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ABSTRACT: The demand for natural gas globally is rising due to
the need for energy caused by population and economic growth. This
demand calls for more effective approaches to store and transport
natural gas, which consists primarily of methane. Gas hydrates, ice-
like materials that encapsulate gas molecules, possess the potential for
high energy density. The feasibility of this methane storage method
relies upon the efficiency of hydrate formation, which must be
improved before it can be developed commercially. In this study, two
microporous zeolitic imidazolate frameworks, ZIF-8 (zinc based) and
ZIF-67 (cobalt based), were evaluated as methane hydrate formation
promoters. ZIF-8 and ZIF-67 increased the water-to-hydrate
conversion in a water-and-methane system from 4.5% to 85.6% and
87.7%, respectively, thus remarkably improving the gas storage by a factor of 14.4 and 14.7, respectively. Isothermal tests revealed
that ZIF-8 and ZIF-67 reduced the methane hydrate nucleation induction time by 51.6% and 92.2%, respectively. Both ZIFs
maintained their structural integrity and exhibited consistent recyclability, which indicates that the materials would have a long
lifecycle as promoters. These results show that ZIF-8 and ZIF-67 are effective gas hydrate growth promoters, and application of these
ZIFs makes methane storage in gas hydrates industrially appealing.
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■ INTRODUCTION

The demand for energy resources continuously grows as the
global economy progressively develops and as population
rises.1 A current, efficient way to meet this demand is using
natural gas, which consists primarily of methane and is
abundant in areas such as shale, coal beds, and deep sea floor
sediments.2,3 The combustion of methane is relatively clean,
especially when compared to most other fossil fuels or coal,
making it a highly desirable alternative energy source.4,5

Therefore, improved methods of storing and transporting
natural gas are essential to maximizing the use of this energy
source. The challenge in storing and transporting natural gas
stems from its low density.6 The current methods of increasing
the storage density come with disadvantages. Storage in the
form of compressed natural gas poses safety issues due to the
high pressure needed and explosiveness of methane.7 Another
method of storage being pursued involves adsorption of gas to
various materials, yet most storage materials are under-
developed and in the research phase.8−10 Transportation of
natural gas often requires energy intensive processes like
liquefying (which requires temperatures of 111.2K). This
makes transportation inefficient, especially when transporting

from remote locations where the cost of setting up a pipeline is
uneconomical.7

A novel, promising method for methane storage and
transportation is the use of gas hydrates.7,11 Gas hydrates are
crystalline, ice-like structures that consist of a guest molecules,
such as methane or carbon dioxide, caged in a lattice of
hydrogen-bonded water molecules.12 An illustration of a
methane gas hydrate structure I is given in Figure 1a.
Approximately 160 m3 of methane can be stored in 1 m3 of
hydrate, a significant increase in energy density.12 Therefore,
storing methane using gas hydrates is potentially quite
favorable from an economic standpoint.
As for natural gas transport, the self-preservation kinetic

anomaly observed in hydrates could be leveraged.5,13 Gas
hydrates typically form under high pressure and low temper-
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ature conditions, and these conditions are specific to the type
of guest molecule(s) present.12 Once the gas hydrate is
formed, it can exhibit “self-preservation,” a phenomenon in
which a layer of ice forms around the hydrate particle and
prevents gas from escaping the hydrate.14,15 After the ice layer
is established, the pressure required to maintain a stable
hydrate can be reduced to ambient pressure, so long as the
temperature is kept below the freezing point of ice.15 Hydrates
can be compressed to form a pellet with an ice layer, and they
can then be transported at ambient pressure and low
temperatures.16 Many studies in the literature have explored
how long a hydrate is stable at ambient pressure conditions,
with results ranging from 14 days at −20 °C and 1 atm17 to 3
months at −30 °C and 1 atm.16

Several obstacles prevent the commercialization of hydrate
technology. The two most significant barriers are long hydrate
induction times and low water-to-hydrate conversion. Consid-
erable effort has been dedicated to overcoming these issues.
These efforts primarily target heat and mass transfer related
solutions since hydrate growth is promoted when (1) the heat
of hydrate formation is removed from the local formation area
and (2) the mass transfer limitation of gas diffusion is reduced
by increasing the gas-to-water contact area. Proposed avenues
to these solutions include, but are not limited to, apparatus
design, chemical additives, and porous materials. Some of the
apparatus designs include stirred tank,18 copper nano-
particles,19 semicontinuous stirred tank;20 water injection via
spray nozzles;21 fixed bed reactor,22 and bubble column.23 The
chemical additives range from entirely inorganic to entirely
organic, such as tetrahydrofuran (THF);24 sodium dodecyl
sulfate (SDS);25 tetrabutylammonium bromide (TBAB);26

tetrabutylammonium fluoride (TBAF);27 cetyltrimethylammo-
nium bromide (CTAB);19 methyl ester sulfonate;28 and amino
acids leucine, histidine, arginine, and tryptophan.11,29

