative to the agitated system.[16] The conclu-
sions from this study indicates that combining a packed column with
microporous materials may exhibit excellent promotion results. In the
case of microporous materials such as MOFs, the cost of the material
makes packing the entire column with it economically unfavorable.
Instead, the more economically advantageous route is to disperse or coat
a cheap packing material with the MOF.
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2. Materials & methods
2.1. Materials

HKUST-1 was purchased from ACS Materials and synthesized via a
hydrothermal method. The packing material used in the column was
Chenille fabric, purchased from Joann Stores, LLC. UHP Methane from
Matheson was used in this work. UHP Methane was chosen in this work
to minimize any metastable condition during hydrate formation that
may be present when additional gas composition is added into the
system.

2.2. Characterization methods for HKUST-1

The HKUST-1 material was characterized via powder X-ray diffrac-
tion, which was obtained using a Siemens Kristalloflex 810 diffractom-
eter that utilized Cu Kol radiation at a wavelength of 1.54059 A, and
operated at a current of 25 mA and a voltage of 30 kV. Field emission
scanning electron microscopy, JOEL JSM-7000F, was used to observe
the morphology of HKUST-1 before and after subjecting the material to
hydrate formation and dissociation in the packed column. The surface
area and porosity of HKUST-1 were determined using a nitrogen
isotherm at 77 K and a methane isotherm at 20 °C after degassing the
sample at 300 °C for 10 h, measured via an ASAP 2020 porosimeter
(Micromeritics, Norcross, GA, USA).

2.3. Packed column apparatus

The schematic of the packed column apparatus used in this work is
given in Fig. 1.[47] A stainless steel tube with an internal diameter of
1.27 cm, length of 45.72 cm, and a total volume of 60 cm® was used as
the column in which hydrate formation would take place. The HKUST-1
was dispersed onto the packing material, chenille fabrication, by first
mixing a specified amount of dry HKUST-1 into deionized water. The
water and HKUST-1 was mixed until the HKUST-1 was completely dis-
solved, and then the chenille fabric was put into the solution. The fabric
was wrung out and weighed to determine the amount of water present in
the system. The packing was inserted into the column and then con-
nected to an ISCO pumps and a back pressure regulator. ISCO pump was
used to control the flow of the gas into the column while back pressure
regulator was used to maintain constant experimental pressure. A
cooling jacket was put around the column to control the temperature.
Following this step, the system was flushed with methane gas to remove
residual air. The system was pressured to the experimental pressure of
1160 psig, and then held at 20 °C for 1 h to ensure no leaks occurred.
Next, the system was ramped down to our experimental temperature of
—10 °C at a rate of ~0.5 °C/min and held for 24 h. The temperature and
pressure changes in the system were measured and used to obtain the
amount of gas consumed by the system and the time in which hydrate
formation took place.
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Fig. 1. Schematic of the packed column (Modified from[45]).
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2.4. Calculations for volume of hydrates formed in packed column

The volume of hydrates formed in the packed column was deter-
mined by tracing the change in the moles of gas throughout the exper-
iment. In this experimental setup, this is done by monitoring the change
in the volume of the high pressure ISCO pump. In hydrate formation, the
gas molecules will be consumed and trapped inside water cages. As such,
there will be a decrease in the pressure of the system due to hydrate
formation. Since the experiments were conducted at constant pressure,
the volume of the ISCO pump will decrease to maintain the pressure of
the system.

The moles of methane consumed for hydrate formation was calcu-
lated using Eq. (1). In this equation, ng;; is the moles of methane at the
end of experiment (once there was no further hydrate formation), and ng,
t0 is the moles of methane at the beginning of the experiment. The moles
of methane in the system were calculated using SRK equation of state
using the experimental pressure (P), temperature (T), and volume of the
ISCO pump (V).

PV PV
Ang = ng, —ngy = (m) - (m) (@D)]
n 10

Finally, the volume of hydrate formed in the system (Vpyq) was
calculated using Eq. (2), whereby ppyq is the molar density of methane
hydrates at the experimental conditions[6].

An

Viga = —2 2
Phya

3. Results

In our study, we investigated the synergistic effects of a macro scale
packed column apparatus (schematic in Fig. 1) with microporous
HKUST-1 dispersed on Chenille fabric packing (shown in SEM images in
Fig. 2) on methane hydrate growth. The HKUST-1 was dispersed on the
Chenille fabric by first mixing HKUST-1 at a specified wt.% in water,
then submerging the Chenille fabric into the solution followed by
removing the excess HKUST-1/water solution via compression until
Chenille fabric reached a saturated state. Detailed experimental
methods are given in the Supporting Information.

