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Abstract

Experimental results for methane adsorption on two high-surface area carbons (TE7-20 and
AX-21) and one metal-organic framework (MIL-101(Cr)) are presented, with isotherms obtained
at temperatures ranging from 250 to 350 K and at pressures up to 15 MPa. The isotherms were
analysed to determine if these materials could be viable alternatives for on-board solid-state
storage of methane. The results show a very high adsorbate density in the pores of all materials,
which for some can even exceed liquid methane density. At moderate pressures below 5 MPa, the
calculated total energy densities are close to the energy density of methanol, and are almost 40 %
of the energy density of gasoline (petrol). Compared with standard compression at the same
conditions, the results show that adsorption can be a competitive storage alternative, as it can offer
equal volumetric capacities at much lower pressures, hence reducing the energy penalty associated
with compression. It is shown that the optimal conditions for adsorptive methane storage in these
materials are at moderate pressure ranges, where the gains in amounts stored when using an
adsorbent are more pronounced when compared to cylinders of compressed methane gas at the
same operating conditions. Finally, a study on deliverable capacities for adsorbed methane was
carried out, simulating two charging pressure scenarios of 3.5 and 6.5 MPa and discharge at 0.5
MPa. The results show that some of the tested materials have high working volumetric capacities,
with some materials displaying more than 140 kg m™ volumetric working capacity for charging at

6.5 MPa and delivery at 0.5 MPa.



Introduction

The predicted energy demand in the upcoming decades, mostly from less developed parts of the
world, will entail a significant strain on primary energy sources worldwide' 2. This has prompted
investment in alternative sources of energy, both from governmental and private sources, with
renewable sources of energy gaining an increasing share of primary energy conversion'.
Nowadays, as has been the case for the last two centuries, most of the primary energy comes from
fossil fuels, which are finite and will eventually run out. Fossil fuels’ popularity is due to their low
price and their availability, high volumetric energy content and the ease in converting energy via
simple combustion. One interesting and topical fossil fuel is natural gas, which is a mixture whose
main component is methane (more than 90 % of its molar composition). While it is hard to dispute
that natural gas adds to energy security at a very affordable price in countries like the United States,
due to the prospect of exploring shale gas reserves in their continental shelf, increasing methane
usage as a strategy for mitigation of greenhouse gas emissions has raised several concerns. Despite
methane’s combustion emitting less carbon dioxide per unit of energy generated than other fuels
(methane has the highest ratio of heat of combustion per carbon atom of any hydrocarbon),
methane itself is a very potent greenhouse gas, with a global warming potential of 72 if a 20-year
horizon is considered (methane has an atmospheric lifetime of 12.4 years)?, and increased use will
mean more emissions of methane to the atmosphere due to leakages®. Leakages are not a trivial
matter and can mean that methane has a higher environmental footprint than oil or coal’® and that
its impact in coming decades will be minimal and possibly even negative in climate change®.
Nonetheless, the exploration and production of natural gas and the prospect of producing shale gas
mean that, as has been the case for the last decade, natural gas share in the energy mix has been on

the rise and is predicted to continue to grow. This is due to its affordability and availability, and to



the fact that it has many uses, as in electricity production in combined-cycle natural gas turbines,
in domestic applications (domestic heating and cooking in developed countries are very reliant on
natural gas) and as a commodity in the chemical industry, where it is a precursor to many chemical

products.

Another application of methane gas is as an energy fuel in vehicles. Methane is extremely
popular in some parts of the world, along with other alternative fuels like Liquefied Petroleum Gas
(LPG), to power internal combustion engines. It is a gas at normal pressures and temperatures, so
it has poor volumetric density, which is detrimental for on-board storage in vehicles. In addition,
methane storage is a relevant issue outside mobile applications, as it is usually obtained from
natural gas and transported as LNG at 111 K and atmospheric pressure. This carries some
downsides — large tanks are needed to transport LNG (usually a 70 m diameter tank, 45 m high,
which can hold 100,000 m?), which require large and expensive infrastructure’. Long term storage
is also difficult for LNG, as significant losses occur due to boil-off’. Alternatively, natural gas can
be compressed at high pressures, with natural gas mixtures rich in ethane and propane compressed
at around 12.2 MPa and pure methane gas compressed at twice that pressure (24.4 MPa)’.
Compression and liquefaction both carry energy penalties and safety issues, so the challenge is to
find storage alternatives that are competitive in terms of price and can offer high volumetric

densities.

