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ABSTRACT: Evaluation of metal-organic frameworks (MOFs) for adsorbed natural gas (ANG) technology employs pure
methane as a surrogate for natural gas (NG). This approximation is problematic as it ignores the impact of other heavier
hydrocarbons present in NG, such as ethane and propane, that generally have more favorable adsorption interactions
with MOFs compared to methane. Herein, using quantitative Raman spectroscopic analysis and Monte Carlo calculations,
we demonstrate the adsorption selectivity of high performing MOFs such as MOF-5, MOF-177, and SNU-70 for a me-
thane and ethane mixture (95:5) that mimics the composition of NG. The impact of selectivity on the storage and deliver-
able capacities of these adsorbents during successive cycles of adsorption and desorption -- simulating the filling and
emptying of an ANG tank -- is also demonstrated. The study reveals a gradual reduction in the storage performance of
MOFs, particularly with smaller pore volumes, due to ethane accumulation over long term cycling, until a steady state is
reached with substantially degraded storage performance.

INTRODUCTION

Commercially available NG-powered vehicles employ
very high-pressure storage tanks (~200-300 bar) that rely
upon multistage compression and expensive tank
materials."? The emerging alternative to this approach is
ANG.>7” ANG can enable less expensive low-pressure
tanks and achieves capacity by introducing attractive
interactions between a microporous adsorbent and the
fuel.8® Research towards this goal has been carried out
almost exclusively with methane being used as a model
for NG, in spite of the fact that numerous other
components comprise NG.'%'2 For example, analysis of
NG composition in major metropolitan areas of the United
States exhibits a variable range [methane (~95.4-96.2%),
ethane (~2.0-2.8%), propane (~0.4-0.5%), butane and
isobutane (~0.2-0.3%), carbon dioxide and nitrogen
(~1.2-1.4%)]."™® The low concentration of these heavier
hydrocarbons might lead one to dismiss competitive
adsorption as a problem, and if the tank were completely
evacuated between fillings, this assumption would be
justified. However, the typical working pressures for ANG
involve storage pressures of -35-80 bar and a delivery
pressure of 5 bar."'® Hence, incomplete desorption of
non-methane components at low desorption pressures

may impact the deliverable capacity of an ANG system
during successive adsorption and desorption cycles.

The adsorption of ethane and propane is much more
favorable than methane for a given partial pressure due
to stronger interactions with the MOF pore walls.”®
Consequently, although they are present in lower mole
fractions, these heavier components can gradually
accumulate in the pores during cycling processes, as will
be encountered in typical use-refill cycles, leaving fewer
adsorption sites for methane and in turn may affect the
storage and deliverable capacities of fuel from the
adsorbents. This is a difficult problem to interrogate
experimentally. High pressure NG is not widely available
in a laboratory environment and not available from typical
compressed gas vendors. In addition, even with a high-
pressure supply of NG, conventional adsorption
measurements carried out with gas mixtures do not allow
interrogation of the adsorbed phase of the individual gas
components in the mixture. Such measurements are
possible, at least in principle, through combined
gravimetric/volumetric systems but these already
complex measurements become impractical for gas
mixtures containing more than two gases.?>? The current
work presents the impact of selectivity on the storage
capacity of MOFs through repeated adsorption and



desorption cycles that simulates the successive filling
and emptying of an ANG storage tank, as would be
employed in transportation. The effect of higher hydrocar-
bons on the deliverable energy of an ANG tank during cy-
cling is predicted to be deleterious. The present Raman

spectroscopic analyses have advantages over studies
that employ approximate models such as |deal Adsorption
Solution Theory (IAST), which do not routinely mirror ex-
periments for ethane-methane mixtures in MOFs.25:27

MOF-5

MOF-177

Figure 1. Crystal structures of MOFs employed in the present study.

