.@‘* ChemPubSoc
x Europe

l Methane Storage

DOI: 10.1002/chem.201804012

CHEMISTRY

A European Journal
Communication

Incorporating Heavy Alkanes in Metal-Organic Frameworks for
Optimizing Adsorbed Natural Gas Capacity

Yu Fang*,® Sayan Banerjee*,” Elizabeth A. Joseph*® Gregory S. Day,”’ Mathieu Bosch,”
Jialuo Li,” Qi Wang,”™ Hannah Drake,” Osman K. Ozdemir,® " Jason M. Ornstein,™
Ye Wang,' Tong-Bu Lu,” and Hong-Cai Zhou*™ 9

Abstract: Metal-organic frameworks (MOFs) as methane
adsorbents are highly promising materials for applications
such as methane-powered vehicles, flare gas capture, and
field natural gas separation. Pre- and post-synthetic modi-
fication of MOFs have been known to help improve both
the overall methane uptake as well as the working capaci-
ty. Here, a post-synthetic modification strategy to non-co-
valently modify MOF adsorbents for the enhancement of
the natural gas uptake for the MOF material is introduced.
In this study, PCN-250 adsorbents were doped with C;,
alkane and C,, fatty acid and their impact on the methane
uptake capabilities was investigated. It was found that
even trace amounts of heavy hydrocarbons could consid-
erably enhance the raw methane uptake of the MOF while
still being regenerable. The doped hydrocarbons are pre-
sumably located at the mesoporous defects of PCN-250,
thus optimizing the framework-methane interactions.
These findings reveal a general approach that can be used
to modify the MOF absorbents, improving their ability to
be sustainable and renewable natural gas adsorption plat-
forms.

- /

Natural gas, the principal ingredient of which is methane, can
either be directly used as a fuel or processed into other energy
resources.” Many energy-intensive solutions have been pro-
posed to capture, store, and transport natural gas into the US
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energy infrastructure.” For example, natural gas can be suc-
cessfully compressed to higher pressures up to 250 bar
(3,600 psi), which is commonly referred to as compressed natu-
ral gas (CNG). It can also be liquefied at the temperatures less
than —160°C, producing liquefied natural gas (LNG). These
century-old technologies are known to improve the energy
density of natural gas, to 9.2 MJL™" for CNG or 222 MJL™' for
LNG respectively, but they are subsequently downgraded by
about 30% volumetrically to account for their real cylindrical
containment requirements.”’ In addition, both applications
have intensive energy demands, creating critical cost issues.
These issues have resulted in failure to fully utilize America’s
natural gas reserves.

Adsorbed natural gas (ANG) is an increasingly important
method of improving natural gas storage.””’ In the past few
decades, a variety of candidate absorbents, containing high
surface areas, controlled pore diameters, and moderate bind-
ing energies, have been developed for research.” As a precise-
ly tunable porous material, metal-organic frameworks (MOFs)
have attracted great interest recently with their potential to
boost ANG technologies.” Theoretical works suggested a con-
ceptual MOF, IRMOF-993, could have a volumetric methane
storage capacity well above activated carbon.” However, the
MOFs in the study suffers from low chemical stability, especial-
ly in the presence of trace natural gas pollutants like hydrogen
sulfide or water vapor.”'? Alternatively, an iron cluster-based
MOF, PCN-250, is a radical departure from previously reported
ANG MOFs due to its considerably higher stability. It is stable
in boiling water as well as a wide range of pH conditions,
maintaining its crystal structure and surface area. Moreover,
PCN-250 exhibits a total reported methane storage capacity of
180 v(STP)/v, exhibiting a flat heat of adsorption curve, while
also being capable of low-cost production.!”

Here, we provide a post-synthetic treatment of PCN-250,
aiming to obtain an enhanced, regenerable methane storage
absorbent. The addition of a small portion of high boiling
point alkanes into natural gas to increase the compression
and/or refrigeration storage have been used for CNG and LNG
for many years.">'¥ The alkanes not only increased the boiling
point of the liquefied methane but also dissolved the hydro-
phobic methane through hydrophobic interactions."* Inspired
by this idea, we incorporated C,, and C,, hydrocarbons into
the pores of PCN-250 as a method of improving the ANG con-
cept. We have dubbed the combination of methane absorp-
tion in high alkanes at high pressures, and its adsorption on
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the surface/pores of a porous material, HAANG (High Alkane
Adsorbed Natural Gas)."™ The doped system allows for a
higher volume of methane to be stored as compared to the
unmodified adsorbent at a given pressure. Most of the high
alkane is also retained in and on the adsorbent through many
working cycles of adsorption and desorption. This two-phase
process, containing both liquid and vapor, can be achieved at
suitable pressures (30-100 bar) and temperatures (260-323 K)
for ANG technology.