Adsorption of methane in porous materials has been considered as a viable storage alternative
precisely because it can increase volumetric densities at moderate conditions®. High-surface area

materials with porosity in the micropore range can store significant amounts of methane under



moderate pressures’. The goal is to keep the energy penalty at a minimum, so adsorptive storage
should occur as close to ambient conditions as possible, meaning that it will be above its vapour-
liquid critical temperature of 190 K. It has been suggested that high capacities for methane
adsorption are a result of a complex interplay of factors, including BET surface areas, enthalpies
of adsorption and pore morphologies and distributions'’. A number of recent reviews highlighted
the main materials challenges, which include purity of methane gas, kinetics and enthalpies of the
system!!"1*. The kinetics can be an issue since short charging and discharging times are needed.
The thermodynamics of the system mean that high enthalpies are beneficial for room temperature
methane storage, although they also mean that adsorption of methane will release heat into the
system. Adsorption is highly sensitive to temperature, so the thermal management of the storage
system becomes an issue. It has been reported that, for storage and delivery of methane at 3 and
0.15 MPa, respectively, the optimum temperature for storage in porous carbons is 254 K and the
optimum enthalpy change is 18.8 kJ mol™! °. It has also been recently observed that methane
adsorbed at high pressures in a zeolite template carbon can have an increasing isosteric enthalpy

with coverage!'®.

Many adsorbent materials have reported high volumetric and gravimetric methane uptakes at
moderate pressures and ambient temperatures. The materials that have showed the highest
gravimetric and volumetric uptakes for methane at ambient temperatures and moderate pressures

are summarised in Table 1.

Table 1 - Methane gravimetric and volumetric uptakes for different materials. Except where

otherwise noted, uptake refers to excess amount.



Material Volumetric uptake Gravimetric | Temperature | Pressure | Reference
uptake
kgm? cm33cm‘ wt. % K MPa
PCN-14 163* 230° 18.7° 290 3.5 17
PCN-61 102 145 18.6 298 35 18
PCN-68 78 99 18.6 298 35 18
NOTT-109 139° 196° 17.6° 300 3.5 1
NU-111 145% 205% 36.0° 298 6.5 20
DUT-23 (Co) 107 152 26.8 298 10 21
DUT-49 167 236 30.8 298 11 22
HKUST-1 160? 2262 18.42 298 35 23 24
MOF-210 119* 84* 47.6° 290 3.5 25
MIL-101 96 135 218 303 6 26
(Cr)

AX-21 109* 154* 22.3% 298 3.5 i

4 Calculated total amount

In this work, experimental isotherms measured at temperatures from 250 to 350 K and at
pressures up to 15 MPa for the activated carbon AX-21, metal-organic framework MIL-101 (Cr)
and activated carbon beads TE7-20 are presented, with the analysis of the results showing high
adsorbate densities. The optimum conditions for adsorptive storage and the working capacities for

all three materials were also determined.

Experimental and modelling methodology
The materials used in this work are the activated carbon AX-21, the metal-organic framework

MIL-101 (Cr) and the activated carbon beads TE7-20. The AX-21 was sourced from Anderson



Company (Anderson Development Company, Inc., Michigan, USA), the MIL-101 (Cr), first

1.7, was synthesised following a procedure previously reported in Sharpe et

reported by Férey et a
al.”® and adapted from Jiang et al.”?. The TE7-20 carbon beads were generously provided by MAST

Carbon (MAST Carbon International, Basingstoke, UK).