Porous materials provide a unique opportunity as they are
also capable of storing methane in their frameworks via
adsorption.8−10 By combining the methane storage capabilities
of porous materials with gas hydrates, there can be a synergistic
result where the amount stored with the combination of both
hydrates and the porous materials is more than that of hydrates
or porous materials on their own.30,31 The tested porous
materials include macroporous, mesoporous, and microporous,
such as silica sand;32 silica gels;33 glass beads;22 aluminum
foam;34,35 clay;36 halloysite clay nanotubes;37 activated
carbon;38,39 carbon nanotubes;40 zeolites;41−45 and metal
organic frameworks.30,31,45−49 Combining components from
these overarching areas can be synergistic, as found in a study

by Inkong et al. that combined THF, hollow silica, and SDS50

and in a study by Wang et al. that coated graphene oxide
nanosheets with −SO3−.

51

Metal−organic frameworks (MOFs) are a particularly
interesting class of porous materials, as they are chemically
diverse in composition, have large surface areas, and exhibit
tunable porosity.52 As far as the authors are aware, the MOFs
studied as methane hydrate promoters include MIL-53,47 MIL-
53(Al),45 ZIF-8,30,45,46 HKUST-1,45,49 MIL-101,48 MIL-100-
(Fe),46 Cr-soc-MOF-1,31 and Y-shp-MOF-5.31 These studies
showed promising results for the application of MOFs as
methane hydrate promoters, with more details of the results
shown in Table S1. The studies on HKUST-149 and ZIF-846

reported high (>80%) water-to-hydrate conversion, whereas
the other studies focused primarily on the amount of methane
consumed by the hydrate and MOF. Of these studies, very few
look at the recyclability and structural integrity of the metal
organic frameworks after methane hydrate formation and
dissociation, with the notable exceptions of two studies on
ZIF-845,46 and previous work by our group with HKUST-1.49

Both ZIF-8 studies evaluated structural changes after only a
single cycle of hydrate formation and dissociation, whereas our
work with HKUST-1 evaluated these changes after three
cycles. Therefore, more research is needed to determine the
long-term viability of metal organic frameworks as methane
hydrate promoters.
The porous materials relevant to this study are metal−

organic frameworks; more specifically, the materials are zeolitic
imidazolate frameworks (ZIF), which is a subclass of MOFs.
ZIFs contain both inorganic (metal ion) and organic
(imidazolate linker) components, and the framework is
composed of tetrahedral structural units, like that of zeolites.53

In this study, two microporous zeolitic imidazolate frameworks
were chosen: ZIF-8 and ZIF-67. To the best of our knowledge,
no studies have been documented on ZIF-67 as a methane
hydrate promoter. Since these ZIFs are isostructural, the study
of both would be helpful to better understand the role (if any)
of the metal core in methane gas hydrate formation. ZIF-8 and
ZIF-67 exhibit the same sodalite topology with imidazole
linkers and zinc or cobalt metal centers, respectively.54 Both
ZIFs exhibit surface areas above 1000 m2/g, pore volumes of
ca. 0.6 cm3/g, and internal pore diameters of 1.2 nm.55−59 An
illustration of the representative structures of ZIF-8 and ZIF-67
are given in Figure 1b and c, respectively.
For ZIF-8 and ZIF-67, the large surface areas and the

internal pore diameter are advantageous for hydrate formation.
The large surface area generates a large gas-to-water contact
area, both externally and internally due to the pores. The
diameter of the ZIFs cavity (1.2 nm) is approximately the same
size of a methane hydrate structure I unit cell (1.2 nm), thus
the pores could provide more interfacial area for gas hydrate
formation. The confined space of the pore also can promote
hydrate growth due to the pore’s effect on the water activity,
and this formation can act as a site for hydrate nucleation.42,43

These porous materials also have high methane adsorption
capacity, with ZIF-8 reaching up to ∼8 mmol/g at 80 bar,
which provides a source of methane for hydrate formation.45,62

The hydrophobicity of the ZIFs also plays an important role, as
a hydrophobic surface positively affects the water ordering
necessary for hydrate cages to begin to form.63 According to a
study that tested the water stability of both ZIF-8 and ZIF-67,
these ZIFs were stable in water to pressures as high as 800 bar,
which indicates that these materials should maintain crystal