To realize the HAANG process, an apparatus was designed
and constructed for direct volumetric measurement of meth-
ane uptake and delivery, as shown in Figure 1A and B (also see
Figures S1 and S2, Supporting Information). The methane gas
was first transported from the gas tank () in Figure 1A) to the
charger unit (5. Then, the PCN-250 adsorbent (1 gram) was
loaded into a test cell, (®. By controlling the valves (@), (6 and
@), methane gas can be transported to the test cell and ad-
sorbed by PCN-250. Due to the presence of a pressure trans-
ducer (P/T) on the bottom of the charging unit, the final pres-
sure (Ps,) can also be recorded. The initial pressure subjected
to the methane supply inlet was assigned as P, (960 psi). By
comparing the P,; and Py, the adsorbed gas volume can be
measured by the AP (P,,—Ps,). Furthermore, the adsorbed gas
in the test cell was discharged from the system and released
into an airbag (1 L). A flow of atmospheric air was then inject-
ed into the airbag until it was full (1 L) to dilute the methane
gas. A gas syringe was then used to inject 10 mL of the gas
mixture into a gas chromatography-flame ionized detector
(GC-FID). Due to the deliverable methane being different for
every experiment and the total volume of the airbag is a con-
stant (1 L), the 10 mL in the syringe contains different amounts
of methane. The injected methane gas was quantified by the
integration area of the GC data. The integration area can repre-
sent the different ratio of deliverable methane in the air bag,
thus the variation of deliverable methane can be analyzed. By
using this system, it was found that PCN-250 can absorb and
deliver an almost equal amount of methane gas repeatedly.

The methane uptake capacity of the alkane-doped PCN-250
samples (defined as Decane@PCN-250) were also measured
with their methane uptake properties according to the above
procedure. A sample of 1 gram of PCN-250 was filled in the
test cell and fully activated under vacuum at 160°C. Then the
test cell was taken into an inert atmosphere (glove box) and
60 pL of n-decane was injected. After standing for 20 min, the
test cell was sealed with 2 pm VCR gasket for the following
gas test. Methane gas at 960 psi (66.2 bar) pressure was stored
in the charger unit and then injected into the test cell. The
pressure drop AP for the PCN-250 sample was 275 psi, which
could be translated into adsorbed methane. Surprisingly, when
PCN-250 was doped with n-decane, we found there was a dra-
matic increase of 21.8% for the AP (335 vs. 275 psi, Figure 1C).
This suggests that n-decane-doped PCN-250 has a storage ca-
pacity 21.8% greater than that of pristine PCN-250. Figure 1D
shows a GC chromatogram comparing deliverable methane
from PCN-250 at atmospheric pressure in the presence and ab-
sence of the doping agent (n-decane). Similarly, when PCN-250
was doped with n-decane, an 18.0% increase in the integrated

Chem. Eur. J. 2018, 24, 16977 - 16982 www.chemeurj.org

16978

A European Journal
Communication

ICHEMISTRY

® [Hgh Pressure |

9
P

D

----- =

LW Methane Supply
= Inlet Vent
- rl‘_ Charger Valve
Rp - Test Cell loaded Test Cell
4 ! with Valve
D 20 g PCN-250(Fe;) Charger Unit
= (Test Gas)
. Pressure
M Transducer
> il Pressure Test Cell
1| Transducer
(© =09 ——PCN-250
Decane@PCN-250
900
.’E
Q. 850
=
O 800
-
o
o 750
z 700 - [\
a
ssof (T
600 T T T T 1
0 200 400 600 800 1000
T (s)
(D) CH
4 ~——— Decane@PCN-250
PCN-250
Integrated Area
100%
118%

Figure 1. (A) Scheme of real-time gas adsorption/desorption monitoring sta-
tion. ((D: Test gas; (2): Pressure regulator; 3): Needle valve; @: 3-way valve;
(®: Test canister; (6: 3-way valve; (7): Ball valve; (®: Sorbent column; (9):
Ejector/Injector; T/V: Thermocouple; P/T: Pressure Transmitter; GC: Gas
Chromatograph; FID: Flame lonization Detector). (B) A detailed demonstra-
tion of the charger unit, sample cell (®) and connections (@), ®, and @)
monitoring station system. (C) Real-time monitoring of pressure drop of
PCN-250 and PCN-250 doped with n-decane. (D) The GC-FID chromatogram
shows the deliverable methane from PCN-250 and PCN-250 doped with n-
decane.