All the samples were characterised using volumetric nitrogen adsorption. A nitrogen isotherm
was measured at 77 K up to the vapour pressure (0.1 MPa) on a Micromeritics ASAP 2020
(Micromeritics Instrument Corporation, Georgia, USA). The method used for calculation of BET
surface areas was the consistency criteria provided by Rouquerol et al.*® and the micropore
volumes were determined using the Dubinin-Radushkevich (DR) method?!.. Table 2 shows the
measured BET surface area, the micropore volumes and the skeletal densities obtained by helium
pycnometry for the three materials. To ensure repeatability and reproducibility, different samples
of the same batch of material of the MIL-101 (Cr) and the AX-21 and a different batch of TE7
were tested for nitrogen adsorption at 77 K, with the obtained BET surface area measurements
shown in Supporting Information. The value obtained for the micropore volume of the AX-21 was
1.97 cm?® g'!, with other studies reporting a range of similar values, with Carrott et al. citing a value
of 1.52 cm?® g'! 32, Herrera et al.* estimating a value of 1.21 cm?® g! using their proposed method
and 1.89 cm® g! using the conventional method and Mason et al.!! citing a value of 1.67 cm? g\,
The micropore volume obtained for the MIL-101 (Cr) was 0.81 cm® g!. MIL-101 (Cr) is a
predominantly mesoporous material, with a pore size distribution, as deduced from its crystal
structure, centred around pores of 7, 29 and 34 A. The 7 A pore is located in the tetrahedral side
pockets, while the 29 and 34 A mesopores are the cages delimited by 12 A and 16 x 14.7 A

pentagonal and hexagonal windows, respectively. The total pore volume for our sample was 1.78



cm® g'!, as measured by the Horvath-Kawazoe method at 0.99 P/Py, indicating, as expected, that
the majority of porosity of MIL-101 (Cr) is in the mesoporous range. Total pore volumes for the
MIL-101 (Cr) range between 1.25 and 2.15 cm® g! **. A powder X-ray diffraction spectrum for
the MIL-101 (Cr) tested sample and the pore size distributions for all three materials measured
with DFT are in Supporting Information. The value obtained for the TE7-20 for the micropore
volume is consistent with some of our previously reported measurements in other samples of
MAST carbon beads*. The procedure for activating the samples prior to characterisation, thermal
analysis, nitrogen isotherms at 77 K, the BET plots, the DR plots for calculating micropore
volumes and the pore-size distributions for the AX-21, the MIL-101 (Cr) and the TE7-20, along

with the rest of the experimental methodology are in Supporting Information.

Table 2. Characterisation of AX-21, MIL-101 (Cr) and TE7-20. The BET surface areas were
determined using the consistency criteria reported by Rouquerol et al.>° on a nitrogen isotherm at
77 K, the micropore volumes were determined from the nitrogen isotherm at 77 K and the DR
method®! and the skeletal volumes were determined from helium pycnometry on a degassed

sample. Quoted uncertainties are standard errors.

Material AX-21 MIL-101 (Cr) TE7-20
BET surface area 2550 + 30 2520 + 50 1299+ 7
m? g’!
Micropore volume 197+ 0.01 0.813 + 0.003 0.520 £ 0.002
cm’ g
Skeletal density 2.67 £0.02 19+0.3 2.29+0.01
gcm?




The methane was obtained from a BOC Methane cylinder (BOC Ltd, Surrey, UK. BOC Ltd is
now part of The Linde Group) with CP grade of purity (volume fraction of methane of 99.5 %).
Methane isotherms were collected at 250, 273, 300, 325 and 350 for the AX-21 and MIL-101 (Cr)
and at 273, 300, 325 and 350 K for the TE7-20. The isotherms were collected at each temperature
at pressures up to 10 MPa for the MIL-101 (Cr), 13 MPa for the TE7-20 and 15 MPA for the AX-
21. This was done as a correction to the isotherms and to obtain the skeletal density for the different
materials shown in Table 2. The experimental excess methane isotherms for the AX-21, the

MIL-101 (Cr) and the TE7-20 are in Supporting Information.

Results and Discussion

Methane uptake has been traditionally reported as adsorbed volume at standard pressure and
temperature, usually in cm® (STP) per volume of sample (cm® (STP) cm™) or gravimetrically (cm?
(STP) g''). Methane uptakes have also been reported in mmol g™!. In this work, adsorbed quantities

are reported as sample-specific weight percent (wt. %), that is per unit mass of degassed adsorbent.

