














This Master Thesis is accepted by:

Dean of the College of Engineering: Professor Sabah Alkass

Skl

Signature ¢ Date _ 7/7/2020

Dean of the College of Graduate Studies: Professor Ali Al-Marzouqi

Signature Date July 9, 2020

Copy of



Vi

Abstract

Natural gas is major resource in UAE, constitute about 90% methane and as compared
to other fossil fuels, it is more environmentally friendly. Energy demand from natural
gas can be projected to exceed two hundred exajoules per year in 2040. In the UAE,
many natural gas filling stations are already built for utilizing natural gas as a vehicle
transportation fuel where these materials have potential applications to store and
deliver this fuel. This research aims to study various kinds of Metal-Organic
Frameworks, and to investigate adsorption properties for the storage of natural gas and
its delivery. MOFs possess porous material that exhibits a high deliverable capacity of
gases. These are synthesized using strategies such as crystal engineering with varying
organic groups such as linker length and hydrophilicity, pore shape, and phase
changes. The main challenges in designing MOFs for methane storage are
understanding the mechanical properties, developing thermal management solutions,
and the effect of impurities on the working capacity as well as the manufacturing costs
of MOFs. This thesis gives pathway to tackle such problems. Overall, HKUST-1
showed promising results for the various MOFs tested. Synthesis and characterization
were done by scanning electron microscope, thermogravimetric analysis, X-ray
diffraction, and nitrogen adsorption. Adsorption process, reaction heat, and total heat
involved in the process were studied using Tian-Calvet calorimeter and gas
chromatography. A significant part of this research was dedicated to designing and
setting up the calorimeter used in obtaining the heat of adsorption. Moreover, the
adsorption properties and separation of the gaseous mixture are also studied using the
gas chromatography with some equipment modifications. Designing of MOFs, a class
of adsorbents, is described considering the thermodynamics of adsorption of these
porous materials for natural gas and methane storage. The thermodynamics of
adsorption governs the adsorption isotherm and, therefore the deliverable capacity of
stored natural gas and methane. Calorimetric and gas chromatography studies
indicated that HKUST-1 has the best adsorbent among the tested MOFs.

Keywords: Metal-organic frameworks, methane storage, ANG; natural gas storage,

synthesis, characterization, gas chromatography adsorption, adsorption calorimeter.
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Chapter 1: Introduction

1.1 Overview

Natural gas, constituting methane as a prime component, has gained the research
interest of many as a substitute to the petroleum category conventional fuels used for
running vehicles due to its plentiful reserves. It is proven to be an exceptional alternate
to that of petroleum due to its steady cost (since 2000), releases less carbon dioxide as
compared to petroleum, and owes a high-octane number (Alvarez et al., 2012).
Therefore, natural gas is focused for storing in a material known as metal-organic
frameworks (MOF). In the case of adsorbed natural gas (ANG), it needs to be designed
to meet performance requirements. These materials should be able to adsorb material
and deliver it with high efficiency, requiring a high surface area and porosity (Morris
& Wheatley, 2008). Currently, compressed natural gas (CNG) is the major energy
source for the cars in UAE, but CNG necessity of high-pressurized tanks on vehicles
are associated with safety concerns. Methane sorption by sorbent materials takes
substantial heat amount, cooling of the whole tank, cooling down methane and
preventing the ignition. As a result, while considering the safety the sorbent materials
presence within the pressurized tanks provide an additional benefit as compared to CNG

tanks.

The metal-organic frameworks are a new class of hybrid solids like zeolite, also
recognized as porous coordination polymers. These hybrid solids are generally
crystalline complexes made up of organic multidentate ligands, clusters, or metal ions.
The extended network structures are formed by joining the two components with a

covalent bond (Yaghi & Li, 2009). In the past few years, MOF chemistry is emerging



at an astonishing pace, indicated by an upsurge in original researches and review
articles. The MOF exhibits extraordinarily great surface areas and permanent in
porosity. The maximum surface areas of MOFs reported so far are more than 6,000
m?/g. The MOFs are crystalline solids in nature; therefore, precise locations of all atoms
inside the framework can be easily recognized and correlated by measured properties.
MOFs are usually synthesized under moderately mild conditions. The pore shape, pore
size, surface functionalities, and network topology of MOFs can be tuned
systematically. This suggest that the properties and structure of metal organic

frameworks might be customized to match the requirements of the definite application.

The storage of methane gas has been explored with MOFs. In 1997, the first-ever
measurement on porous MOFs was done (Kondo et al., 1997). The implication of metal-
organic frameworks for the storage of methane gas has not gained ample consideration
as compared to CO- capture and H» storage. Linkers perform an essential role in
enhancing the MOFs adsorption pattern as per previously published data (Siberio-Pérez
et al., 2007). The study of the CPO-27-M series of MOF identified centers of
unsaturated metal ions as primary binding sites of methane gas molecules coordinately.
High capacities of methane storage have been exhibited by MOFs in research studies
using experimental and computational protocols. For instance, a theoretical metal-
organic framework called PCN-14 was forecasted to hold 205 v/v (v/v- volume of
gas/volume of container) storage capacity (Wilmer et al., 2012). On the other hand,

NOTT-107 displayed 213 v/v at the pressure of 35 bar and 298 K temperature.

Similarly, another series, named as MMOF-74, was also estimated for methane storage

purposes (Wu et al., 2009). Another MOF which has been studied is UTSA-20. The



methane storage density measured was 0.222 g cm® (178 v/v) at 300 K and 340 bar
(Guoetal., 2011). PCN-6x (where x=1,6, and 8) has volumetric capacities of 145, 110,
and 99 v/v (Yuan et al., 2010). To increase gas storage capacity, it is very important to
tune the pore sizes and shapes of porous sorbents very finely. Efforts focused on solely
increasing surface area are sometimes not enough. A balance needs to be maintained
between pore size, density, surface area, porosity, and many other aspects. With the
discovery of hundreds of new porous materials structures every year, more efforts must
be performed to assess these materials for their adsorbing capacities, which may fit
these criteria. This research mainly focused on three MOFs: HKUST-1, MOF-5, and
Mg-MOF (NICS-6). HKUST-1 is on the top of the list because there is a commercial
product under the name Basolite C-300. This product is very good methane adsorbent
which could be utilized in NGVs. Moving on, MOF-5 is famous for its high BET
surface area and high thermal conductivity. This will allow to store huge amounts of
methane in very little space, while dissipating heat in an efficient manner. Finally, Mg-
MOF was chosen for its high heat capacity due to its dense structure. Along with its
high degradation temperature, NICS-6 can withstand huge amounts of adsorption

without breakdown.