Figure 1. Illustration of (a) methane hydrate structure I with a unit
cell size of 1.2 nm and the two zeolitic imidazolate frameworks of
sodalite structures (b) ZIF-8 and (c) ZIF-67. The yellow spheres
represent the internal pore, which has a diameter of 1.2 nm.60,61 Not
to scale.
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integrity during and after the wet, high pressure environment
in hydrate formation and dissociation experiments.64

In this study, the effect of ZIF-8 and ZIF-67 on methane
hydrate growth was investigated using a high pressure
differential scanning calorimeter (HP-DSC). Two key findings
confirm that these microporous crystals are exceptional
methane hydrate growth promoters displaying: (1) high
water-to-hydrate conversion and (2) significant reduction in
hydrate nucleation induction time. These encouraging results
are most likely due to the ZIFs’ large surface areas,
hydrophobicity, water stability, and mechanical stability.

■ EXPERIMENTAL METHODS

ZIF-8 and ZIF-67 Materials and Synthesis Procedure. ZIF-8
and ZIF-67 were synthesized via microwave heating. This method has
been employed for synthesis as it produces small crystals with a
narrow size distribution, as observed in studies that used this method
to synthesize other porous crystals, such as MOFs,65,66 zeolites,67

oxides,68 and porous organic cages.69

The procedure for synthesizing ZIF-8 is adapted from elsewhere.55

First, 0.10 g of zinc acetate hexahydrate (Sigma-Aldrich, >98%) was
dissolved in 10 g of deionized water. Next, 0.41 g of 2-
methylimidazolate (Aldrich, 99%) was added to the solution, which
was stirred for 1 h. The resulting solution was put in a 100 cm3

Teflon-lined XP1500 vessel with a thermocouple inside. The vessel
was then placed in a CEM Mars 5 microwave and heated to 120 °C
for 30 min with a ramp time of 5 min at 100% of 400 W power, with a
ramp time of 5 min. Once the vessel cooled naturally to room
temperature, the solution was washed with deionized water and
ethanol via centrifugation for 5 min at 3800 rpm. The resulting
crystals were dried at 80 °C for 24 h.
The procedure for synthesizing ZIF-67 is similar to that of ZIF-8,

with modifications from elsewhere.70 The precursors employed to
synthesize ZIF-67 are 2-methylimidazolate (Aldrich, 99%), cobalt(II)
nitrate hexahydrate (Sigma-Aldrich, >98%), and deionized water.
First, 5.50 g of 2-methylimidazolate was dissolved into 20 g of
deionized water. Second, in a separate beaker, 0.45 g of cobalt(II)
nitrate hexahydrate was dissolved in 3 g of deionized water. Next, the
two solutions were mixed together for 1 h. The combined solution
was put in a 100 cm3 Teflon-lined XP1500 vessel with a thermocouple
inside. The vessel was then placed in a CEM Mars 5 microwave and
heated to 120 °C for 30 min at 100% of 400 W power, with a ramp
time of 5 min. Once the vessel cooled naturally to room temperature,
the solution was washed with deionized water and methanol via
centrifugation for 5 min at 3800 rpm. The resulting crystals were
dried at 80 °C for 24 h.
ZIF-8 and ZIF-67 Characterization Methods. To test the

structural integrity of ZIF-8 and ZIF-67 crystals, a baseline was taken
before subjecting the materials to the formation and dissociation of
gas hydrates, and then one was taken after. To this end, a Siemens
Kristalloflex 810 X-ray diffractometer was used to gather powder X-
ray diffraction patterns of the microporous crystals. The diffrac-
tometer used Cu Kα radiation operating at a wavelength of 1.54059 Å,

accompanied by a current of 25 mA and a voltage of 30 kV. The
morphology of each material before and after hydrate formation and
dissociation was inspected using a JEOL JSM-7000F field emission
scanning electron microscope. An ASAP 2020 porosimeter (Micro-
meritics, Norcross, GA, USA) was used to collect nitrogen isotherms
at −196 °C, after the sample was degassed for 8 h at 200 °C under a
vacuum. Surface areas were calculated using the Brunauer−Emmet−
Teller (BET) method following the criterion described by Rouquerol
et al.71 Pore size distributions were calculated using nonlocal density
functional theory (NLDFT) for nitrogen on carbon slit pores. Pore
volumes were calculated at P/Po = 0.9. Methane isotherms were
collected at 0 °C using the same ASAP 2020 porosimeter and
employing similar degas conditions as the nitrogen isotherms.