area of the methane peak was observed. The pressure drop
and GC results demonstrated an increase in total volumetric
methane uptake of about 18% alongside the full desorption of
methane, with the n-decane remaining in the PCN-250 adsorb-
ent (not detectable by GC). It should be noted that the n-
alkane loading was quite low (60 pL per 1 gram of adsorbent),
accounting for 4.4 wt% of the MOF. When switched to a larger
test tube filled with 20 gram of absorbents, a similar increase
in methane uptake was observed. Not only PCN-250 but also
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other microporous and mesoporous MOFs were found to have
a similar increase in methane uptake when doped with differ-
ent amounts and species of hydrocarbons (Figures S4-S10,
Supporting Information). In addition, increasing the loading of
n-decane with the MOF tended to result in decreasing meth-
ane storage capacity (Figures S11 and S12, Supporting Informa-
tion). We assume that too much n-decane would block the en-
trance of methane, thus inducing a decrease of methane
uptake. Further screening of doping agents and engineering of
the MOF-dopant interactions are needed to understand the
system and demonstrate it as a proof-of-concept.

Considering that n-decane (van der Waals diameter ~14 A) is
too large to be accommodated within the cavity of PCN-250
(pore size 8 A), we hypothesized that it could be located
within the mesoporous defects of the MOF. Thus, we intro-
duced mesoporous defects into PCN-250 by Soxhlet treatment,
to create mesoporous PCN-250 samples.”® The PCN-250
sample prepared according to reported literature is defined as
Micro-PCN-250. The Soxhlet treatment sample, Meso-PCN-250,
maintained the same crystalline morphology (Figure S13, Sup-
porting Information) as Micro-PCN-250 (Figure 2 A and C). How-
ever, high-resolution scanning electron microscopy (SEM)
imaging clearly revealed that the mesoporous defects (about
3-5 nm) were generated at the surface of Meso-PCN-250 (Fig-
ure 2B and D). The total N, uptake capacity of Meso-PCN-250
(398 cm®*g™" STP ) is largely similar to Micro-PCN-250
(405 cm®g™" STP). Notably, the N, adsorption-desorption iso-
thermal (Figure 2E and F) at 77 K clearly displays a type-IV iso-
thermal with hysteresis loops characteristic of large constricted
mesopores for Meso-PCN-250, providing evidence for Soxhlet-
induced mesopores within the framework. The pore-size distri-
bution (Figure 2H), as determined by the Barrett-Joyner-Ha-
lenda (BJH) desorption model, unambiguously shows that
Meso-PCN-250 has ordered 3.8 nm mesopores, whereas Micro-
PCN-250 does not (Figure 2G). By comparing the DFT-calculat-
ed pore volumes of the two samples, it suggests that the mi-
cropore volume decreased from 0.285 to 0.186 cm>g A after
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mesopores were introduced to the PCN-250 samples (Figur-
es S16 and S17, Supporting Information). The high-pressure
methane uptake of both PCN-250 adsorbents was measured at
298 K using a Micromeritics HPVA-Il (Figures 21 and J). The
Meso-PCN-250 has a methane uptake of 142cm?*cm™ at
65 bar, 11.8% lower than Micro-PCN-250 (161 cm®*cm ™). It is
well-known that mesoporous MOFs tend to have poor meth-
ane storage capabilities due to the large pore openings not
being optimized for binding methane molecules.” From the
above characterization, we realized that Meso-PCN-250 main-
tains similar crystallinity and gas adsorption performance to
Micro-PCN-250. However, Meso-PCN-250 exhibited a distinct
pore-size distribution. The ordered and uniform mesopores of
Meso-PCN-250 make it a suitable candidate for the investiga-
tion of hydrocarbon loading in PCN-250.