This work seeks to test the adsorption capacity of new metal-organic frameworks for
methane gas storage, which may rectify problems related to increasing methane storage
capacity and the safety of having natural gas cylinders in vehicles. Furthermore, heats
of adsorption need to be determined to assess the suitability of each material further and
to establish a relationship between the structure, adsorption capacity, and
experimentally measured thermodynamic values. Moreover, the research aims at a

thermodynamic assessment of these adsorbent-adsorbate interactions.



1.2 Statement of Problems

Presently, the relatively less volumetric energy storage density of natural gas is a major
challenge in its long-term usage in transportation vehicles, and the fluctuating prices
of petroleum make it less reliable fuel source in transportation fuel. Currently,
compressed natural gas technology is used to enhance natural gas storage capacity.
CNG is basically the storage of natural gas as supercritical fluid in the oversized fuel
tank at 200- 300 bar pressure at room temperature. It is suggested to make onboard
tanks with thick metal, which makes them large and heavy in weight, whereas, for
passenger vehicles, it should be light in weight made up of expensive carbon fibers
that are related to safety, cost, and space issues. At —162°C, natural gas can be
condensed into a liquid. Liquefied natural gas (LNG) owes lower density and volume
as compared to CNG, which proves it to be cost-efficient for long-distance
transportation without any local natural gas source where the pipeline cannot reach.
However, the cost of cooling natural gas to —162°C is high, making this technology
less feasible. Recently, ANG is considered to be a successful scheme for resolving
these problems at stabilized pressures, which comprises tanks filling with porous
storage materials to store natural gas. Relatively low-pressure tanks will be cheaper,
smaller in size and lighter in weight, therefore can lessen the needs of space and cost.
However, passenger cars are better for the implication of ANG technology. Hence, it
is crucial to synthesize porous materials i.e., (MOFs) for storage and delivering high
amounts of methane gas within a range of 65 and 5 bar pressure for full implementation

of the natural gas system in passenger vehicles.



1.3 Research Objectives

The objectives of this thesis are:

e To synthesize different MOFs and study them in detail.

e Study and characterize the MOFs synthesized by XRD and nitrogen
adsorption methods to calculate the porosity.

e Document the morphologies of different MOFs studied by using instrument
SEM (Scanning Electron Microscope).

e Design and construct an experimental set-up for testing adsorption
properties of different MOFs.

e Design new MOFs with high storage deliverable capacity of methane gas.

1.4 Limitation of the study

Despite of conducting all protocols successfully, there was some limitation faced
during the whole project. One of the goals of this project is to build a high-pressure
experimental setup to test the adsorption properties of porous materials. An
experimental set-up was designed and sent to a company, Alfain Lab Equipment LLC,
for assembly before November 7, 2018. One challenge that was faced in carrying out
the goals of the project in a timely fashion is shipment. During shipment, the designed
experimental setup was damaged. Therefore, the item was not shipped by the delivery
date of March 10, 2019. Because the apparatus contained microchips, there was also a
delay during customs clearance. Furthermore, when the equipment was delivered,

there were some leakage issues also which took several days to be sorted out.



At the final stage of the project, due to the outbreak of COVID-19 since February 2020
and its declaration as a pandemic, led to the closure of the labs. Therefore, it was not
possible to continue the experimental works and became a major hindrance to the
completion of my research work. At the starting stage of the project, it was planned to
run the adsorption experiment for each MOF synthesized. However, due to the above
problems, it was mainly focused on the MOF called HKUST-1, which revealed the

best adsorption properties for methane gas storage from literature studies.

The MOFs are synthesized in small scales in the lab. However, for some experiments,
more quantity of MOFs was required and synthesizing that much quantity was time-
consuming. Usually, to get a MOF synthesized, including filtration, solvent exchange,
and activation takes around approximately 5-10 days, and after all these processes, the
MOFs are obtained in range of 0.5 - 1.5 g. Whereas, for running the calorimeter

experiment only, at least 3.5 g was required for each MOF synthesized.

1.5 Organization of Thesis

The first chapter provides an overview of the research work and a statement of
problems which explains methane adsorption research within metal-organic
frameworks (MOFs). The chapter continues with the research objectives to be done in
the thesis, the challenges faced during the project and ends up with the organization
of the thesis. Chapter Two includes recent literature reviewed about MOFs for
adsorption of methane, the implementation for storage of natural gas, and the latest
advances in designing the metal-organic frameworks for best adsorption properties.
Chapter three consists of the experimental procedures carried out for synthesizing

MOFs and characterizing MOFs by different methods like nitrogen adsorption, X rays



Diffraction analysis (XRD), Thermogravimetric Analysis (TGA) and SEM (Scanning
Electron microscopy). Lastly, adsorption properties of metal-organic frameworks
synthesized by two different methods i.e., Gas chromatography (GC) and Calorimeter,
are studied in this section. GC modification to study the adsorption properties of MOF,
and new calorimeter setup design to study heat of adsorption of MOFs are illustrated.
Furthermore, in Chapter Four, the experimental outcomes are discussed. Finally,

chapter five summarizes with derived conclusions.



Chapter 2: Literature Review

2.1 Introduction

In 2017, 4.6219 billion tons of oil equivalent were consumed for transportation and
other uses (Nathan & Scobell, 2012). Fossil fuel use resulted in the emission of 33
billion tons of CO> (EIA, 2010; Id, 2016; Schoedel et al., 2016). In addition to CO>
emission, the use of fossil fuels resulted in more than the doubling of the price of
petroleum since 1998 (BP, 2015; World Bank, 2014; Zhou et al., 2012a). European
Union member states committed to a 40% reduction in greenhouse gas emissions, such
as CO: in the 2030 Climate and Energy Framework (European Council, 2018). In
addition, many countries such as the United Kingdom, France, Germany, and parts of
the United States and China plan to ban new gasoline vehicles sales by 2040 (Coren,
2018). To address the sustainability and environmental impacts of petroleum as a
transportation fuel, renewable energy sources such as hydrogen and biomass are being
developed (Akella et al., 2009; Drennen, 1994; Painuly, 2001). At the time when others
are looking into alternatives and into making them practically and economically viable,
natural gas is a good alternative or substitute to petroleum as a transportation fuel
because it has a lower cost, is available, and releases 270 g of CO2 per mile as
compared to the 450 g of CO2 per mile when gasoline is used as a fuel (ARPA-E,
2012). As of April 2019, there were 27,414,984 natural gas vehicles (NGVs) and

32,211 natural gas fueling stations (NGV Global, 2019).