The methane isotherms were modelled using a methodology our group reported in the past, of
using excess adsorption data and converting these into an absolute isotherm?°. More recently, we
adapted a model where a distinction is made between excess, absolute and total?® 37> 3, The
absolute corresponds to the high-density adsorbed phase, with the total corresponding to the total
quantity present in the pore, including the gas in the pore space which resembles a bulk gas. Other

researchers have also characterised their systems using this approach'! 3.



The equations that were fit to the isotherms were previously described 2® and they account for

excess (eq 1), absolute (eq 2) and total adsorption (eq 3).

mezpaevi)_pbevp(_)(pa_pb)evp (1)
ma:me-l'pbevi)(_)paevi) (2)
me = me + pplp < pa O, + pplp (1 - 6) 3)

For all equations, m. is excess adsorption (in our work specified as a percentage of degassed
sample weight wt.%), ma is absolute adsorption (again, converted to wt.%), m; is total adsorption
in wt.%, pa is the density of the adsorbed phase in kg m™, py is the density of the bulk phase (kg
m™), 0 is the fractional filling of the micropore, and ¥}, is the micropore volume (which is usually
represented in units of cm™ g!, for consistency in this formula is in units of m? kg!). As in our
previous work, excess adsorption is the experimentally obtained value, which corresponds to the
Gibbs excess. In our formulae, it is the absolute adsorption minus the bulk amount of the gas that

would occupy the same space.

The different isotherms were fit individually following this methodology, using the Téth
equation for the type I isotherm and distinguishing between excess, absolute and total adsorption.
The temperature dependence of the parameters was investigated and the only parameter observed
to depend on temperature was the affinity parameter b in the Toth equation, which followed a van’t
Hoff relation, b = by exp(-QOst/ RT), where bo is the pre-exponential or entropic factor, -QOs is the
energy or enthalpic factor, and R = 8.314 J K'! mol™! is the molar gas constant. The figures with
the individual fittings for all materials and the temperature dependence of the parameters are in
Supporting Information. For the analysis, the parameter corresponding to the micropore volume

was fixed to the experimental value determined by the DR method. Characterisation using nitrogen
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isotherms at 77 K has some inherent issues and it has been shown that argon and CO> should also

t40 as the accessible surface area

be used for a complete characterisation of porosity of an adsorben
depends on the probe molecule used*!. This has been further confirmed experimentally, when
different probe molecules have been used at their normal boiling point to obtain different BET
surface areas*’. Methane has a different size and shape of the probe molecule used for
characterisation (which was nitrogen), which could mean that it accesses a different volume.
However, the micropore volume obtained from the DR method calculated from the nitrogen
isotherm was used. This is justified, as even if the shape of the molecule is different (methane is
tetrahedral, nitrogen is linear), the commonly used kinetic molecular diameters are very similar in
both, as methane has a 0.380 nm diameter and nitrogen has a 0.364 nm diameter®. These kinetic
molecular diameters, by Hirschdelfer et al., were obtained by fitting experimental second virial

coefficient data to Lennard-Jones parameters and were recently found to be in good agreement

with calculated quantum mechanical diameters for both the methane and nitrogen molecules**.

The density of methane was obtained using data from the Chemistry Webbook from NIST*,
which is based on the REFPROP Fluid Properties Software. This density is calculated using the
equation of state for methane provided by Setzmann and Wagner*S, which is the best available
equation of state for methane. As in our previous work for hydrogen®, the equation of state is a
complex function to implement, so the densities of methane at different temperatures are fit with
a rational function, which is then used to estimate densities at different temperatures. This is

detailed in the Supporting Information.
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In Figure 1, the excess methane isotherms for the AX-21, the MIL-101 (Cr) and the TE7-20

were fit using a method that distinguishes between excess, absolute and total adsorption and the

Toéth equation.

354 35
‘ \) 30 B) 30
254 254
b X = 250K
= 20 % 5] == = 273K
[ [ = 300K
E 15 E 15 sy = 325K
=4 g 151 350 K
ol = 250K = —— Fitted excess
© 107 = 273K S 104
= 300K
5 = 325K 5
350K
0 —— Fitted excess 04
T T T T T T T T ] T T T T T T T T !
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16

Absolute pressure, MPa Absolute pressure, MPa

35+

£

30

25 4

EEEN
w
o
o
X

20 4 Fitted excess

CH, uptake, wt.%

T
0 2 4 6 8 10 12 14 16
Absolute pressure, MPa

Figure 1. Excess methane isotherms for A) AX-21, B) MIL-101 (Cr) and C) TE7-20. Lines are

the best fits to eq 1, squares are the experimental points.