As the loaded alkanes investigated for the phenomenon
tend to be in the gaseous or liquid phase and are easily desor-
bed, it is difficult to determine the actual loading within the
MOF during tests. To prevent this ease of desorption, we
opted to investigate fatty acid incorporation into MOFs. Con-
sidering that fatty acids are capable of coordinating with the
metal cluster of the MOFs, they will have stronger binding to
the MOF frameworks. Doped samples of n-decane and myristic
acid, Decane@Meso-PCN-250 (4.4 wt% loaded) and Myristic@-
Meso-PCN-250 (50 wt% loaded), were prepared accordingly. A
PXRD spectrum of the doped absorbents showed a very similar
pattern to that of as-synthesized PCN-250 and the simulated
pattern (Figure 3A). The IR (infrared) spectrum (Figure 3B) of
Myristic@Meso-PCN-250 shows a representative peak for myris-
tic acid at 2800-2900 nm, indicative of successful binding of
myristic acid to the MOF framework (Figures S20-S22, Support-
ing Information)."® As seen in Figure 3C, the thermal stability
of samples before and after doping was analyzed by thermal
gravity analysis (TGA). The TGA curve of Meso-PCN-250 dis-
plays a mass loss of 5.6% below 100°C, likely resulting from
the removal of methanol from the framework. From 100-
400°C, the mass loss of Meso-PCN-250 is 17.0% corresponding
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Figure 2. Characterization of Micro-PCN-250 and Meso-PCN-250. SEM images of (A) Micro-PCN-250 and (C) Meso-PCN-250. (B, D) Enlarged SEM images of the
red reticular zone in (A) and (C). N, isotherm of (E) Micro-PCN-250 and (F) Meso-PCN-250. BJH Desorption pore size distribution of (G) Micro-PCN-250 and
(H) Meso-PCN-250 (only the mesoporous region is shown). High-pressure methane uptake of (I) Micro-PCN-250 and (J) Meso-PCN-250. Scale bar for (A) and

(B): 1 um. Scale bar for (C) and (D): 200 nm.

Chem. Eur. J. 2018, 24, 16977 - 16982 www.chemeurj.org

16979

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



:@‘* ChemPubSoc
x Europe

CHEMISTRY

A European Journal
Communication

Decane@Meso-PCN-250
—— Mystic@Meso-PCN-250

—— Meso-PCN-250

90 -

80

704

Mass (%)

60 4

50 4

(A) (B) - —— Myristic@Meso-PCN-250
—— Myristic@Meso-PCN-250 Meso-PCN-250
—— Decane@Meso-PCN-250 4 —— Myristic Acid
Meso-PCN-250
—— Simulated (Micro-PCN-250)
El
&
2
‘G
c
[
z
j A Lo dsndikidohallon gy T
1W m M MWt o st torheoramheh !
G n hlwANan/
oy WINIY Jv"v‘vll‘ bl ““lwul%www i
i Am sk An Lmeed
é 1'0 1|5 zlo 2|5 3|o 3|5 4'0 500 1000 1500 2000 2500 3000 3500

Wavelength (cm™)

: T T
4000 200 300 400

Temperature (°C)

Figure 3. (A) Powder XRD pattern of Micro-PCN-250, Meso-PCN-250, Decane@Meso-PCN-250 and Myristic@Meso-PCN-250. (B) FT-IR spectrum of Meso-PCN-
250 and Myrstic@Meso-PCN-250, and compared with Myristic Acid authentic sample. (C) TGA curve of Meso-PCN-250, Decane@Meso-PCN-250 and Myristic@-

Meso-PCN-250.

to the loss of residual guest DMF molecules. The Decane@Me-
s0-PCN-250 sample demonstrated a similar TGA curve, but
with one more weight loss step (12.1%) starting from 220°C,
which resulted from the loss of decane (boiling point of
174°C). However, the TGA of Myristic@Meso-PCN-250 exhibited
major differences when compared to the above two samples
in TGA. Below 150°C, there is a significant mass loss of 19.2%,
corresponding to the loss of methanol used in the loading of
myristic acid (boiling point of 326°C). In the range of 150-
400°C, the mass loss of Myristic@Meso-PCN-250 is only 7.3 %,
which is the smallest of the three compared samples. This
showcases the relatively slow desorption of myristic acid as
compared to n-decane and DMF. There is also a slight shift in
framework decomposition temperature in the Myristic@Meso-
PCN-250, from 400°C to 410°C. This shift suggests that the
myristic acid attached to the MOF increases the thermal stabili-
ty of the structure. After loading n-decane or myristic acid, the
N, uptake of Meso-PCN-250 was considerably decreased (Figur-
es S23 and S24, Supporting Information).