Natural gas and methane can be stored and delivered as compressed natural gas,
liquified natural gas, and adsorbed natural gas. In the case of CNG, natural gas is stored

at a pressure of 250 bar (3500 psi) in low-cost steel tanks and delivered as a fuel. CNG



has an energy density of 9.2 MJ L%, which is 70% less than that of gasoline (Zhou et
al., 2012b). However, carrying an extremely pressurized tank raises safety concerns in
vehicles in the case of accidents and has an energy cost associated with compression.
Furthermore, CNG, which is the established and predominant technology for NGVs,
has a driving range of 350-450 km as compared to 400-600 km for gasoline-powered
vehicles (ClimateTechWiki, 2012). Based on this, there is a need to develop gas
storage technology beyond that which is already established in real-life applications.
Further improvements in natural gas storage for NGV technology should seek to
improve the driving range to decrease time at the pump and the corresponding number
of required tank recharges. Increasing driving range would be helpful in implementing
the technology in areas where natural gas filling stations are not as abundant. In
addition, the CNG tank that holds the fuel takes up cargo space and technological
advancements that decrease the volume of the natural gas fuel tank are beneficial.
Another approach to store natural gas is LNG, which has an energy density of 22.2 MJ
L. Some drawbacks of LNG are the energy and cost associated with liquefaction
(—162°C), which present major technological obstacles (Bae & Kim, 2017). Lastly,
natural gas can be stored as ANG. Fairly large volumetric capacities of 4-6 MJ L™ at
pressures of around 35 bar at room temperature for different adsorbents were achieved
(Szilagyi et al., 2016). The presence of sorbent materials in high-pressure tanks
reduces the pressure requirement of the tanks, making storage and delivery safer and
allows for the use of single-stage compressors. ANG may increase the driving range
and decrease the volume required of the fuel tank to achieve a specific driving distance

as compared to CNG (Liang et al., 2017).
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For ANG, different classes of adsorbents were designed and tested for natural gas such
as activated carbons, zeolites, porous coordination polymers (PCPs) (Chui et al.,
1999), and MOFs (Makal et al., 2012; Menon & Komarneni, 1998; Morris &
Wheatley, 2008). These materials have to be able to adsorb and desorb natural gas,
which consists of more than 90 mol% methane. In the case of activated carbons,
volumetric methane capacities are in the range of 100—170 cm® (STP) cm 3 (Hamza et
al., 2016; Himeno et al., 2005; Matranga et al., 1992; Sircar et al., 1996). Zeolites
typically have methane uptakes below 100 cm?® (STP) cm™2 (Menon & Komarneni,
1998). Cu(BPY).SiFe (BPY ,4,4-bipyridine), a PCP, has a gravimetric methane uptake
of 146 cm® (STP) g at 298 K and 36 atm (Noro et al., 2000). MOFs were found to
have better methane storage capability (more than 170 cm? (STP) cm™) in part due to
their crystallinity, stability, organic functionality, and porosity (Furukawa et al., 2010;

Perry et al., 2009; Yaghi et al., 2003).

In 2012, the US Department of Energy (DOE) set new targets for methane storage to
achieve a volumetric storage capacity of 350 cm® (STP) cm3, gravimetric storage
capacity of 0.5 g (CH4) g at room temperature, and capacity of 263 cm® (STP) cm™
after successful packing and densification. This target for methane storage materials
corresponds to a gravimetric capacity of 50 wt.% and a volumetric capacity of 250 g

Lt

MOFs are being designed to meet these storage targets through the variation of
properties such as pore size (Guo et al., 2011), pore architecture (Liu et al., 2013), and
hydrophobicity (Nguyen et al., 2014). Furthermore, the building-blocks of MOFs may

be varied resulting in changes in the nature of organic ligands (Filipe et al., 2012; Zhao
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et al., 2011), including ligand length (Zhao et al., 2011) and functionalization (Zhang
et al., 2017a; Stock & Biswas, 2012), and metal center (Horcajada et al., 2006) to
improve the working capacity of MOFs for natural gas and methane storage (Taylor et
al., 2016). To this end, strategies such as breathing MOFs can also be used (Furukawa
et al., 2013a; Deng et al., 2012; Li et al., 1999). One benchmark MOF material is
HKUST-1, which is composed of Cuz(-COO)s secondary building units (SBUs =
secondary building units) with a paddle wheel shape (Gotthardt et al., 2015). It has a
surface area of 1800 m? g~*. For HKUST-1, the amount of methane adsorbed and
desorbed between 65 bar and 5 bar, or the deliverable capacity is 190 cm® (STP) cm™
(Lietal., 2015; Gandara et al., 2014; Moellmer et al., 2011). The reported deliverable
capacity for HKUST-1 is 153 cm® (STP) cm™ (109 g L ™) at 35 bar. HKUST-1 is
available as Basolite C300 in the market (Vikrant et al., 2017; Makal et al., 2012). An
isoreticular MOF, IRMOF-6 (IRMOF = isoreticular MOF) showed a gravimetric
uptake of 205 cm? (STP) g* and volumetric uptake of 155 cm?® (STP) cm™2 at 36 atm,
and 298 K. MOF-905 has a value rivaling of 203 cm® (STP) cm™2 (145 g L™?) at 80 bar
and 298 K (Yan et al., 2017). Other MOFs developed are aluminum MOFs termed as
MOF-519 and MOF-520, composed of Alg(OH)s(-COO)1s SBUs joined together with
triangular BTB (benzene tribenzoate) linkers. MOF-519 has a narrowed size compared
to MOF-520 with partially uncoordinated B2B (B2B = back to back) linkers and a
Brunauer-Emmett-Teller (BET) surface area of 2400 m? g~* which allows it to adsorb
259 cm® (STP) cm™2 methane with a high delivery capacity of 210 cm® (STP) cm™2 at
65 bar and 298 K (Gomez-Gualdrén et al., 2014a). A plethora of other MOFs were
tested as described in review papers (Cohen, 2012; Getman et al., 2012; He et al., 2014;

James, 2003; Long & Yaghi, 2009; H. C. Zhou et al., 2012) and others publications
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(Farha & Hupp, 2010; Wang & Cohen, 2009). However, MOFs such as HKUST-1 and

others do have limitations when implemented for natural gas storage.