RESULTS AND DISCUSSION

Studies relating natural gas component selectivity upon
repeated storage/delivery cycles to adsorbent structure
are absent from the literature, yet are absolutely vital to
understanding real world storage performance. Herein,
we demonstrate the performance evolution of ANG
storage materials over successive adsorption and
desorption cycles using Raman spectroscopic analysis of
the storage content of the tank, during each operating
cycle, while performing the adsorption studies from a gas

mixture (methane:ethane = 95:5). These analyses are
performed on several benchmark MOFs, including MOF-
5, MOF-177, and SNU-70 (Figure 1). The Raman
spectroscopic  adsorption isotherms (RSIs) were
evaluated for methane and ethane at compositions
relevant to NG and their adsorption selectivities were
determined as a function of pressure. The study
quantitatively demonstrates the impact of accumulation of
the heavier component (ethane), upon repeated cycling,
and the corresponding degradation of methane storage
capacity.
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Figure 2. Raman spectra as a function of pressure for (methane:ethane = 95:5) gas composition mixture in (a) MOF-5, (b) MOF-
177 and (c) SNU-70; binary adsorption isotherms in (d) MOF-5, (e) MOF-177 and (f) SNU-70; calculated selectivity (C2He/CHa)
for (g) MOF-5, (h) MOF-177 and (i) SNU-70 respectively, from the mixed Raman isotherms, collected at room temperature.



Of the three MOFs studied, the larger pore volume
materials are more resilient to ethane accumulation. The
adsorption behavior of each of the components of the gas
mixture (methane:ethane = 95:5) was examined for each
individual MOF, employing a single MOF crystal, by
varying the total pressure from 1 to 41 bar. Upon adsorp-
tion in the MOF, the characteristics Raman peaks for both
CHqs (free gas, 2916 cm™) and C2Hs (free gas, 2899 cm™’
and 2954 cm™) undergoes a shift to lower vibrational fre-
quencies, indicating bond weakening within the gas mol-
ecules. This is attributed to intermolecular interactions be-
tween MOF and gas that alters the intramolecular poten-
tial of the gas molecules. The broadening of the adsorbed
gas peaks in comparison to the free gas suggest the pres-
ence of multiple sorption sites and confinement effects
within MOFs. Additionally, the increased Raman peak in-
tensities as a function of pressure are indicative of the
concentration of the total gas introduced within the high-
pressure Raman cell (HPRC). These modest frequency
shifts and reversibility confirms a physisorption process.

These experiments provide the selectivity of the MOF

gas phase composition due to the very small amount of
adsorbent relative to the adsorbate volume (Figure 2(a-
c)). RSIs for multicomponent gas mixtures were
constructed by plotting the fitted area of the adsorbed
gases (ethane and methane) as a function of pressure
using a methodology previously applied to equimolar
mixtures.?? The molar uptakes of each gas and the
(C2He/CHa4) selectivity of the gas composition mixture was
determined from these adsorption isotherms (Figure 2(d-
f)). Though these measurements reflect adsorption of the
two major components of NG, qualitatively the same re-
sults are observed in the presence of authentic NG con-
taining at least five other components (Figure S15).

Selectivity provides significant insights into the compe-
tition of the mixture constituents for the adsorption sites of
a particular adsorbent.?®% |t is determined quantitatively
by taking into consideration the composition of (C2He/CHa4)
in both the adsorbed and free gas phases®* and is de-
fined by the relation:
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Figure 3. Raman adsorption plot (adsorption at 35 bar) in (a) MOF-5, (b) MOF-177 and (c) SNU-70 during the cyclic storage
study, indicating a reduction in methane adsorbed area (peak at ~2908 cm-') with a subsequent increase in ethane area (peaks
at ~2887 cm™' and ~2943 cm™"); bar graph showing the storage content of each constituents in (d) MOF-5, (e) MOF-177 and (f)
SNU-70, at the end of the adsorption cycle, determined from the Raman spectra, collected at 298 K; calculated adsorbed phase
mole fractions of CHs and C2He in (g) MOF-5, (h) MOF-177 and (i) SNU-70 at the respective cycle numbers.



where, Agihanes Amethane are the respective mole frac-
tions of components C2Hs and CHa in the adsorbed phase
and Beihanes Bmethane are the respective mole fraction of
components C2He and CHy4 in the gas phase.