After doping with n-decane and myristic acid, both PCN-250
adsorbents were measured for high-pressure methane uptake
at 298 K using the HPVA-Il from Micromeritics (Figure 4A and
B). The two doping reagents, n-decane, and myristic acid have
minimal volumetric methane uptakes in the absence of the
framework at 65 bar (10 cm®’cm™ v/v). When Micro-PCN-250
was doped with n-decane and myristic acid, a decrease in
methane uptake at 65bar was observed (132 and
121 cm®cm? v/v, respectively). Our simulation data also show
the same trend as the experimental data (Figures S25 and S26,
Supporting Information). In contrast, when Meso-PCN-250 was
doped with n-decane, the methane uptake at 65 bar improved
from 142 to 203 cm?*cm ™ v/v, which is a 43.0% increase com-
pared to pristine Meso-PCN-250 (Figure 4A). When compared
to the pristine Micro-PCN-250, the increased value is 26.1%,
which is comparable to the 18% increase for deliverable meth-
ane [characterized by GC-FID (Figure 1D)]. In addition, the
working capacity (5-65 bar) of Decane@Meso-PCN-250 was
also elevated, reaching 159 compared to 110 cm®*cm 3 v/v for
Micro-PCN-250. Myristic@Meso-PCN-250 can reach a total
methane uptake capacity of 173 cm®*cm™® v/v at 65 bar (Fig-
ure 4B), and 192 cm®*cm 3 v/v at 95 bar (Figure 528, Supporting
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Information). To the best of our knowledge, the 192-
203 cm®cm ™ v/v values represent record-high methane uptake
of mesoporous PCN-250 adsorbents reported so far."' It was
also noted that the methane uptake increased faster for n-
decane than that for myristic-acid-doped samples when in-
creasing the pressure (Figure 4C and D). This can likely be as-
cribed to the stronger interactions between methane and high
alkanes such as n-decane.*”

Although n-decane doping has better methane adsorption
performance than myristic acid doping, the recyclability fol-
lows the reverse trend (Figure 4E and F). After three cycles, the
performance of n-decane-doped samples was reduced to 50%
of the initial cycle. Due to the lack of strong interactions be-
tween n-decane and the MOF, it is difficult to prevent the n-
decane from leaching from the framework during the regener-
ation process, which included vacuum-assisted heating at
180°C. After three cycles, the subsequent two cycles main-
tained a performance that was 45% that of the original. In
contrast, myristic-acid-doped Meso-PCN-250 showed consis-
tent performance even after three cycles. As expected, the car-
boxylic acid moieties of the fatty acid can bind to the metal
cluster of the MOF adsorbent, reducing the loss of dopant
during the desorption process.”” The weight of myristic acid
doped Meso-PCN-250 for each cycle was also measured, and
no weight loss was found. This strongly indicated the retention
of fatty acid within the framework throughout the gas storage
cycle.

According to the results obtained above, the proposed
mechanism of the enhanced methane uptake by long chain
hydrocarbon doped PCN-250 is illustrated in Scheme 1.
Through Soxhlet treatment, defects were created in the micro-
porous PCN-250, yielding mesoporous PCN-250. Considering
that mesopores have no significant interactions with small
molecules, such as methane, methane uptake of undoped
mesoporous PCN-250 was lower than that of undoped micro-
porous PCN-250. In contrast, myristic acid strongly binds to the
open metal sites of PCN-250, with long alkane chains located
in the mesopores. By taking advantage of hydrophobic interac-
tions and efficient space partition, methane molecules were
packed into the mesopores, resulting in enhanced uptake ca-
pability. Although there are several pre- or post-synthetic

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. High-pressure methane uptake of Micro-PCN-250 and Meso-PCN-250 doped with n-decane or myristic acid. Volumetric total methane uptake of
Micro-PCN-250 and Meso-PCN-250 doped with (A) n-decane and (B) myristic acid. Total methane uptake of Meso-PCN-250 doped with (C) n-decane and
(D) myristic acid at each pressure. Recyclability test of Decane@Meso-PCN-250 doped (E) and Myristic@Meso-PCN-250 (F).
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Scheme 1. Schematic illustration of mesoporous PCN-250 doped with myristic acid for enhanced methane uptake.
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methods to introduce mesoporous defects in MOFs, it is very
rare that a MOF shows increased methane uptake after the
treatment.”” Furthermore, compared to conventional methods
previously reported, the HAANG method can produce en-
hanced methane storage and is more straightforward and
more highly recyclable.

In conclusion, we applied a post-synthetic treatment
method, termed HAANG, to MOF adsorbents and obtained
MOF-hydrocarbon composites with improved methane uptake
performance and excellent recyclability. By applying two forms
of the same MOF, microporous and mesoporous PCN-250, we
observed that doping reagents only improve the methane-
uptake performance for Meso-PCN-250 and reduce the per-
formance for Micro-PCN-250. This result indicates that the
doping reagents are presumably located within the mesopores
or at defect sites in the adsorbent, utilizing the void space and
dissolving additional methane molecules. Through doping
weakly (n-decane) and strongly (myristic acid) binding agents,
the Meso-PCN-250 can produce a robust reusable adsorbent
composite with increased methane uptake performance. Our
findings shed light on the potential for post-synthetic treat-
ment of MOF absorbents to obtain high performing and sus-
tainable natural gas resources.
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