For the implementation of MOFs for natural gas or methane storage, a variety of
challenges arise, which can decrease uptake and deliverable capacity by up to 50%. As
discussed by Mason and others, these challenges in implementation include thermal
management, pelletization or densification losses in storage or deliverable capacity,
and natural gas impurities (Figure 1) (He et al., 2014; Mason et al., 2014; Makal et al.,
2012). These problems can be addressed from a system or materials design perspective
(Lietal.,2016; Lietal.,2018; Linetal., 2017). Here, it is discussed a detail description
of how these problems can be addressed through materials design to decrease cost,
weight, and space. The known thermal and mechanical properties of MOFs are
considered in terms of a total system perspective (Howarth et al., 2016). In the ANG
system, adsorption of gas is an exothermic process, and desorption is endothermic,
which leads to potentially large changes in temperature that reduce the amount of gas
that can be stored and delivered (Babaei et al., 2018). The heat management of MOFs
that undergoing phase changes are examined. In the case of pelletization or
densification losses on natural gas uptake and deliverable capacity, the mechanical
properties of the materials should be considered to avoid pore collapse (Prajwal &
Ayappa, 2014). The strategies’ functionalization of MOFs can increase the bulk
modulus and improve mechanical properties. In addition, natural gas impurities may
block active sites and significantly decrease uptake and negatively impact cyclability
(He et al., 2014). Effective MOF design strategies to mitigate these problems through

pore engineering are discussed.



Mechanical Properties

Thermal Properties

Natural Gas Impurities

Figure 1: Challenges associated with the implementation of MOFs for natural gas
storage

2.2 Thermal Properties

In the ANG system, adsorption of gas is an exothermic process, which leads to a
potentially large increase in temperature that reduces the amount of gas that can be
adsorbed (Babaei et al., 2018). In addition, desorption of gas is endothermic and can
also contribute to a decrease in temperature, decreasing the amount of gas that can be
desorbed (Chang & Talu, 1996). Therefore, during the fueling of the tank, the
adsorbent bed will release heat and cool during discharge. Fueling the tank at a faster
rate, which is often desirable to decrease the time at the tank, leads to even greater
temperature changes. During normal driving, experiments have shown that a
prototypical carbon tank can cool as much as 37°C, reducing methane storage capacity
by 20%, as compared to the isothermal tank (Chang & Talu, 1996). Another negative
consequence of this effect is that if the temperature of the tank exceeds the maximum
temperature that the tank can tolerate, then the tank would no longer be able to

withstand the pressure, and there may be a release of the fuel. From a systems-level



14

perspective, thermal management may be addressed by the incorporation of a heat
exchanger in the system, changing the material of construction, and the geometry of

the tank. However, this results in a trade-off between cost, weight, and available space.

Another approach to address thermal management is through material design (Babaei
& Wilmer, 2016; Makal et al., 2012). Important properties of MOFs that affect thermal
management are heat capacity, decomposition temperature, and thermal conductivity.
High heat capacities of MOFs decrease the magnitude of temperature changes during
the charging and discharging of the tank. Specific heat capacities of MOF-5, Cu-BTC,
Fe-BTC, MOF-177 and MIL-53 (Al) (MIL = Materials Institute Lavoisier) were
reported over a wide temperature range (Kloutse et al., 2015). The heat capacities of
these MOFs at 300 K are in the range of 0.66 t0 0.92 J g~ K™%, Fe-BTC had the highest
heat capacity of the materials studied, followed by MIL-53, MOF-177, and MOF-5.
The heat capacities of these MOFs were found to monotonically increase with
temperature. Additional thermal analysis and heat capacity studies of Mg-BTC, Co-
BTC, Mn-BDC (BDC=1,4-benzenedicarboxylate), MOF-36, and IR-MOF-1 indicated
that these MOFs have comparable heat capacities as other solids such as zeolites,
carbon nanotubes, and other minerals (Mu & Walton, 2011). Mg-BTC was found to
have the highest heat capacity of around 1.4 J g * K™* followed by Co-BTC. Another
thermal property to note is the decomposition temperature. Some MOFs were found
to not significantly decompose at temperatures as high as 300°C, while other MOFs
such as HKUST-1 decompose at temperatures of around 240°C. For MOFs, thermal
stability is determined by the coordination number and local coordination environment

and is not determined by the topology of the framework.
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The structure of MOFs can be designed to increase the thermal conductivity of the
MOF to obtain favorable heat transfer properties for natural gas storage and delivery.
High thermal conductivities allow for faster dissipation of heat from the system. By
decreasing the pore size of MOFs, the thermal conductivity can be simultaneously
increased (Babaei et al., 2016). However, it must be noted that there exists an optimal
pore size for gas storage. Therefore, the effectiveness of this strategy depends on what
the optimal pore size is for storage and whether the designed pore size lies above or
below this value. If the pore size is too low for significant uptake, further decreases in
pore size do not lead to the achievement of the objective of obtaining a reasonable
storage capacity while increasing the rate of dissipation of heat. In addition to pore
size, pore shape also affects thermal conductivity. MOFs with hexagonal channels
have the highest thermal conductivities along the channel direction and lowest thermal
conductivities across the channel direction. Furthermore, the interpenetration of MOFs
leads to parallel thermal transport pathways as shown by molecular dynamics
simulations. This leads to a thermal conductivity that is the sum of the thermal
conductivities of the two constituent frameworks (Sezginel et al., 2018). This would
allow for more rapid transport of heat. This phenomenon holds for both cubic idealized
MOFs and IRMOF-1. In cases where the frameworks are not maximally
interpenetrating, and the interframework attraction is high, which is not very common,
the thermal conductivity might be lower than that of the sum of the individual
frameworks due to the effect of coupling. The coupling factor that is calculated using
the force field parameters (¢ and €) from molecular dynamics can be used to determine
the decrease in thermal conductivity and was minimal for 0.01 < & < 0.1 kcal mol*

and 1 <o <4.5 A. These molecular dynamics simulations suggest a new strategy for
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the addition of frameworks to form an interpenetrated MOF structure with a larger
number of adsorption sites and additional thermal transport pathways for thermal
management. However, there may be a drawback to this strategy if the pore volume is
too low for gas storage. The gas in the pores affects the thermal conductivity of the
system. It was found that the thermal conductance of the MOF adsorption system is
dominated by the lattice thermal conductivity and that conductance is reduced as the
concentration of gas in the pores increases by transient simulations. The thermal
transport is two orders of magnitude faster than gas diffusion. The fast release of heat
is hindered by a large thermal resistance at the gas-MOF interface (Figure 2). The gas-
MOF interface does not bottleneck the adsorption process. The thermal conductivities
of some MOFs were measured. UiO-66, UiO-67, and Cu-BTC have thermal
conductivities of 0.11 W (m-K) %, 0.19 W (m-K) %, and 0.39 W (m-K) %, respectively
(Huang et al., 2019). The thermal conductivity of MOF-5 was measured to be 0.32 W