3.1. Reduction in induction time & nucleation temperature

The addition of HKUST-1 to the packed column greatly decreased the
hydrate nucleation induction time, as evident from the significant gas
consumption observed in the pack column as the temperature was
lowered at a constant pressure (see Fig. S1). Table 1 contains the hydrate
nucleation induction time results from the experiments for a system
without HKUST-1 and for systems with 0.5 wt%, and 1.0 wt% of HKUST-
1 at operating pressures of 4 MPa and 8 MPa corresponding to different

SEM 10.0kV  x2,000
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Table 1

The hydrate nucleation induction time in the packed column for tests completed
at different pressure conditions and with no HKUST-1 compared to 0.5 wt%, and
1.0 wt% of HKUST-1.

Pressure Subcooling Hydrate Nucleation Induction Time p-test
(MPa Temperature (minutes)
o No 0.5 wt% 1.0 wt%
HKUST-1 HKUST-1 HKUST-1
8 MPa 10°C 229.1 + 17.3 £ 17.5 £ 0.003
27.1 min 15.5 min 4.3 min
21°C 88.0 + 15.4 + 17.1 + 0.012
1.8 min 0.9 min 1.8 min
4 MPa 7°C 70.1 + 9.8 +5.0 11.9 + 0.025
3.3 min min 1.2 min
18°C 94.9 + 129 + 10.5 + 0.042
22.8 min 6.2 min 0.2 min

subcooling temperatures. Table 1 reports the average nucleation time
and standard deviation across repeat tests. In this work, due to the size of
our data set, average nucleation time and standard deviation was used to
assess data reproducibility. Additionally, t-test statistical analysis was
also conducted and the results are presented in Table 1. As it can be seen
from the p-value, there is evidence on the effect of HKUST-1 on hydrate
nucleation time.

In this work, the hydrate nucleation induction time is defined as the
difference between when the packed column at a constant pressure
begins the cooling process from 20.4 °C and the onset of rapid gas
consumption caused by hydrate formation. For the tests at 8 MPa and a
subcooling temperature of 21 °C, the introduction of HKUST-1 to the
system reduced the hydrate nucleation induction time by 82.3 + 0.6%
and 80.6 4 2.0% for HKUST-1 concentrations of 0.5 wt% and 1.0 wt%,
respectively. If the nucleation time is measured at when the experiment
starts the cooling process (i.e. before the system reaches the target
holding temperature), then in the HP-DSC the hydrate nucleation in-
duction time was reduced by 83.8 + 4.0%.[40] The close agreement
between the packed column and HP-DSC results indicates that the
methane hydrate formation promotion capabilities of HKUST-1 scales
with system size.

The addition of HKUST-1 to the system also affected the hydrate
nucleation temperature, as shown in Table 2. For the experiments at 8
MPa and a subcooling temperature of 21 °C, a system void of HKUST-1
did not form hydrates until reaching the holding temperature of —10 °C.
In contrast, adding HKUST-1 resulted in a higher nucleation tempera-
ture of —0.5 + 0.5 °C and 0.5 + 0.5 °C for 0.5 wt% and 1.0 wt%. The
higher nucleation temperature is directly related to the reduced hydrate
nucleation induction time, as the nucleation occurs before the system
(packed column and HP-DSC) reaches the target temperature, thus
forming at a temperature higher than the target temperature.

10 pm

SEM  10.0kV  x2,000

Fig. 2. SEM images of (a) Chenille fabric packing (b) HKUST-1 dispersed onto Chenille fabric.
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Table 2

The hydrate nucleation temperature in the packed column for tests completed at
different pressure conditions and with no HKUST-1 compared to 0.5 wt%, and
1.0 wt% of HKUST-1.