The parameters determined from the fits are in Table 3. The uptakes are reported as a sample-
specific percentage of weight (wt. %), dividing the mass of CH4 by the degassed mass of the

sample. The AX-21 has a methane uptake of more than 30 wt. % at 250 K and, at 14 MPa, but the
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isotherm shape indicates that it does not seem to have the pores saturated. The MIL-101 (Cr)

3¢ around 6 MPa and the excess then starts to diminish. The

reaches the maximum excess poin
AX-21 and the MIL-101 (Cr) have almost identical BET surface areas, but, as noted before, the
MIL-101 (Cr) is predominantly mesoporous and has a significantly smaller measured micropore
volume (the AX-21 has a micropore volume of 1.97 cm?® g'!, the MIL-101 (Cr) has a micropore
volume of 0.81 cm?® g!). This difference could explain the notable differences in performance, and

evidence points out that large pores do not contribute to the adsorption performance, as, despite

offering more free volume for adsorption, the wide pores have a lower energy of interaction '°.

Table 3. Parameters determined from the fitting to the isotherms. The uncertainties are the

standard errors from the parameter determination in the non-linear fitting software.

Material AX-21 MIL-101 (Cr) TE7-20

Adsorbed density, pa

kg m? 503 +£12 407 =7 462+ 6
Energy or enthalpic
factor, O
15.0+0.2 142+0.2 17.8 £0.2
kJ mol!

Pre-exponential or

entropic factor, bo
P 1.4x 103+ 1x 10* 49x10%+ 3x 107 1.5x10°+1x10*

MPa™!

Heterogeneity

parameter, ¢
0.33 +£0.01 0.99 +0.04 0.47+0.01

The adsorbed density parameter shown in Table 3 is considered constant for all temperatures

and throughout the pressure range. The assumption of the model is that in the pore the absolute
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phase will have a much higher density than the corresponding bulk gas at those conditions and as
the pressure increases the volume occupied by the absolute phase will increase. The ratio of volume
occupied by this phase and the total pore volume is modelled using a type I equation and in the
limit (where the fractional filling of the pore is equal to 1), all the pore is occupied by the absolute

phase.

The adsorbed methane density calculated from the fitting of the isotherms shows a very high
value for all materials. These values are, for the AX-21 and the TE7-20, in excess of liquid methane

density, which is 421 kg m?

at 111 K and atmospheric pressures (0.1 MPa). Moreover, the
adsorbate is expected to have some thermal expansion, so the assumption of a constant density
throughout the different temperatures means that the adsorbed density is averaged over all the
temperatures, so it is expected that it will have a higher value for the lower temperatures. However,
as explained in the previous paragraph, these values refer to the density of the absolute phase,
which occupies a fraction of the volume in the pore, so the total pore density will only equal that
in the limit of the full pore (when the fractional filling is equal to 1). The remaining parameters,
O« and by, the enthalpic and entropic factors in the van’t Hoff equation, all display values expected
for interactions of these materials with methane'®. The enthalpic contribution in the van’t Hoff
equation is related to the limiting value at zero coverage for the isosteric enthalpy of adsorption,
and it was recently highlighted that an optimum value for the isosteric enthalpies according to the
US DOE targets for methane storage would be in the proximity of 20 kJ mol! #’. The heterogeneity
parameter in the T6th equation is related to the energetic (structural and chemical) heterogeneity

of the surface. It is interesting to note that, for the MIL-101 (Cr), this value is very close to 1,

which means an almost homogeneous surface, as a heterogeneity parameter of 1 in the Téth

14



equation reduces it to the Langmuir equation. Again, despite the activated carbons being solely
composed of carbon and MIL-101 being more heterogeneous in its composition, as it is formed of
hydrogen, carbon, chromium, and oxygen atoms, the heterogeneity, as indicated by the fitting of
the To6th equation, shows an almost homogeneous energetic surface for the MIL-101 (Cr). This
indicates that for this specific example, chemical heterogeneity is not very important and structural
heterogeneity seems to dominate, as the surface of crystalline MIL-101 (Cr) is less structurally
diverse than the amorphous carbons. This is also an important factor to take into account in
methane adsorption, as, according to Bhatia and Myers, the presence of heterogeneity in the

surfaces is detrimental for methane storage®®.