In contrast to equimolar mixtures where ethane adsorp-
tion strongly inhibits methane sorption,?®3? here, both the
components of the gas mixture (methane:ethane = 95:5)
exhibit relatively similar increases in uptake as a function
of the total pressure. The (C2Hes/CH4) selectivity, as calcu-
lated from the Raman isotherms, initially increases with
pressure until at ~6 bar when it reaches an almost steady
state, reflecting the combined contribution of greater
ethane affinity and high methane composition of the gas
mixture (Figure 2(g-i)). This complex behavior of mixture
adsorption isotherms is crucial and influences the perfor-
mance of a sorbent for ANG storage applications.?6:36:3

With the experimental determinations in hand, we
compared the results to two commonly employed
theoretical models for predicting binary adsorption
isotherms. Both GCMC (Grand Canonical Monte Carlo)
and IAST predict trends in the adsorption behavior
qualitatively; however, quantitatively neither of them
reproduces the experimental selectivity (Figure S25). This
difference between theory and experiment may be related
to a distinction in how the amount of gas present within
the MOF is measured/predicted between experiments
and calculations. More specifically, the present
calculations predict the total amount of gas present within
the MOF pores, which includes adsorbed gas and the
“bulk” or “free gas” that resides within the pores but is far
from the pore walls. In contrast, the RSIs measure the
“absolute” capacity of the MOF,® with the bulk gas
excluded.

In considering how to extrapolate the findings of the
RSIs for multicomponent cyclic adsorption, the major dif-
ference is that a storage tank filled with adsorbent will in-
volve a perturbation to the adsorbate ratio (CH4/C2He)
from the gas phase that cannot be neglected. In particu-
lar, the volume of sorbent must approach the volume of
the storage tank for cyclic adsorption effects to be detect-
able (vide infra). The custom-built apparatus prepared for
the study consisted of a feed gas cylinder, a pressure reg-
ulator to dictate the pressure of the composition mixture
introduced into the gas cell (containing the MOF adsor-
bent) from the cylinder, a pressure transducer to read the
pressure during the adsorption and desorption processes,
a back pressure regulator to vent the system to 5 bar at
the end of each cycle and a Raman probe coupled to the
gas cell through a sapphire window to collect the spectral
acquisitions during the experiments (details of apparatus
in Sl). The volume of the gas cell was 0.5 cm® and the
amount of adsorbent was (~180-200) mg.

To evaluate cyclic adsorptive storage, a feed composi-
tion mixture [methane (98.3 bar): ethane (5.2 bar)], repre-
sentative of the ratio in NG, with MOF adsorbents (MOF-
5, MOF-177 and SNU-70) was employed. The quantita-
tive Raman spectroscopic approach was applied to meas-
ure the amounts of each of the components adsorbed or
desorbed during the successive cycling process.***! Each
operating cycle is comprised of one adsorption step (35
bar) followed by one desorption step (5 bar). Before the
cycling study, the storage vessel (gas cell) was degassed
for a period of 2 hours at room temperature, to remove the
moisture content and then packed with the MOF adsor-
bent (For example: 200 mg of MOF-5) in a glove box.
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Figure 4. Methane deliverable capacity (35-5 bar) in (a) MOF-5, (b) MOF-177 and (c) SNU-70; normalized methane deliverable
capacity relative to the deliverable capacity from the first cycle in (d) MOF-5, (e) MOF-177 and (f) SNU-70.



A slow filling process (~2 bar/min) was employed until
a pressure of 35 bar was reached to maintain isothermal
conditions and minimize heating effects (due to adsorp-
tion), followed by desorption (venting) until 5 bar at the
same rate. An equilibration time of around 30 min was al-
lowed during each of the adsorption and desorption steps
to allow the adsorbed and gas phases to stabilize and
thermally equilibrate prior to Raman spectral data collec-
tion.