Pressure Subcooling Hydrate Nucleation Temperature (°C)
MP: T t °C
(MPa) emperature (“C) No 0.5 wt% 1.0 wt%
HKUST-1 HKUST-1 HKUST-1
8 MPa 10°C 1+0.5°C 2+0.5°C 2+05°C
21°C —-10 + —-0.5+ 0.5+ 0.5°C
0.5°C 0.5°C
4 MPa 7°C 1+0.5°C 1+0.5°C 1+0.5°C
18°C —-10 + —2+0.5°C -1+0.5°C
0.5°C

The influence of HKUST-1 on the hydrate nucleation time and tem-
perature stems primarily from the porous crystal’s thermally conductive
framework and moderate wettability. The copper nodes in the structure
of HKUST-1 lend to heat transferring quickly throughout the structure.
[48] By dissipating the heat produced by hydrate nucleation (hydrate
nucleation is exothermic process), the HKUST-1 induces a favorable
environment for fast propagation of hydrate formation. As for wetta-
bility, water molecules preferentially adsorb to the copper atoms in the
structure of HKUST-1 and can quickly exchange water across its struc-
ture, thus positioning water molecules in the ideal local for heat transfer
as hydrate forms while also uniformly dispersing water on its surface to
maximize the water-to-gas contact area.[49] Additionally, the wetted
grain boundaries in HKUST-1 may act as nucleation sites, a hypothesis
supported by a study in the literature that observed methane hydrate
growth on microporous RHO zeolite.[19].

The wettability does come with disadvantages, as the interaction
between a hydrophilic particle and the neighboring water molecules can
restrict the water activity of those molecules due to the water adsorp-
tion.[31,50] A reduction in the water activity coefficient causes an
impedance of the water molecules orientating themselves correctly to
form the hydrogen bonds needed for the hydrate cages.[6] The HKUST-1
used in this study adsorbs approximately 13.8 mmol/g of water, as
determined by the water isotherm conducted at 298 K and 1 atm given in
Fig. S2, which is less than reported in the literature for this material
(~22 mmol/g).[51] The noteworthy difference may stem from the
surface area of commercial HKUST-1 being less than half of the surface
area of the cited HKUST-1 (428 m?/g versus 1140 m?/g, respectively).
[51] A study on the effect of hydrophobicity on methane hydrate for-
mation using two metal organic frameworks, ZIF-8 and MIL-100(Fe),
found that the hydrophobicity of ZIF-8 prevented water from clogging
the crystal’s pores and promoted higher methane adsorption, leading to
higher water-to-hydrate conversion compared to the hydrophilic MIL-
100(Fe).[31] Although HKUST-1 is not as hydrophilic as MIL-100(Fe),
(13.8 mmol/g versus 31.1 mmol/g, respectively), the adsorption of
water may partially fill the pores of HKUST-1, leaving less water avail-
able for hydrate formation.[31].

Methane, when adsorb on the external surface and in the pores, can
promote nucleation as it can be consumed during hydrate formation, as
found by studies that investigated how methane layers or bubbles at the
surface of a material promote nucleation.[52,53] Therefore, the signif-
icant methane uptake of HKUST-1 contributes to its success in promot-
ing hydrate nucleation. In this study, the commercial HKUST-1 adsorbed
0.67 mmol/g of methane at 298 K and 1 atm (isotherm shown in Fig. S3)
relative to a surface area of 428 m?/g. In the literature, one study
measured methane adsorption of 1.55 mmol/g at 298 K and 1 atm
relative to a surface area of 2176 m?/g.[54] The study also measured the
amount of methane adsorbed at high pressure, thus, if the results from
the study are scaled appropriately, then the commercial HKUST-1 in this
work should adsorb approximately 5.9 mmol/g methane at 4 MPa and
6.7 mmol/g methane at 8 MPa.[54].
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The water adsorption on HKUST-1 competes with methane adsorp-
tion, as both preferentially adsorb to the copper nodes in HKUST-1.[49]
Since water and methane adsorb to the same location in HKUST-1,
methane may displace the water molecules and push water towards
the external surface, a phenomenon observed with methane hydrate
formation in the presence of microporous RHO zeolite.[19] A study on
carbon dioxide, nitrogen, and hydrogen hydrate growth in the presence
of HKUST-1 further supports this hypothesis, as the authors found that
carbon dioxide displaced the water to promote hydrate growth, whereas
neither nitrogen nor hydrogen displaced the water molecules and thus
did not form hydrates.[55].