The value obtained for the adsorbed density is not a true measure of the amount contained in the
pores of a material at moderate pressures, as the pore might only be completely saturated at
extremely high pressures. The total density in the pore (total amount divided by the experimental
micropore volume) was plotted as a function of the pressure for all three materials and compared
with the adsorbed density parameter and the liquid density of methane at 111 K and 0.1 MPa,
based on total adsorption, which accounts for absolute and the gas at bulk conditions contained in
the pore. In Figure 2, the densities in the micropores as a function of pressure at 250, 273, 300,
325 and 350 K and up to 20 MPa, based on the parameters shown in Table 3, are shown for the

AX-21, the MIL-101 (Cr) and the TE7-20.
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Figure 2. Adsorbed density of methane isotherms for A) AX-21, B) MIL-101 (Cr) and C) TE7-20
determined from the parameters in Table 3, from 250 to 350 K and up to 20 MPa compared with
the adsorbed density and the density of liquid methane at 111 K and 0.1 MPa (dashed horizontal

lines).

For both the MIL-101 (Cr) and the TE7-20, the densities determined from total adsorption can
reach values in the vicinity of 400 kg m™ at 273 K and 20 MPa. These densities for methane are
higher than the ones seen in a recent work with computer simulations for various diameters of
carbon nanotubes*® and also higher than the ones determined by Rodriguez-Reinoso et al.*’, with

the former study calculating densities of 200 kg m™ and the latter reporting limiting densities of

16



230 kg m™. However, even when just using the maximum excess uptake for the MIL-101 (Cr) at
250 K, which is 22.5 wt. %, the obtained density using an experimental pore volume of 0.81 cm?
g'! can exceed 270 kg m™. Bénard and Chahine also modelled high-pressure adsorption isotherms
of methane on activated carbon and observed that the whole temperature range could be fitted if a
constant density at a maximum capacity of 26.5 mol dm™ (which corresponds to 425 kg m™) was

used®. This value is very close to the ones observed in this work.

The next step in the analysis was to estimate system capacities and obtain volumetric densities
for whole cylinders, taking into account other material properties, like skeletal densities and
available micropore volumes. The skeletal densities and micropore volumes used were the ones
determined experimentally and shown in Table 2. The methodology for this analysis was presented
before®®, where the total adsorption was used to estimate the amount of gas present in a cylinder
occupied by the adsorbent. The packing factor and filling factor were both considered equal to 1.
The energy densities on the right-hand side axis in Figure 3 were obtained using the enthalpy of
combustion of methane, which is 55.47 MJ kg™ (890 kJ mol!)’!. For comparison, the volumetric
densities obtained from compression of methane in an empty cylinder at the same temperatures

are also shown (dashed lines).
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Figure 3. The amounts stored by adsorption (solid lines) compared with the amounts stored by

compression (dashed lines), with the break-even points, from 250 to 350 K and up to 30 MPa. The

materials shown are A) AX-21, B) MIL-101 (Cr) and C) TE7-20. The break-even pressures as a

function of temperature for each material are shown in D).

In Figure 3, the methane volumetric densities using adsorption and compression, from 250 to

350 K and up to 50 MPa, for the AX-21, the MIL-101 (Cr) and the TE7-20, are shown. The figures

show many interesting features. The first interesting feature is the break-even point — for the three

materials shown, adsorption has higher volumetric densities at moderate pressures but with

increasing pressure a pressure is reached (the break-even pressure) where compression has higher

volumetric methane densities than adsorption®® %33, This is due to the solid adsorbent displacing
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a volume in the cylinder and, at certain operating conditions, the volumetric enhancement due to
adsorption does not compensate for the volumes the adsorbent displaces. As shown in the past®®
52, the break-even pressure is temperature and material-dependent but it does not depend on how
much adsorbent is present in a given volume and will be the same for the same conditions,
regardless of the volume fraction occupied by the adsorbent in the tank. Figure 3 also shows that
all of the materials exhibit an increasing break-even pressure with temperature, and the AX-21 has
a break-even pressure of more than 110 MPa for all the measured temperatures. This is due to the
large micropore volume available and the fact that, as it can be seen in Figure 3, high pressures are

needed for saturation in the micropores of AX-21, which are probably due to its high measured

micropore volume (1.96 cm® g!).