High Pressure Differential Scanning Calorimeter Measure-
ments. A high pressure differential scanning calorimeter (HP-DSC)
VIIa from Seteram Inc. was used to investigate hydrate formation and
dissociation. The HP-DSC operated within these criteria: a resolution
of 0.04 μW; a temperature range of −45 to 120 °C with a precision of
±0.2 °C; and a pressure range of 0.1−15.4 MPa, with a precision of
±25 kPa. The schematic of the HP-DSC is given in Figure S1.

The employed methods are similar to our previous work.49 Each
sample was prepared by loading the cuvette HP-DSC cell with a
specified amount of deionized water and then adding the dry
crystalline material. The ratio of the water’s mass relative to the
material’s mass is denoted by Rw and shown in the following equation:

R
mass of water

mass of ZIF
w =

(1)

The sample was loaded into the HP-DSC and then pressurized
with methane gas (Matherson, 99.99%). Two procedures were used
for this research: scanning and isothermal. Each procedure was
conducted at 8.0 MPa. Note that all of the HP-DSC experiments are
performed in situ.

The scanning procedure started by raising the temperature of the
system to 30 °C at a rate of 0.5 °C/min. The system was held at 30
°C for 3 h. Next, the system was cooled at a rate of 0.3 °C/min to
−30 °C, then immediately warmed to 30 °C at a rate of 0.3 °C/min.
To ensure reproducibility and crystal structure integrity, the cooling
and heating process was repeated twice more, for a total of three
times.

The isothermal procedure started by raising the temperature of the
system to 30 °C at a rate of 0.5 °C/min. The system was held at 30
°C for 3 h. Next, the system was cooled at a rate of 0.8 °C/min to
−15 °C, then held at that temperature for 24 h. Then, the system was
warmed back up to 30 °C at a rate of 0.3 °C/min. This process was
repeated once, for a total of two times.

For both the scanning and isothermal experiments, the heat flux
profiles generated by the HP-DSC were collected. The appearance of
peaks corresponded to either ice or hydrate formation or dissociation.
The peak location indicates the time and temperature for hydrate
formation/dissociation. The area under the peaks corresponds to the
magnitude of the amount of hydrate and/or ice formed/dissociated in
the system.

Table 1. Water-to-Hydrate Conversion, Dissociation Temperature, and Methane Stored Relative to the Amount of Water in
the System for Four Water to Microporous Material Mass Ratios (Rw) in the presence of ZIF-8 (Left) and ZIF-67 (Right), and
without ZIFsa

ZIF-8 ZIF-67

mass ratio H2O to
ZIF-8 (g/g)

conversion
(%)

dissociation
temperature (°C)

CH4 stored to H2O in
system (mmol/g)

mass ratio H2O to
ZIF-67 (g/g)

conversion
(%)

dissociation
temperature (°C)

CH4 stored to H2O in
system (mmol/g)

no ZIF-8 4.5 11.5 0.42 no ZIF-67 4.5 11.5 0.42

0.16 81.1 8.2 7.5 0.16 75.5 8.7 7.0

0.38 85.6 8.5 7.9 0.33 86.4 8.8 8.0

0.54 83.8 7.9 7.8 0.50 87.7 8.9 8.1

1.01 80.0 8.1 7.4 0.82 83.6 8.6 7.7
aValues correspond to the third cycle of hydrate formation and dissociation.
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Water-to-Hydrate Conversion Calculation. The water-to-
hydrate conversion in the HP-DSC system was calculated via the
following equation:49,72

H n

H
hydrate conversion (%) 100

MWdiss H O HYD

HYD

2
= ×

× ×

(2)

Hdiss is the heat flux for the hydrate dissociation endothermic peak,
as measured by the HP-DSC. MWH2O is the molecular weight of water

(18 g/mol). nHYD is the hydration number (5.9).72 HHYD is the known
value of the heat of dissociation for a methane structure I hydrate
(54.4 kJ/mol).73