Itis evident from the first cycle, that after adsorption, the
adsorbed phase composition of CH4 is much higher as
compared to C2Hs (Figure 3(a-c)); notably, this ratio differs
drastically from the adsorption in Figure 2(d-f) where only
a single crystal is employed in a large gas reservoir. This
difference is a manifestation of the sorbent perturbing the
gas phase composition of the headspace drastically for
the MOF-packed gas cell such that the ratio of
methane:ethane is much greater than the initial ratio of
95:5. During venting, desorption of the lighter component
(CHa4) is favored leaving the heavier component (CzHs)
within the framework (see desorption plot in the Sl, Figure
S16). After cycling, accumulation of C2He within the
framework is observed (adsorbed peak areas for C2Hs at
~2887 cm™ and ~2943 cm™' respectively); this occupation
of pore space results in reduction of the adsorbed CH4
(peak area at ~2908 cm™) until steady state is achieved
(Figure 3(d-f)).

This creates a subsequent effect on the composition of
CH4 and C2Hs in the adsorbed phase.?* As shown in Fig-
ure 3(g-i), the adsorbed phase mole fraction of methane
at 35 bar decreases with cycling in all three MOFs. This
essential behavior can be qualitatively reproduced using
GEMC (Gibbs Ensemble Monte Carlo)*? implemented so
as to mimic the experimental conditions described above.
Table S2 compares the measured and calculated CHas
and C2Hs mole fractions within the examined MOFs for
four adsorption-desorption cycles. It is evident that GEMC
successfully predicts the initial relative trends for ad-
sorbed phase mole fractions of MOF-5, MOF-177, and
SNU-70. Experimentally, MOF-5 has the lowest mole
fraction of methane after reaching 30 cycles (equilibrium
steady state) as compared to MOF-177 and SNU-70. This
behavior results from the combined effects of pore con-
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finement in MOFs and (C2He/CH4) selectivity. The adsorp-
tion affinity of these MOFs (Table S1) towards CzHs in
both equimolar and 95:5 gas composition mixture follows
the trend MOF-5>MOF-177>SNU-70. High selectivity of
MOF-5 towards C:Hs indicates its greater accumulation
(~3 times compared to the 15 cycle) during the 22™ cycle
and the system converges to an equilibrium steady state.
For SNU-70, its lower affinity towards C2Hs corresponds
to a lower accumulation (~1.9 times compared to the 1%
cycle). Similar trends in the accumulation rates of C2He
across the 3 MOFs are captured in the GEMC simula-
tions, Fig. S24 and Tables S4-S6.

A similar tendency is observed in the methane deliver-
able capacity as well, in the successive cycles. The deliv-
erable capacity at the nth cycle is determined by subtract-
ing the amount of methane retained within the gas cell at
the end of desorption (at 5 bar) from the amount of me-
thane calculated from the adsorbed area at the end of the
preceding filling process (at 35 bar):

Deliverable capacity (@cycle n)
= Nmethane (35 bar) — Mmethane (5 bar)

Methane deliverable capacity of MOF-5 decreases
more sharply as compared to MOF-177 and SNU-70, on
account of greater C2He accumulation within its confined
pore spaces. As shown in Figure 4(a-c), SNU-70 delivers
the largest and MOF-5 delivers the smallest amount of
methane in their respective steady state regimes. Further,
to gain insights into the performance metrics of these
MOFs, we also evaluated the efficiency of methane deliv-
erable capacity, relative to the first cycle.

Efficiency ofdeliverable capacity (@ cycle n)
Deliverable capacity in the nth cycle

~ Deliverable capacity in the first cycle

As illustrated in Figure 4(d-f), efficiency of methane de-
liverable capacity is reduced to 47% in MOF-5, 66% in
MOF-177 and 80% in SNU-70, respectively, at the end of
20" cycle.
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Figure 5. (a) Total deliverable energy (including methane and ethane) as a function of the cycle number in MOF-5, MOF-177
and SNU-70; (b) Comparison of deliverable energy at the end of 15th cycle in MOF-5, MOF-177 and SNU-70.