Another interesting feature in Figure 3 is the values of the volumetric densities and the
corresponding energy densities. According to our analysis, the AX-21, the MIL-101 (Cr) and the
TE7-20 all reach a volumetric density of 230 kg m™, at 250 K at 11, 15 and 32 MPa, respectively.
This volumetric density corresponds to an energy density of 12.8 MJ dm™, which is very close to
energy density of methanol (15.6 MJ dm™), and close to 40 % of the energy density contained in
petrol (34.2 MJ dm™), for adsorbed methane at moderate pressures and ambient temperatures.
According to this analysis, the TE7 and the MIL-101 at 250 K would meet the US DOE targets for
natural gas storage, which consist of meeting the energy density of compressed natural gas (9.2
MJ dm?) at pressures below 3.5 MPa>*. Wilmer et al.>® screened more than 130,000 metal-organic
frameworks and found 300 hypothetical structures could outperform this target at 298 K and 3.5
MPa. While the MIL-101 (Cr) and the TE7-20 seem to saturate their uptakes at pressures close to

20 MPa, where they reach a capacity just under 250 kg m™, the AX-21 volumetric density can go
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as high as 350 kg m™ at 50 MPa, and the shape of the total isotherm indicates that it is not saturated

at those pressures.

As seen in Figure 3, there is a break-even pressure for all materials, but the optimal point has to
be in conditions where there is a bigger gain from an adsorbent, as the adsorbent adds additional
weight to the cylinders. In Figure 4, a comparison of volumetric methane densities and energy
densities for the AX-21, the MIL-101 (Cr) and the TE7-20, from 250 to 350 K and up to 50 MPa,
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Figure 4. Gains in volumetric density and energy density by using adsorption over compression
at the same pressures and temperatures, from 250 to 350 K and up to 30 MPa. The materials shown

are A) AX-21, B) MIL-101 (Cr) and C) TE7-20.
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As it can be seen from Figure 4, the maximum gain in using an adsorbent varies with material,
but it is situated around 5 MPa for all materials. As evident in Figure 4, adsorptive storage of
methane in the pressure ranges above 15 MPa for the MIL-101 (Cr) and the AX-21 and above 10
MPa for the TE7-20, is detrimental to the use of adsorbents, as the gains over an empty cylinder
at equal conditions are residual. The MIL-101 (Cr) and TE7-20 peak at pressures around 5 MPa
and then have a sharp drop in gains over compression, as their pores quickly fill up and increased
pressure will only increase the density of the bulk. The AX-21 also shows a peak around 5 MPa
but there is still gain at 50 MPa, which will be positive until the break-even pressure, which, as
shown in Figure 3, is over 110 MPa. The overall gain of using adsorbents in cylinders, as shown
in all materials, can be as high as 140 kg m™ in volumetric densities, for 250 K and at pressures of
less than 5 MPa. The volumetric density of methane at 5 MPa and 250 K is close to 46 kg m™, so
adding one of these adsorbents represents an additional 90 kg of methane stored for every cubic

meter at these conditions.

The last step of the analysis deals with the working capacities of methane in these materials.
Using vacuum to fully desorb methane is costly to operate and potentially difficult to implement
in practical applications, so a higher discharge pressure has to be considered®®. The working
capacities were calculated for two different scenarios, with charging pressures of 3.5 and of 6.5
MPa. For both cases, the total amount was used, which is the one that represents the total amount
of methane contained in the material, and the delivery pressure fixed at 0.5 MPa. Other reports

have used similar charging and delivery pressures*” °>8. The baseline scenario, which is charging
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and discharging at those pressures in an empty cylinder, is also presented for comparison. In Figure

5, the working capacities for the AX-21, the MIL-101 (Cr) and the TE7-20 are presented.
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Figure 5. The working capacities for A) AX-21, B) MIL-101 (Cr) and C) TE7-20 from 250 to 350
K. The working capacities are calculated for two scenarios — charging at 3.5 and 6.5 MPa, delivery

at 0.5 MPa. A comparison with compression in the same conditions is shown for every material.