■ RESULTS AND DISCUSSION

Influence of ZIF-8 and ZIF-67 on Water-to-Hydrate
Conversion. The zeolitic imidazolate frameworks ZIF-8 and
ZIF-67 displayed remarkable performance as methane hydrate
growth promoters. The measurements and calculations from
the high pressure differential pressure scanning calorimeter
(HP-DSC) experiments for a system with only water and with
four systems with different water to microporous material mass
ratios (Rw) are summarized in Table 1.
The warming heat flux profiles for these experiments are

given in Figure 2. Full cooling and warming heat flux profiles
for ZIF-8 and ZIF-67 are given in Figure S2, with the
corresponding temperature profile of the HP-DSC system
overlaid.
The addition of either ZIF-8 or ZIF-67 dramatically

increased water-to-hydrate conversion as compared to a
system without any porous material. The water-to-hydrate
conversion ranged from 80.0 to 85.6% for ZIF-8 and from 75.5
to 87.7% for ZIF-67 for different water to ZIF mass ratios. A
system with ZIF-8 increased the water-to-hydrate conversion
by as much as 15.3 times, raising it from 4.5% to 85.6%. A
system with ZIF-67 increased water-to-hydrate conversion by
as much as 15.7 times, from 4.5% to 87.7%. Therefore, the
addition of ZIF-8 and ZIF-67 increased the amount of
methane stored relative to the amount of water in the system
from 0.42 mmol/g to highs of 7.9 mmol/g and 8.1 mmol/g,
respectively. The amount of methane stored accounts only for
the amount that is captured in the hydrate as determined using
the methane structure I hydration number and heat flux from
the respective HP-DSC experiments and does not include the
amount of methane potentially adsorbed on the microporous
crystal.

The high water-to-hydrate conversion seen in this study
most likely stems from physical and chemical properties of the
two ZIFs. The high surface area of ZIF-8 (1052 m2/g) and
ZIF-67 (1585 m2/g) increased the gas-to-water contact area,
thus reducing the gas diffusion barrier caused by a hydrate
growth forming a film at the interface of gas and water. The
water-to-hydrate conversion of neither ZIF-8 nor ZIF-67
exhibited a significant dependency on the crystal-to-water mass
ratio. A small decrease in conversion was observed at the
highest studied ZIF to water mass ratio of 1.01, most likely due
to the increased amount of water slightly decreasing the gas-to-
water contact area.
The organic linker 2-methylimidazole, present in both ZIF-8

and ZIF-67, contributes to high hydrophobicity in both
materials, as evident from water contact angle measurements
and water adsorption isotherms reported in the litera-
ture.58,59,74−76 This high hydrophobicity promotes hydrate
growth, as found by a study that compared the efficacy of a
hydrophobic and a hydrophilic MOF in promoting methane
hydrate growth.46 These authors demonstrated that the
hydrophobic MOF promoted more water-to-hydrate con-
version, thus increasing the amount of methane stored in
hydrate form.46 Other studies in the literature determined that
a hydrophobic surface does not negatively interfere with the
ordering of water molecules necessary for hydrate nuclea-
tion,77,78 further supporting the positive effect of hydro-
phobicity in hydrate growth.
Another influential property of ZIF-8 and ZIF-67 is their

relatively high methane adsorption. The methane adsorption
isotherms obtained for the synthesized ZIF-8 and ZIF-67 are
shown in Figure S3. The linear shape of the methane
adsorption isotherms collected in this work are at low
pressures (max of 1.1 bar) and match the shape of methane
adsorption for both ZIF-8 and ZIF-67 at these similar low
pressures.46,62 ZIF-8 stores approximately 0.33 mmol CH4/g at
1 bar and 273 K, which is less than the value reported in the
literature under similar conditions (0.53 mmol/g at 1 bar and
273 K).62 The difference in CH4 uptake may be related to
different textural and morphological properties (surface area,
crystal size among others). ZIF-67 stored more than ZIF-8,
reaching a high of 0.41 mmol CH4/g at 1 bar and 273 K. This
value, as well, was lower than reported in the literature (0.54
mmol/g at 1 bar and 273 K).62 Note, at higher pressures (∼80
bar), studies observed significantly higher methane adsorption
(∼8 mmol/g) for ZIF-8, thus more methane may be adsorbed

Figure 2. Warming HP-DSC heat flux profiles for ZIF-8 (left) and ZIF-67 (right), with respective values for crystal to water mass ratio (Rw) and
water-to-hydrate conversion conducted at 8.0 MPa.
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to the ZIFs at the conditions of the HP-DSC.45 The methane
adsorbed on the material’s surface acted as a methane source
for hydrate formation. When combined with the hydro-
phobicity of the materials, this methane source helps promote
hydrate growth, as observed in a similar system with silica
material.79

An isothermal HP-DSC elucidated that ZIF-8 and ZIF-67
dramatically reduced the hydrate nucleation induction time
(i.e., the time between the system’s stabilization at −15 °C and
the appearance of an exothermic peak, which is indicative of
hydrate formation). A system with no porous material had a
nucleation induction time of 3.8 ± 1.3 h. ZIF-8 and ZIF-67
reduced this time on average by 2.0 h (51.6% decrease) and
3.5 h (92.2% decrease), respectively. Therefore, these materials
provide a considerable kinetic advantage as methane hydrate
promoters. Figure 3 shows the isothermal HP-DSC profiles of
ZIF-8 and ZIF-67 compared to a system without any material.