(m-K)™ (Huang et al., 2007). More thermal conductivity data of MOFs is needed.
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Figure 2: Thermal and mass transport during gas adsorption in a MOF. Reprinted
with permission (Babaei et al., 2018)

Another factor to consider is thermal management is that some MOFs strongly interact
with natural gas and methane. As a result, there is a heat release associated with the
isosteric heat of adsorption (Qst). During the operation of ANG systems, heat may
raise the system’s temperature and decrease deliverable capacity. In Table 1, the
isosteric heat of adsorption of selected MOFs is provided. Qst ranges from around 5 to
25 kJ mol . Therefore, thermal management may consider the heat of adsorption of
the material to designing MOFs for ANG systems. Lower heats of adsorption may
decrease temperature swing during the charging and discharging of the tank. The heat
of adsorption can be optimized during the design and selection of the MOF to minimize

temperature swings and maximize gas storage and delivery (Bae & Snurr, 2010).
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Managing the thermal fluctuations associated with adsorption and desorption presents
challenges while maintaining the high capacities required of the system (Mason et al.,
2015). Another strategy to address this problem is to select materials that undergo
phase transitions to absorb and release heat during adsorption and desorption. For
example, the phase transitions of Fe(bdp) (bdp = 1,4-benzenedipyrazolate) and
Co(bdp) in response to changes in pressures result in a sharp ‘step’ in the adsorption
and desorption isotherms. The phase transition energy can be tuned and was used to

manage the temperature change associated with adsorption and desorption.

Adsorption isotherms typically exhibit Langmuir-type isotherms and possess a
decreasing rate of the amount of CH4 adsorbed as the pressure is increased (Figure 3).
To overcome this, a material possessing a stepped isotherm was used whereby the
adsorbed amount is low at about 5 bar and high at 65 bar. A phase exists that has a
collapsed structure in addition to an expanded phase, which can adsorb more methane.
The phase transition is reversible and occurs over 100 adsorption cycles. XRD was
used to discover that the phase transition occurs around 17 to 23 bar for Fe(bdp) and
Co(bdp). The density of the expanded phase (0.77 g cm3) is nearly half of that of the
collapsed phase (1.50 g cm~3). On the other hand, HKUST-1 and UTSA-76a possess
Langmuir-type adsorption isotherms and therefore, a significant amount of CHg is left
adsorbed at lower pressures of around 5 bar. By changing the material used from
Co(bdp) to Fe(bdp), there is a 12% lower heat released per liter of adsorbent and

Fe(bdp) released 41% less heat per liter of adsorbent than HKUST-1.



Table 1: Pore volume, uptake, and deliverable capacity of selected MOFs

Qst
Vp BET kJ
MOF (cmig )@ (m%g!) Uptake®  Delivery® T P Uptake®  Delivery® T P mol REF
(cm®*m™  (cmicm™) (K) (bar) (cmPcm™  (cmicm™  (K) (bar) 1

PCN-61 1.36 3000 171 127 298 35 219 174 298 65 - (Furukawa et al., 2013b)
HKUST-1 0.71 1555 190 - 303 35 254 - 303 65 20.7 (Moellmer et al., 2011)
MgMOF-74 0.69 - 200 113 298 35 230 142 298 65 185 (Mason et al., 2014)

MOF-5 14 - 150 118 298 35 214 182 298 65 12.3 (Mason et al., 2014)

PCN-14 0.83 1984 202 125 298 35 239 160 298 65 17.6 (Mason et al., 2014)
CoMOF-74 0.51 - 221 110 298 35 249 136 298 65 19.5 (Mason et al., 2014)

PCN-61 1.36 3000 171 127 298 35 219 174 298 65 - (Deng et al., 2010)

MOF-210 3.60 6240 83 71 298 35 143 131 298 65 - (Furukawa et al., 2013b)

PCN-14 0.85 2000 195 122 298 35 230 157 298 65 18.7 (Peng et al., 2013a)

NU-111 2.09 4930 138 111 298 35 206 179 298 65 14.2 (Peng et al., 2013a)

NU-140 1.97 4300 138 108 298 35 200 170 298 65 14 (Gémez-Gualdron et al., 2014b)

NU-125 1.29 3120 181 133 298 35 228 180 298 58 155 (Wilmer et al., 2013)
NiMOF-74 0.47 1218 214 94 298 35 236 116 298 65 - (Loiseau et al., 2004)

NU-111 2.09 4930 138 111 298 35 206 179 298 65 15.2 (Peng et al., 2013Db)
NOTT-109 0.850 2110 196 125 300 35 242 170 300 65 17.1 (He etal., 2013)

ZJU-5 1.074 2823 190 130 300 35 228 168 300 65 153  (Prajwal & Ayappa, 2014)

ZJU-25 1.183 2124 180 132 300 35 229 181 300 63 15.1 (Wen etal., 2014)

NU-135 1.02 2530 187 127 298 35 230 170 298 65 16.6 (Lietal., 2014a)
NOTT-100 0.677 1661 195 104 300 35 230 139 300 65 18.1 (He et al., 2013)

a: Vp: pore volume. b: Total volumetric uptake, cm® (STP) cm™3. c: The deliverable amount is defined as the difference in total uptake between 5 bar and the specified
upper limiting working pressure under isothermal conditions

67T
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Figure 3: Variable-temperature equilibrium isotherms for (a) Co(bdp), and (b)
Fe(bdp), and differential enthalpies for (c) Co(bdp), and (d) Fe(bdp) (Mason et al.,
2015)

Figure 3 illustrates the total CH4 adsorption isotherms at various temperatures for (a)
Co(bdp) and (b) Fe(bdp), where a minimum desorption pressure of 5.8 bar and a
maximum adsorption pressure of 35 bar are indicated by dashed grey lines. Filled
circles represent adsorption; open circles represent desorption. Differential enthalpies
of CH4 adsorption (hads) for (c) Co(bdp) as determined from variable-temperature
adsorption isotherms (purple line) and three separate microcalorimetry experiments

(open symbols). Differential enthalpies of CH4 adsorption (hads) for (d) Fe(bdp), as



21

determined by variable-temperature adsorption isotherms. Dashed grew lines in ¢ and

d indicate the amount of CH4 adsorbed at 5.8 bar and 35 bar.