3.2. Effects of HKUST-1 on hydrate growth rate

The concentration of HKUST-1 in the packed column significantly
impacted the amount of hydrate formed and the rate at which hydrate
formation occurs. The same properties of HKUST-1 that influenced the
reduction of hydrate nucleation time also play an important role here:
large surface area (increases gas-to-water contact area), moderate
wettability (uniformly dispersed water), fast water exchange (keeps
water evenly dispersed as it supplies hydrate growth), and high methane
uptake (feeds hydrate growth). As shown in Fig. 3, increasing concen-
tration of HKUST-1 in the system up to 1.0 wt% resulted in an increase in
the overall amount of hydrate formed.

It is worth to note that the Chenille fabric itself increases the gas-to-
water contact area, thus providing a certain amount of hydrate growth
promotion on its own, and explains why the amount of hydrate formed is
higher than would be expected for a system with bulk water.[40] The
addition of HKUST-1 to the packed column greatly impacted the
methane hydrate growth rate. As shown in Fig. 4, as the concentration of
HKUST-1 in the system increased from 0 wt% to 0.5 wt% and then 1.0 wt
%, so did the growth rate. This increase stems from the thermal con-
ductivity of HKUST-1, as it facilitated the local heat from hydrate for-
mation to dissipate, providing a more favorable environment for
continued hydrate growth. As expected, the growth rate for the high
pressure experiments (8 MPa) on average was 2.4 times greater than that
for the low pressure experiments (4 MPa). The higher pressure results in
a higher driving force, thus it increases the mass transfer of gas to the
liquid phase for hydrate formation. The experiments performed at a
higher temperature with their respective pressures also showed faster
growth, since at the lower temperatures ice formation competes with
hydrate formation.

Interestingly, the addition of 2.0 wt% and 2.5 wt% HKUST-1 did not
follow the same increasing trend. At 2.0 wt% and 2.5 wt% HKUST-1, the
hydrate growth rate drastically reduced to an order of magnitude less
than that of a system without any HKUST-1. This behavior aligns with
the observations from our previous work studying HKUST-1 in the HP-
DSC: high concentration of HKUST-1 resulted in inhibited water-to-
hydrate conversion, whereas at lower concentrations HKUST-1 pro-
moted growth.[40] Other studies on the effects of materials on hydrate
growth, such as silica nanoparticles,[56] also found that as the con-
centration of the material increased relative to water, than hydrate
growth inhibition occurred. In the case of HKUST-1, the primary cause
of the hydrate promotion capabilities dependence on concentration
stems from HKUST-1’s rapid water uptake capacity, since the pores will
uptake water and leave less free water available for hydrate formation.
The pores of HKUST-1 are too small for hydrates to form within, hence,
the trapped water will preferentially form ice or remain as a liquid
instead of forming hydrates. When the amount of HKUST-1 in the system
reaches a certain amount, as seen with the 2.0 wt% and 2.5 wt% results,
the HKUST-1 traps too much water for hydrates to readily form. Notably,
after long periods of time a significant amount of hydrate does form,
indicating that the water can exchange across the framework to partake
in hydrate formation, yet the rate is slow as so much water is trapped.

Despite the slow growth rate resulting in the packed column exper-
iments with 2.0 wt% and 2.5 wt% HKUST-1, the higher concentrations
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Fig. 4. Methane hydrate growth rate for the packed column without HKUST-1
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still shortened the hydrate nucleation induction time at the highest
driving force conditions (8 MPa and —10 °C) by 88.4% and 93.1%,
respectively, similar to the results for 0.5 wt% and 1.0 wt% (92.5% and
92.4%, respectively). This finding indicates that the chemical compo-
sition of HKUST-1 (i.e. copper nodes in the framework) affects the hy-
drate nucleation time significantly, most likely more than the large
surface area of HKUST-1 or its methane uptake capacity.

3.3. Influence of temperature on HKUST-1 promotion performance

The conversion in the systems with HKUST-1 reaches significantly
higher amounts at 1 °C versus —10 °C, an opposite trend compared to the
system without HKUST-1. The difference stems from the interactions
between HKUST-1 and ice. Before the system is cooled, the mild
wettability of HKUST-1 keeps the water at a thin layer on the surface and
in the pores, competing with methane molecules. As the system is cooled
and hydrates start to form, liquid water gets trapped in the pores of
HKUST-1 due to the hydrates forming at the gas/water interface. As
reported in Table 1, the hydrates in the system with HKUST-1 start
nucleating at ~ 0.5 °C to 1 °C. Thus, since the cooling rate is 0.55 °C/
min, the system with the target holding temperature of —10 °C quickly
surpasses the freezing point of ice. As ice formation competes with hy-
drate formation, the liquid water in the pores of HKUST-1 freezes to ice.
This trapped ice does not convert to hydrates, as the diameter of the
pores of the HKUST-1 are 5.9 nm and 7.0 nm, measured by a nitrogen
isotherm at 77 K shown in Fig. S5, which are too small for the 1.2 nm
unit cell of structure [ methane hydrates.[6] In the previous work from
our group on HP-DSC tests on HKUST-1, as a methane hydrate promoter,