In terms of shortening hydrate nucleation induction time,
ZIF-67 exceeded the performance of ZIF-8. The 1.3-h-faster
induction time of ZIF-67 can be attributed to two measured
properties that differ between the synthesized ZIFs: surface
area and methane adsorption. The synthesized ZIF-67 has a
surface area of 1585 m2/g, whereas the surface area of the
synthesized ZIF-8 is 1052 m2/g. As mentioned above, the
methane adsorption of ZIF-67 (0.41 mmol/g at 1 bar) is

higher than ZIF-8 (0.33 mmol/g at 1 bar). For both materials,
methane adsorbs preferentially to the organic linker, not the
metal ions. The larger surface area is capable of containing
more adsorbed methane, and thus surface area is the primary
reason for differing induction times.80 Therefore, the higher
surface area and methane adsorption capacity of ZIF-67 results
in ZIF-67 reducing the hydrate nucleation induction time more
than ZIF-8.

Effect of ZIF-8 and ZIF-67 on Hydrate Dissociation
Temperature. The average hydrate dissociation temperatures
in systems with ZIF-8 (8.2 °C ± 0.3) or ZIF-67 (8.8 °C ± 0.1)
are notably lower than that in a system without any porous
material (11.5 °C ± 0.1). (These data are also shown in Table
1.) The shift to a lower hydrate dissociation temperature is
indicative of hydrate formation inside the material, rather than
just on the external surface.81,82 The depression in the
dissociation temperature is caused by confined water molecules
in the pores having lower water activity.47,83

The low water activity requires more thermodynamic driving
force to form stable hydrates, and thus these hydrates
dissociate at lower temperatures when compared to a bulk
hydrate system.83 Typically, the extent of depression of the
hydrate dissociation temperature depends upon the size of the
pores, with smaller pore sizes (not smaller than the unit cell
size of a hydrate) resulting in a greater depression.81,84 Thus,
methane hydrate formation is taking place in a confined space
provided by the ZIFs. The first possible confined space is the
pores, as nitrogen isotherms of ZIF-8 and ZIF-67, shown in
Figure 4, reveal that, for both materials, the larger pore cavity
width is ∼1.2 nm, which is about the size of the structure I
hydrate unit cell (1.2 nm). Additionally, the organic linkers in
the ZIFs’ structure leads to flexibility and thus could expand to
better accommodate a methane hydrate.
Although possible, the pores are an unlikely location for

hydrate formation due to the similarities in pore size and the
hydrophobic nature of the ZIFs. Even though the hydrophobic
external surface of ZIF-8 and ZIF-67 promotes hydrate growth
through its positive effect on water ordering, the hydro-
phobicity limits water uptake into the crystal structure. Water
adsorption isotherms reported for ZIF-8 and ZIF-67 in the
literature show low water uptake, in the range of 0.2 mmol/g
to 0.5 mmol/g depending upon the relative pressure.75,76 The

Figure 3. Profile of isothermal HP-DSC experiments conducted at
−15 °C for ZIF-67 (top), ZIF-8 (middle), and a system without any
porous material (bottom). The exothermic peaks correspond to the
heat released from hydrate formation.

Figure 4. Nitrogen isotherms with insets showing pore distributions calculated from NLDFT for synthesized ZIF-8 (left) and ZIF-67 (right) before
and after subjecting the crystals to hydrate formation (pre HP-DSC) and hydrate dissociation (post HP-DSC).
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flexible structure of the ZIFs does exhibit better diffusion of
molecules at high pressure, such as the conditions in the HP-
DSC. An experimental and simulation study on ZIF-8 at high
pressures found that at high pressures, the pore windows (3.4
Å) expanded to allow transport of molecules through it that
typically were too large to fit, such as methane (3.8 Å), a
phenomenon termed “gate opening.”85 The enlargement
accounts for the high methane adsorption capacity of ZIF-8
at high pressures ranging from 1.8 mmol/g at 1 MPa to 8.5
mmol/g at 10 MPa.45,85,86 The gate opening of the ZIFs at
high pressure thus would allow more diffusion of water
throughout the structure, potentially giving rise to hydrate
formation within the ZIFs pores. The hydrate formed may only
be defective hydrate crystals, a result found in a study that used
inelastic neutron scattering to observe hydrate formation in the
micropores (<0.7 nm) of hydrophobic activated carbon.39