2.3 Mechanical Properties

The volume of gas/volume of the container (V/V) values based on powder adsorption
that does not account for losses due to pelletization and bed porosity overestimates the
working storage capacity. Furthermore, interparticle void space results in a lower
volumetric CH4 capacity. For onboard applications, the material is extruded or
pelletized to reduce the pressure drop. This results in a loss of pore volume and/or
surface area (Tian et al., 2015). Compaction can also result in the complete or partial
collapse of the framework pores. Pellets of Niz(dobdc) (dobdc* = 2,5-dioxido-1,4-
benzenedicarboxylate) compacted with 0.1 GPa of pressure adsorbed just 100 v/v of
CHgs at 34 bar and 30°C as compared to 230 v/v before compaction. To meet the
Department of Energy target of 263 V/V at the onboard packed bed level, the
volumetric loadings for the pelletized sample should be about 373 V/V (Prajwal &
Ayappa, 2014). Therefore, MOFs with high mechanical stability is desirable for
implementation in ANG systems. These materials can survive compaction without

losing their porosity and storage capacity.

To tackle this issue, advanced synthesis engineering and densification of MOFs were
used to produce monolithic structures of up to about 1 cm? in size without high pressure
and binders (Tian et al., 2018a). HKUST-1 was synthesized by a sol-gel process and
analyzed by optical imaging of the sample as well as powder XRD. The unreacted
particles nucleate at the interface connecting the existing primary particles and results

in epitaxial growth, yielding a dense monolith. After successful packing and
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densification, the monolithic HKUST-1 achieved a capacity of 259 cm® (STP) cm 3,
which is a 50% improvement over any other experimental value and virtually matches
the DOE target of 263 cm® (STP) cm™2 (Figure 4). The hardness of the monolithic
HKUST-1 is at least 130% greater than that value measured for other conventional

MOFs.
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Figure 4: Gas adsorption in HKUST-1 (Tian et al., 2018a)

In Figure 4, the comparison of absolute volumetric methane adsorption isotherms at
298 K on monolithic HKUST-1 (red filled circles), excess volumetric uptake on
monolithic HKUST-1 (red open circles), HKUST-1 pellets under hand-packing (blue

diamonds), HKUST-1 pellets packed under 27.6 MPa (black squares), and HKUST-1
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pellets under 68.9 MPa (green triangles) 5. The DOE target of 263 cm® (STP) cm 3 is
represented by the red dashed line. The mechanical behavior of MOFs can be tuned by
functionalization (Yot et al., 2016). UiO-66(Zr) and MIL-125(Ti) and their amino-
functionalized derivatives showed a gradual pressure-induced reversible decrease in
their crystallinity as determined by high-pressure powder X-ray diffraction up to 3.5
GPa. Ui0O-66(Zr) has a very high bulk modulus and found to be one of the most
resilient MOFs studied. The mechanical behavior of MOFs was correlated to chemical
and geometrical features such as metal-oxygen coordination number, the nature of the
organic linker, and the porosity and crystal density. In another study, a rationalization
was provided relating the mechanical properties of MOFs to framework bonding
topology and ligand structure (Moosavi et al., 2018). Functional groups on the organic
ligands that comprise the MOF structure can enhance mechanical stability through the
formation of a secondary network of nonbonded interactions or can soften the material
by destabilizing the bonded network of a MOF. Therefore, mechanical stability may

be improved by the selection of functional groups.

2.4 Natural Gas Impurities

Another factor to consider in the implementation of the system is the effect of
impurities such as higher hydrocarbons. Natural gas consists of about 90% methane,
3% ethane, 1% C3-C6 hydrocarbons, and 3% nitrogen (Veluswamy et al., 2018). It is
not practical to separate all the components other than methane before charging a tank
(Sunetal., 2009). These hydrocarbons and impurities can have a deleterious effect and
decrease methane storage capacity and affect the long-term stability of the adsorbent.

C2 and C3 hydrocarbons may block the binding sites, decreasing deliverable capacity.
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Furthermore, the interaction of adsorbent and adsorbate results in heat being adsorbed

or desorbed during the operation of ANG systems.

According to a computational study, the adsorbed natural gas tank performance
declines, and deliverable energy decreases over 200 operating cycles (Zhang et al.,
2015). A ‘cyclic steady-state’ is reached following a monotonic decline. The best
MOFs tested at ‘cyclic steady-state’ ordering in increasing performance are MOF-143
> NU-800 > IRMOF-14 > IRMOF-20 > MIL-100 > NU-125 > IRMOF-1 > NU-111.
The highest cyclic steady-state energy delivered is 5.43 MJ L™t HKUST-1 and
IRMOF-1 have the best deliverable capacity of ~ 185 cm?® (STP) cm™2 of adsorbent at
pressures between 5.8 and 65 bar. A small amount of higher hydrocarbons can have a

significant effect and reduces the deliverable energy to 5.08 MJ L2,

In another computational study, the impacts of gas impurities from pipeline natural gas
on methane storage in MOFs during long-term cycling was studied (Wu et al., 2017).
Grande Canonical Monte Carlo (GCMC) and ideal adsorption solution theory (IAST)
of multicomponent adsorption were used to study an isothermal tank to assess the
accumulation of heavy hydrocarbons and tert-butyl mercaptan (TBM). The deliverable
energy was found to reduced up to 50% after 200 cycles. This result again highlights

the importance of multicomponent effects on ANG systems.