Additionally, the deliverable energy of the system (com-
bined energy from combusting both gases) was also as-
sessed for each of the MOFs to reveal the total amount of
energy that can be delivered to the engine from the ANG
tank at a particular operative cycle (molar heat of combus-
tion: methane = —890 KJ/mol; ethane = —1560 KJ/mol).
The deliverable energy was found to follow the similar
trend as that of the methane deliverable capacity given
the fact that methane is the dominant component of the
gas mixture (Figure 5a). Among the three MOFs, SNU-70
acts as the most stable NG delivery system with its least
reduced efficiency and high deliverable energy (Figure
5b). This indicates that MOFs with smaller pore volumes
are detrimental to the performance of an ANG storage
system over cyclic usage.

Total deliverable energy (@cycle n)
= [methane deliverable amounts (molesg ' @cycle n}
x methane combustion energy (Kjmol™)]
+ [ethane deliverable amounts (molesg~'@cycle n)
x ethane combustion energy (Kjmol™)]

CONCLUSIONS

In conclusion, the impact of selectivity of the primary
natural gas components (C2Hs/CHa) on the cyclic adsorp-
tion behavior of ANG storage systems for vehicular appli-
cation is demonstrated. The experimental findings are
also qualitatively consistent with simulations based on
GEMC, GCMC, and IAST. These measurements were
made possible through a novel quantitative Raman spec-
troscopic approach. Due to the chemical specificity and
sensitivity of the approach, the method can be applied to
complex mixtures (ternary and beyond) allowing evalua-
tion of real-world feed gases. The binary adsorption
measurements provide fundamental insights into adsorb-
ate affinity/selectivity and competitive adsorption as a
function of sorbent pore volume. Through cyclic sorption
studies, the implication of adsorbate affinity on the perfor-
mance of an ANG storage tank is evaluated. This is an
intractable problem to interrogate through conventional
adsorption techniques. The study demonstrates that se-
lectivity is a critical additional consideration when choos-
ing optimal sorbents for natural gas storage in transporta-
tion and that the established metric of methane capacity
alone is inadequate.

EXPERIMENTAL SECTION

Materials: 1,4-Benzenedicarboxylic acid (H2BDC,
Fisher Scientific, 98%), 1,3,5-tri(4-carboxyphenyl)ben-
zene (HsBTB, Alfa Aesar, 97%) and 4-carboxycinnamic
acid (H2CCA, Ambeed, >95%) were used as received.
Zinc nitrate hexahydrate (Fisher Scientific, ACS grade)
was partially dehydrated at room temperature evacuation
(~16 hr, <0.01 Torr) to yield zinc nitrate tetrahydrate. N,N-
Diethylformamide (DEF, TCI America, >99.0%) was puri-
fied by storage on activated charcoal for ~1 week, fol-
lowed by removal of impurities via silica gel column and
stored over 4A molecular sieves. Hexane (Fisher Scien-
tific, anhydrous), methylene chloride (CH2Cl, Fisher sci-
entific, HPLC grade) and N,N-dimethylformamide (DMF,

Fisher Scientific, 99.5%) were stored over activated 3A
molecular sieves to minimize water content.

ASSOCIATED CONTENT

Supporting Information. MOF synthesis and activation,
powder X-ray diffraction patterns, low pressure nitrogen sorp-
tion data for all MOFs, pore-size distribution plots, Raman
spectroscopic isotherms and data analysis including desorp-
tion cycles and calculation of deliverable capacities, addi-
tional experimental details, materials, and methods, including
photographs of experimental set-up and computations, are
presented. “This material is available free of charge via the
Internet at http://pubs.acs.org.”
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SYNOPSIS: Heavier components in natural gas, such as ethane and propane, can cause reduction in storage/de-
liverable of an adsorbent over long term cycling. This is demonstrated experimentally by Raman spectroscopic
analysis, a technique to determine binary sorption isotherms on the microscale. A pore-volume-dependent selec-
tivity is demonstrated that impacts storage performance and thus provides guidance for adsorbed natural gas stor-
age applications beyond simply considering methane capacity.
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