The working capacities show high volumetric densities for all of the materials, with the MIL-101
(Cr) showing a working capacity of 140 kg m™ for charging at 6.5 MPa and discharging at 0.5
MPa at 250 K. Even for the different scenario of charging at 3.5 MPa, the MIL-101 (Cr) has

working capacity of more than 100 kg m™ at 250 K, which compares to a working capacity of
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30 kg m™ for the empty cylinder case. MIL-101 (Cr) has lower methane uptakes than AX-21 and
lower volumetric and energy densities than AX-21, but both MIL-101 (Cr) and TE7-20 show a
high adsorbed density at moderate pressures. This influences the working capacities, as the
differences between the total amounts at 0.5 and 3.5 or 6.5 MPa on the MIL-101 (Cr) outperform
those of the AX-21. The AX-21, despite showing high volumetric densities, is not fully saturated,
even at 50 MPa, as seen in Figure 3. The difference in total amounts stored in the two materials in
the moderate pressure range (3.5 or 6.5 MPa) explain why, regardless of adsorbing more and of
showing a higher volumetric density, the AX-21 has a lower working capacity than the MIL-101
(Cr). For the TE7-20, the working capacities increase from 250 to 273 K and then slightly decrease
with temperature. The amounts in a container full of adsorbent at 6.5, 3.5 and 0.5 MPa diminish
as temperature increases, as would be expected, since lower temperatures correspond to a higher
energy of interaction for adsorption. However, in this case, the shape of the isotherm, which is
steep at lower pressures for the TE7-20 and levels off at higher pressures, means that the working
capacities actually increase at the first temperature (i.e. the difference between total amount
adsorbed at 6.5 and 0.5 MPa at 273 K is larger than at 250 K). While not observed for the other
two materials and not very common, this feature should not be surprising. As would be expected,
the working capacity is very sensitive to temperature, and at higher temperatures the added gains

of using adsorbents for adsorptive storage will be mitigated.

Conclusions
Although methane adsorption in porous materials has been studied for a long time, recent
developments that include new sources of methane and the considerable developments in

adsorbent materials have put adsorptive methane storage for vehicular transport on the agenda
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again. The porous materials outlook has also considerably changed recently, with the emergence
of thousands of new tailored porous materials with enhanced properties that can be suitable for
solid-state methane storage. The analysis presented here shows that, using a methodology reported
in the past for supercritical hydrogen storage, adsorbed methane can be a competitive alternative
for storage, as some materials can offer high volumetric methane densities and high energy
densities at moderate pressures and ambient temperatures. The results show that methane can have
high average adsorbed densities in the pore, which can approach or even exceed the density of
liquid methane at its normal boiling point. Densities approaching liquid methane density at its
normal boiling point might only be reached when the pore is saturated with methane, but the results
also show that high average adsorbed densities are within reach, at moderate pressures and ambient
temperatures. When doing a system analysis and simulating materials in cylinders, it is shown that
adsorbed methane can have an energy density close to that of methanol and about 40 % of the
energy density of gasoline (petrol). A comparison between compression and adsorption at the same
conditions also show the benefits of adding an adsorbent in a cylinder, as it adds a considerable
additional amount stored over compression at moderate ranges. Finally, the working capacities
under two different scenarios — charging at 3.5 and 6.5 MPa — also show the high potential working

capacities, even with a delivery pressure of 0.5 MPa, for all three materials.

Supporting Information

The experimental methodology, including the synthesis and sourcing of materials, the activation
of the samples prior to characterization and sorption measurements, the excess methane isotherms,

the analysis of kinetic data and standard deviations, thermal analysis, nitrogen isotherms at 77 K,
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BET plots, DR plots, pore-size distributions, individual isothermal fits and temperature

dependence of the parameters are in Supporting Information.
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