2.5 Design Strategies of MOF for Methane Storage

There are roughly 70,000 metal-organic compounds, which include 1D, 2D, and 3D
structures, as found in the Cambridge structural database (CSD) (Moghadam et al.,
2017). To assemble these structures, reticular synthesis is used whereby designed

molecular building blocks are judiciously assembled into a network held by strong
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covalent bonds, forming a perfect structure (Yaghi & Li, 2009; Tranchemontagne, et
al., 2008; Ockwig et al., 2005). The structure or rigidity of building units remains
unchanged throughout the reaction, which leads to the formation of a crystalline solid-
state framework (O’Keeffe & Yaghi, 2012). The extended network formed by
copolymerization of metal ions with organic linkers in ‘Crystal Engineering’ is the
process involved in reticular synthesis (Braga & Grepioni, 1999; Moulton &
Zaworotko, 2001). Inorganic SBUs are considered primary adsorption sites, where the
guest molecule usually binds (Li et al., 2009; Tranchemontagne et al., 2009; Rowsell
et al., 2005). MOFs, having metal sites provided with ligands that can be removed,
forming a coordinatively unsaturated site called an open-metal site. When SBUs have
no open metal sites, guest molecules would stick to organic linkers rather than the
inorganic ones (Suh et al., 2008; Eddaoudi et al., 2001). The thermodynamics suggests
that MOFs with open metal sites have a stronger interaction with methane as compared
to those without open metal sites. This allows for improvements in the deliverable
capacity of natural gas or methane storage (Bolinois et al., 2017; Alhamami et al.,

2014).

The methane uptake capacity was experimentally tested on six selected MOFs
(HKUST-1, PCN-14, NU-125, Ni-MOF-74, NU-111, UTSA-20) (Peng et al., 2013a),
due to their pore size and high surface area (Hyeon et al., 2017). It was found that
HKUST-1 has a volumetric uptake of 227 cm®(STP) cm at 35 bar and 267 cm? (STP)
cm3at 65 bar (Peng et al., 2013b). In addition, HKUST-1 was able to reduce pressure
four-fold when added to storage tanks and reduce the cost associated with high

pressures. MOF design strategies are discussed to maximize methane uptake and
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delivery by optimizing mesoporosity, linker polarization, functionality, and flexibility

to reach the DOE target.

2.5.1 Mesoporosity or Porosity Engineering

The results demonstrate how robust pore engineering can be used to increase
deliverable capacity. The inclusion of tight cavities to stronger methane affinity as well

as mesoporosity has led to record working capacities.

The introduction of mesoporosity in MOFs led to a record deliverable capacity.
Mesoporous ZnsO(-COO0)s-based MOFs were engineered to obtain ultrahigh capacity
methane storage. These newly synthesized MOFs are known as ST-1, ST-2, ST-3, and
ST-4 (ST= ShanghaiTech University) (Liang et al., 2017). ST-2 surpassed all reported
records by achieving a deliverable capacity of 289 cm? (STP) cm™ for the pressure
range of 5-200 bar, as illustrated in Figure 5. Furthermore, this finding demonstrates
how mesoporosity is a critical factor to further improve deliverable capacity at high

pressure (200 bar).
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Two essential features of MOFs that impact methane uptake are deep-well “pocket”
sites and coordinatively unsaturated metal sites (Dietzel et al., 2009; Ma et al., 2008).
Van der Waals interactions occur at the pocket sites and coulombic interactions at the
coordinatively unsaturated metal sites. The experiments were done previously to
confirm that these are the two binding sites in MOFs (Chen et al., 2012; Sculley et al.,
2011). If both these binding sites are adequately arranged, high methane storage

capacities may be achieved.

Methane uptake of MOF-950 gradually increases with increasing pressure as it has the
smallest pore diameter. The highest methane uptake for this MOF was in the pressure
range (20—50 bar) (Jiang et al., 2016). As the pressure increases, excess uptake
approaches saturation and is proportional to the surface area (Shen et al., 2015).
Volumetric excess uptake is correlated with both the theoretical bulk density and
experimental bulk density. It was found that the experimental density of MOF-950 was
lower by 5—10 % when compared to its theoretical density. This is due to defects
present in MOF crystals. Zn-MOFs were also compared as they are considered low-
density MOFs. Methane working capacity can be improved by crystal engineering
(Zhang et al., 2017b). By slightly changing MOF-505’s structure and chemistry,
methane volumetric deliverable capacity reached 198 cm? (STP) cm™. To optimize
uptake, the optimal pore diameter and gravimetric surface area are approximately 8 A
and 2500-3000 m? g%, respectively. The pore size and pore chemistry can be tuned to
ensure that there is low uptake at low pressure, which in turn leads to higher deliverable
or working capacities. This is done by changing the organic linkers to avoid small

pockets in the structure. The interaction between methane and pore walls tuned by
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changing the oxamide group to a pyridyl moiety. The introduction of a more

hydrophilic structure decreases CHs-framework interactions.

2.5.2 Linker Engineering

Linker engineering can increase the methane deliverable capacity of MOFs. Linker
engineering was used to synthesize NJU-Bai 43 from PCN-14 through slimming,
polarizing slimming, and polarizing expansion of the linker HsL. NJU-Bai 43 has a
volumetric capacity of 254 cm?® (STP) cm™ at 65 bar, which is the highest volumetric
capacity recorded. This is a fourfold increase in deliverable capacity compared to a
tank with only methane (Zhang et al., 2017b). These results illustrate how linker
engineering can be useful to boost volumetric and gravimetric methane uptakes and
working capacity. NJU-Bai 41, NJU-Bai 42, and NJU-Bai 43 have an adsorption
enthalpy of 17.77, 14.49, and 14.45 kj mol™, respectively. This change in the enthalpy

is due to sub pore polarization and cage elimination, as shown in Figure 6.
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Figure 6: The CH4 gravimetric/volumetric working capacities (between 5.8 and 65 bar)
for UTSA-110a in comparison to best robust MOFs reported (Wen et al., 2018)
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In 2018 a MOF was constructed through linker engineering by tweaking functional
sites and porosity to achieve high volumetric and gravimetric methane deliverable
capacity (Wen et al., 2018). UTSA-110a was designed by using linkers that are highly
dense with functional nitrogen sites. This MOF exhibited a volumetric deliverable
capacity of 190 cm® (STP) cm™ and a gravimetric capacity of 317 cm®g? at 65 bar
(Figure 6). The volumetric working capacity and gravimetric working capacity of
UTSA-110a are higher than that of the benchmark material, HKUST-1. This can be

attributed to the porosity and favorable properties of the linker.