Most likely, though, the reduced dissociation temperature
observed in this study with ZIF-8 and ZIF-67 results from
formation in the interstitial spacing rather than the pores. This
interstitial space is formed of the gaps that result from uneven
packing of crystallites in a ZIF particle. A study on MIL-53
found that the hydrate dissociation temperature decreased in
the presence of MIL-53, yet the micropore of MIL-53 (0.6
nm) are too small for the structure I unit hydrate cell.47 It has
been suggested that the observed depression in the hydrate
dissociation temperature was caused by hydrate formation
taking place in the interstitial space.47 Therefore, if the
interstitial spacing is significant, then it may act more like an
external surface and would not significantly inhibit the water
diffusion necessary to form hydrates within these spaces.
Characterization of ZIF-8 Pre- and Post-Hydrate

Formation and Dissociation. With regard to water-to-
hydrate conversion, ZIF-8 exhibited a unique trend over the
first three cycles of hydrate formation and dissociation.
Conversion increased from 51.3% in the first cycle to 78.6%
in the second and 85.6% in the third. After the third cycle, the
consecutive fourth and fifth cycles only showed deviations of
±2.7% from the third cycle. These stabilized results indicate
that a change in the material occurred within the first three
cycles. Figure 5a shows the powder X-ray diffraction (XRD)
patterns of ZIF-8 pre- and post-HP-DSC, showing a good
match to the simulated sodalite crystallographic pattern, and

the relative crystallinity of the peak at 7.3 2θ was maintained
with only a 2% deviation over all the cycles.
Notably, however, an unexpected peak arose after the first

cycle at 13.4 2θ. This peak then decreased in intensity and
nearly disappeared by the third cycle. The presence of this
peak may be related to a change in surface morphology.
The SEM images in Figure 5b confirm that a morphological

change took place after each of the first three cycles. The
original ZIF-8 sample was a fine powder with an average crystal
size of 1.05 ± 0.09 μm. After the first cycle, large crystal
agglomerates started to appear. Magnified SEM images, shown
in Figure S4, suggest that the agglomerates arise from the
merging of the small crystal particles, as evident in the dashed
red circles on the images. Immediately after the first cycle,
these agglomerates measured up to 8.89 ± 1.10 μm, while the
other crystals maintained a size of 1.13 ± 0.17 μm. The ratio of
agglomerates to original particles increased with each cycle
until almost all of the small crystals were agglomerated. This
increase in agglomeration correlated to an increase in
conversion, as depicted in Figure S5. Therefore, the process
of hydrate formation and dissociation must cause the
agglomeration; the agglomeration, in turn, promotes more
hydrate growth.
Agglomeration of the ZIF-8 particles was observed in

another study that examined the performance of ZIF-8 as a
promoter.30 The authors only conducted one cycle of hydrate
formation and dissociation, but they found that as the water
content in their test increased, the extent of agglomeration
increased, too. Therefore, they concluded that water caused
ZIF-8 to agglomerate due to the strong hydrogen bonds
formed by water molecules making the ZIF-8 particles more
attracted to one another.30 According to the literature, ZIF-8
does not experience any deformation upon exposure to high
pressure methane46thus eliminating high pressure as a
potential cause of agglomeration. Hence, the observed increase
of agglomeration is most likely attributable to increased time of
water exposure, with which it correlates.
Another study that used ZIF-8 as a methane hydrate

promoter found that the behavior of the porous material
changed after a single cycle of formation and dissociation.46

The authors concluded that, during the first cycle, hydrate
formation takes place primarily in the pores of the ZIF-8
crystal structure, whereas in the second cycle, hydrate

Figure 5. (a) X-ray diffraction patterns of the ZIF-8 sample before hydrate formation and dissociation (Pre-DSC), the ZIF-8 sample after three
consecutive cycles, and a simulated pattern for ZIF-8. (b) SEM images of the ZIF-8 sample before the HP-DSC and then after three consecutive
cycles.
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formation occurs in the interstitial space between crystals or on
the external surface.46 The ZIF-8 agglomerates in this study
may be forming optimal interstitial spacing for hydrate
formation as the single crystals merge. Interestingly, the
agglomeration of ZIF-8 particles did not significantly affect
surface area (1052 m2/g to 1031 m2/g) or pore volume (0.4
cm3/g to 0.39 cm3/g). Other than the observed morphology
change, the integrity of the ZIF-8 structure is maintained.
Characterization of ZIF-67 Pre- and Post-Hydrate