it was found that the pores of HKUST-1 experienced expansion due to ice
forming inside of the pores, as evident from both a shift in the XRD
pattern and a change in porosity.[40] The commercial HKUST-1 in this
work was also subjected to the HP-DSC, and the XRD pattern when
compared to the synthesized HKUST-1 in our previous work experienced
the same shift, as shown in Fig. S5, further suggesting that ice formation
takes place in the pores. Additionally, no shift in the hydrate dissociation
temperature took place, indicating that the confined water did not form
hydrates.[57,58] At the higher temperature of 1 °C, combined with the
high pressure methane, the initial liquid water in the pores can be
rapidly moved across the framework, as indicated in the literature.[49]
Thus, if the temperature is kept well above the freezing point of water,
than the trapped water can migrate out of the pores to form hydrates.

Interestingly, in the system with the optimal HKUST-1 concentration
of 1.0 wt%, the most hydrates formed at the mildest temperature and
pressure conditions tested. Formation at mild conditions is desirable as it
is less energy intensive, thus making HKUST-1 an even more attractive
hydrate  growth promoter and potentially suitable for
commercialization.

3.4. Reproducibility & recyclability

Reproducible results and recyclability of HKUST-1 impacts its effi-
ciency and life cycle as a hydrate growth promoter. For the packed
column experiments with HKUST-1, the standard deviations for the
amount of hydrates formed and the nucleation induction times were
relatively small, evident by standard deviations in Fig. 3 and Table 1,
respectively, and did not show any trends indicating a decrease in pro-
motion performance. This reproducibility agrees with the HP-DSC ex-
periments on the HKUST-1 used in this study, as multiple cycles of
hydrate formation and dissociation showed reproducible results with no
declining promoter performance trend. As for recyclability, the overall
crystallinity of HKUST-1 remained constant after multiple cycles of
hydrate formation and dissociation, as evident in the XRD patterns in
Fig. S5. Some studies in literature found that repeated exposure to water
can degrade the structure of HKUST-1,[59] yet ethanol treatments can
reverse the decomposition of HKUST-1.[60,61] In this study, the lack of
any decline in performance, even after leaving wetted HKUST-1 in the
packed column for more than 4 weeks, indicates that with the HKUST-1
used here, the structure can maintain chemical stability for an extensive
length of time. Therefore, if any degradation of HKUST-1 is noticed
overtime, then with occasional ethanol treatments to reverse the
decomposition the HKUST-1 would have a long lifecycle as a methane
hydrate growth promoter.

4. Conclusions

In summary, the results obtained in our previous study on the ability
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of HKUST-1 promoting hydrate growth on a microscale HP-DSC (0.5
em®) exhibited excellent scalability to a large-scale packed column
(~60 c¢m®). HKUST-1 decreased the hydrate nucleation induction time
in the column on average by 86.8 + 4.1% and 86.2 + 5.4% at a con-
centration of 0.5 wt% and 1.0 wt%, respectively, due to its high thermal
conductivity stemming from its copper nodes and its high methane up-
take providing a source of methane for hydrate formation. The thermal
conductivity of HKUST-1 also led to a faster hydrate growth rate, and the
magnitude of the rate increased with increasing HKUST-1 concentration.
HKUST-1 also increased the quantity of hydrates formed in the column,
with the highest conversion taking place at mild temperature of 1 °C
with 1.0 wt% HKUST-1. Lastly, HKUST-1 exhibited reproducible results
and maintained its overall structural integrity, suggesting HKUST-1 has
enhanced recyclability. Therefore, combination of HKUST-1 in low
concentration dispersed Chenille fabric packing in a static column shows
great potential for the commercial viability of this method for the
scalability of methane storage. In principle, this scalability process can
be potentially extended for the effective storage of other industrially
relevant gases.
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