Raman spectroscopy was used to show that linkers within the framework cavities of
IRMOFs adsorbed methane. The linkers may be selected in such a way to give the
highest affinity to methane. In freshly prepared MOFs, the solvent is coordinated to
unsaturated metal centers and is replaced with another solvent that has a lower boiling
point. This solvent can be removed under vacuum or heating (Siberio-Pérez et al.,
2007). M-MOF-74, also known as CPO-27-M, has primary binding sites at its open
metal sites as it was determined by neutron powder diffraction experiments (Wu et al.,
2009; Rosi et al., 2003). Experiments show that the advantage to such MOFs lies in
their adsorption taking place primarily at these sites, due to the high binding energy of
methane when compared to that of other adsorption sites. When one methane molecule
gets adsorbed per open metal site, the site was able to store large amounts of methane

being equivalent to a volumetric capacity of 165-175 cm® (STP) cm,
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2.5.3 Functionalization of MOFs

Another strategy for improving the storage capacity of MOFs is through immobilizing
functional groups. Immobilization can improve the binding strength of the adsorbent
(Li et al., 2014b). Although functional groups fulfill this purpose, they occupy space,
decreasing the surface area and pore volume, lowering the methane working capacity.
UiO type MOFs are known for having highly porous structures with excellent stability,
making them favorable materials for methane storage (Wu et al., 2013). One UiO MOF
possesses Lewis basic sites that have high structural stability (Li et al., 2014b). In the
framework, pyridyl moieties act as Lewis bases with incoming methane to enhance

gas uptake capacity (Rao et al., 2013).

For high methane storage, MOFs should have functional sites that improve methane
storage capacity at high pressures (Li et al., 2015). NOTT-101 possesses two important
properties; tunable functionality with its phenyl rings and high methane storage ability
(He et al., 2013). Two ways to functionalize NOTT-101 pores are by synthesizing a
functional ligand using nitrogen’s lewis basic sites or combing linkers with various
functionalities, like H4L1 and H4L4, as shown in Figure 7 (Lin et al., 2009).
Combining suitable functional groups improves the working capacity and the
volumetric methane storage by altering the interaction of the adsorbate and adsorbent
governed by thermodynamics. Another similar MOF like, UTSA-76 contains the
highly concentrated nitrogen sites which have a working capacity of 197 cm® (STP)
cm3. Properties such as pore volume, BET surface area, and amounts of nitrogen sites

were significant factors in determining methane storage performance (Li et al., 2015).



31

OH (o]

OH

HO.

(OO
/_Z\

HO 0}

(@) (b)

Figure 7: Organic Ligand H4L1 and H4L4 linkers in (a) NOTT-101a, (b)UTSA-76

2.5.4 Flexible MOFs

The MIL-53 MOF family can be synthesized from inorganic SBUs using metals, such
as aluminum, iron, gallium, and indium, in addition to organic ligands of benzene-1,4-
dicarboxylates. These MOFs have breathing properties that allow them to be highly
stable (Boutin et al., 2010; Loiseau et al., 2004; Rallapalli et al., 2010). MIL-53(Al)
pores open at low temperatures and pressures, indicating breathing properties because
of the low stability of its narrow phase, as shown in Figure 7. At room temperature,
hydrogen bonds between amino groups in the ligands and oxygen from the inorganic
parts mainly contribute to these breathing properties (Boutin et al., 2010; Loiseau et
al., 2004). The deliverable capacity of MIL-53(Al) is low because its large phase is
stable. While the low phase is essential for breathable MOFs’ performance, MIL-
53(Al)-NH2 completes its transition to the large phase at high pressures (Boutin et al.,
2010). When adsorbing methane onto MIL-53(Al)-NH,, the MOF starts to liquefy

under specific temperature and pressure. By calculating the pore volume in each phase,
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methane uptake of MIL-53(Al)-NH. under high pressure can be estimated as well as
the deliverable capacity and compared with MIL-53(Al) (Bolinois et al., 2017).
Another closely related structure with breathing property is Co(bpd), closes and opens
from a narrow phase to a large phase based on specific properties, such as pressure,
and density as illustrated in Figure 6. During methane gas adsorption, this flexible
MOF undergoes a transition from collapsed structure to an expanded state, which
results in around 90% increase in the unit cell volume, as shown in Figure 6. The
methane adsorption increases with elevated pressure while decreases with higher
densities. An additional method to enhance methane deliverable capacity is by
understanding the hysteresis of adsorption isotherms (Boutin et al., 2010; Loiseau et
al., 2004; Mason et al., 2015). With more sorption cycles, the narrow phase can be
transferred into a large phase which increases methane working capacity, as the heat

builds up from hysteresis.
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Figure 8: Methane storage in flexible Co(bpd) and its effects on pressure (Mason et
al., 2015)
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Figure 8 represents (a) Collapsed, and methane expanded Co(bpd) shows the space-
filling. Color codes for atoms are carbon; grey, nitrogen; blue, cobalt; purple and
green, hydrogen; red. In (b) Methane adsorption isotherms for Co(bpd) at different

pressure and varying densities (adsorption- filled circle and desorption- Open circles).

2.6 Practical Implementation

BASF (Badische Anilin und Soda Fabrik), a German chemical company and the
largest chemical company producer in the world, fitted fuel tanks packed with BASF
MOFs for natural gas storage in transportation application in the EcoFuel World Tour
in 2007 (Jacoby, 2008). BASF enhanced the natural gas storage capability by taking
advantage of the favorable properties of MOFs, such as their surface areas coupled and
their favorable energetics for adsorbing gas. Cylinders filled with MOFs store twice as
much gas as do standard cylinders. The test successfully resulted in a six-month,
28,000-mile road trip fueled by natural gas through 40 countries and five continents in
a Volkswagen Caddy optimized for natural gas combustion (BASF, 2014). The road
trip was aimed at increasing public awareness of the environmental benefits of using
natural gas instead of conventional fuels. The MOF-enhanced system provided an
overall driving range of more than 1,500 miles between fill-ups. In 2013, BASF
followed up with a showcase. A heavy-duty Kenworth truck was equipped with natural
gas fuel systems containing BASF MOF materials. In partnership with Quantum
Technologies, a storage system was designed that utilized a type IV natural gas storage

pressure vessel marking the advancement of MOF technology (Joseph, 2013).

In 2017, BASF continued its MOF commercialization efforts with a focus on higher

valued areas, like specialty chemicals (American Chemical Society, 2017). BASF