Formation and Dissociation. For ZIF-67, water-to-hydrate
conversion remained consistent throughout each hydrate
formation and dissociation cycle. The XRD pattern of the
Pre-DSC sample of ZIF-67 matched the simulated sodalite
pattern well, as shown in Figure 5a.
No appreciable changes occurred in the XRD pattern

between the pre- and post-DSC samples aside from an increase
in relative crystallinity of the peak at 7.3 2θ after the first cycle
of hydrate formation and dissociation. The ∼30% observed
increase after the first cycle can be attributed to the HP-DSC
conditions interacting with any unused precursors to complete
the crystal synthesis, a phenomenon observed in a study on the
effect of ZIF-67 synthesis time on relative crystallinity.87 To
ensure no further changes occurred, a sample of ZIF-67 after
eight cycles was compared to the sample after one cycle, and
the crystallinity only differed by ±1%. Figure 5b shows SEM
images of the ZIF-67 sample before and after hydrate
formation and dissociation. The ZIF-67 crystals as synthesized
were packed together but did not agglomerate after each cycle.
Magnified SEM images of the surface morphology of the ZIF-
67, shown in Figure S6, further indicate that no morphology
changes occurred. The consistency of hydrate conversion and
the absence of significant changes in the XRD patterns or SEM
images of the pre- and post-DSC ZIF-67 samples indicate that
ZIF-67 preserved its structural integrity and resulted in
outstanding recyclability. A brief investigation was conducted
on the particle size effect for ZIF-67 on hydrate growth
promotion. The small particles (0.21 ± 0.05 μm), shown in
Figure 6, led to a conversion of 87.7% at an Rw of 0.50, as
reported in Table 1. Interestingly, when larger size ZIF-67
particles (2.95 ± 0.45 μm), shown in Figure S7, were subjected
to the HP-DSC, the conversion was 87.6% at an Rw of 0.57.
This indicates that for ZIF-67 the particle size does not play a
significant role in the hydrate growth promotion performance.

While the water-to-hydrate conversion for both ZIFs was
similar, there was a difference in the methane hydrate
nucleation induction time between the two ZIFs. The
difference in reduction observed with ZIF-67 relative to ZIF-
8 stems from higher methane adsorption of ZIF-67 as
compared to ZIF-8 (0.41 mmol/g versus 0.33 mmol/g,
respectively). Since both ZIFs are isostructural and have the
same linker, this difference in adsorption uptake is related to
the presence of different metal cores and different textural
properties of both ZIFs.

■ CONCLUSIONS

The methane hydrate growth promotion performance of the
two studied zeolitic imidazolate frameworks, ZIF-8 and ZIF-
67, showed highly promising results, with water-to-hydrate
conversions as high as 85.6% and 87.7%, respectively. The
primary factor was the large surface area of ZIF-8 (1052 m2/g)
and ZIF-67 (1585 m2/g) reducing mass transport limitations
by increasing the gas-to-water contact area. ZIF-8 and ZIF-67
reduced the induction times on average by 51.6% and 92.2%,
respectively. The difference in reduction observed with ZIF-67
relative to ZIF-8 stems from higher methane adsorption of
ZIF-67 as compared to ZIF-8 (0.41 mmol/g versus 0.33
mmol/g at 1 bar, respectively). ZIF-8 experienced a
morphological change over the course of three consecutive
cycles of hydrate formation and dissociation while maintaining
crystallinity. The fourth and fifth cycle resulted in consistent
conversion to the third cycle, and the morphological changes
to ZIF-8 ceased after the third cycle, indicating that these two
were correlated. The structural integrity of both ZIFs was
preserved. The results from this study conclude that ZIF-8 and
ZIF-67 are highly suitable methane hydrate growth promoters.
This work demonstrates that ZIF-8 and ZIF-67 are capable of
overcoming the mass transfer limitations and slow kinetics
typical of methane hydrate formation, exhibiting exceptional
potential as a way to transition methane hydrates into an
efficient and economical method for methane storage and
transportation.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c01488.

Figure 6. (a) X-ray diffraction patterns of the ZIF-67 sample before hydrate formation and dissociation (Pre-DSC), the ZIF-67 sample after three
consecutive cycles, and a simulated pattern for ZIF-67. (b) SEM images of the ZIF-67 sample before the HP-DSC and then after three consecutive
cycles.
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Table summarizing literature review of MOFs as
methane hydrate growth promoters, schematic of the
high pressure differential scanning calorimeter (HP-
DSC), full HP-DSC cooling and warming profiles,
methane adsorption isotherms, water-to-hydrate con-
version for three cycles of ZIF-8 (PDF)
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