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Abstract

:

Methane can be stored by metal-organic frameworks (MOFs). However, there remain challenges in the implementation of MOFs for adsorbed natural gas (ANG) systems. These challenges include thermal management, storage capacity losses due to MOF packing and densification, and natural gas impurities. In this review, we discuss discoveries about how MOFs can be designed to address these three challenges. For example, Fe(bdp) (bdp2− = 1,4-benzenedipyrazolate) was discovered to have intrinsic thermal management and released 41% less heat than HKUST-1 (HKUST = Hong Kong University of Science and Technology) during adsorption. Monolithic HKUST-1 was discovered to have a working capacity 259 cm3 (STP) cm−3 (STP = standard temperature and pressure equivalent volume of methane per volume of the adsorbent material: T = 273.15 K, P = 101.325 kPa), which is a 50% improvement over any other previously reported experimental value and virtually matches the 2012 Department of Energy (Department of Energy = DOE) target of 263 cm3 (STP) cm−3 after successful packing and densification. In the case of natural gas impurities, higher hydrocarbons and other molecules may poison or block active sites in MOFs, resulting in up to a 50% reduction of the deliverable energy. This reduction can be mitigated by pore engineering.
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1. Introduction


In 2017, 4.6219 billion tons of oil equivalent were consumed for transportation and other uses [1]. Fossil fuel use resulted in the emission of 33 billion tons of CO2 [2,3,4]. In addition to CO2 emission, the use of fossil fuels resulted in more than the doubling of the price of petroleum since 1998 [5,6,7]. European Union member states committed to a 40% reduction in greenhouse gas emissions, such as CO2 in the 2030 Climate and Energy Framework [8]. 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 [9]. To address the sustainability and environmental impacts of petroleum as a transportation fuel, renewable energy sources such as hydrogen and biomass are being developed [10,11,12]. 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 [13]. As of April 2019, there were 27,414,984 natural gas vehicles (NGVs) and 32,211 natural gas fueling stations [14].



Natural gas and methane can be stored and delivered as compressed natural gas (CNG), liquified natural gas (LNG), and adsorbed natural gas (ANG). 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−1, which is 70% less than that of gasoline [2,15]. 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 [16]. 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 driving range to decrease time at the pump and the corresponding number of required tank recharges. Increasing driving range would be helpful to implement 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−1. Some drawbacks of LNG are the energy and cost associated with liquefaction (−162 °C), which present major technological obstacles [17,18] Lastly natural gas can be stored as ANG. Fairly large volumetric capacities of 4–6 MJ L−1 at pressures of around 35 bar at room temperature for different adsorbents were achieved [19]. 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 [20].



For ANG, different classes of adsorbents were designed and tested for natural gas such as activated carbons, zeolites, porous coordination polymers (PCPs) [21], and metal-organic frameworks (MOFs) [22,23,24]. 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 cm3 (STP) cm−3 [25,26,27,28]. Zeolites typically have methane uptakes below 100 cm3 (STP) cm−3 [23]. Cu(BPY)2SiF6 (BPY,4,4-bipyridine), a PCP, has a gravimetric methane uptake of 146 cm3 (STP) g−1 at 298 K and 36 atm [29]. MOFs were found to have better methane storage capability (more than 170 cm3 (STP) cm−3) in part due to their crystallinity, stability, organic functionality, and porosity [30,31,32].



In 2012, the US Department of Energy (DOE) set new targets for methane storage to achieve a volumetric storage capacity of 350 cm3 (STP) cm−3, gravimetric storage capacity of 0.5 g (CH4) g−1 at room temperature, and capacity of 263 cm3 (STP) cm−3 after successful packing and densification [33]. This target for methane storage materials corresponds to a gravimetric capacity of 50 wt.% and a volumetric capacity of 250 g L−1.



MOFs are being designed to meet these storage targets through the variation of properties such as pore size [34], pore architecture [35], and hydrophobicity [36]. Furthermore, the building-blocks of MOFs may be varied resulting in changes in the nature of organic ligands [37,38], including ligand length [38] and functionalization [39,40], and metal center [41] to improve working capacity of MOFs for natural gas and methane storage [42]. To this end, strategies such as breathing MOFs can also be used [43,44,45]. One benchmark MOF material is HKUST-1, which is composed of Cu2(-COO)4 secondary building units (SBUs = secondary building units) with a paddle wheel shape. It has a surface area of 1800 m2 g−1. For HKUST-1, the amount of methane adsorbed and desorbed between 65 bar and 5 bar, or the deliverable capacity, is 190 cm3 (STP) cm−3 [46,47,48]. The reported deliverable capacity for HKUST-1 is 153 cm3 (STP) cm−3 (109 g L−1) at 35 bar. HKUST-1 is available as Basolite C300 in the market [24,49]. An isoreticular MOF, IRMOF-6 (IRMOF = isoreticular MOF) showed a gravimetric uptake of 205 cm3 (STP) g−1 and volumetric uptake of 155 cm3 (STP) cm−3 at 36 atm and 298 K. MOF-905 has a value rivaling of 203 cm3 (STP) cm−3 (145 g L−1) at 80 bar and 298 K [50]. Other MOFs developed are aluminum MOFs termed as MOF-519 and MOF-520, composed of Al8(OH)8(-COO)16 SBUs joined together with triangular BTB (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 m2 g−1 which allows it to adsorb 259 cm3 (STP) cm−3 methane with a high delivery capacity of 210 cm3 (STP) cm−3 at 65 bar and 298 K [51]. A plethora of other MOFs were tested as described in review papers [52,53,54,55,56,57] and others publications [58,59]. 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) [24,57,60]. These problems can be addressed from a system or materials design perspective [61,62,63]. Here, we provide a detailed 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 [64]. 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 [65]. We discuss how MOFs which undergo phase changes can effectively manage heat. 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 [66]. We detail how 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 [57]. Effective MOF design strategies to mitigate these problems through pore engineering are discussed.




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 [65]. 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 [67]. 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 [67]. 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 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 [24,68]. 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 (BTC = benzene-1, 3, 5-tricarboxylate), Fe-BTC, MOF-177 and MIL-53 (Al) (MIL = Materials Institute Lavoisier) were reported over a wide temperature range [69]. The heat capacities of these MOFs at 300 K are in the range of 0.66 to 0.92 J g−1 K−1. 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 [70]. Mg-BTC was found to have the highest heat capacity of around 1.4 J g−1 K−1 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. It is important to note that the heat capacities of MOFs that have been reported in literature are limited and more experimentally determined heat capacity data is needed. This new data should be related to the structure of the MOF.



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 [71]. 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 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 effects 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 [72]. 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 (σ and ε) from molecular dynamics can be used to determine the decrease in thermal conductivity and was minimal for 0.01 < ε < 0.1 kcal mol−1 and 1 < σ < 4.5 Å. These molecular dynamics simulations suggest a new strategy for 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 [65]. 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)−1, 0.19 W (m·K)−1, and 0.39 W (m·K)−1, respectively [73]. The thermal conductivity of MOF-5 was measured to be 0.32 W (m·K)−1 [74]. More thermal conductivity data of MOFs is needed.



Another factor to consider in 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 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−1. Therefore, thermal management may consider the heat of adsorption of the material to design MOFs for ANG systems. Lower heats of adsorption may decrease the 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 [75].



Managing the thermal fluctuations associated with adsorption and desorption presents challenges while maintaining the high capacities required of the system [76]. 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. X-ray diffraction (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 cm−3) is nearly half of that of the collapsed phase (1.50 g cm−3). On the other hand, HKUST-1 and UTSA-76a ([Cu2L(H2O)2]*5 DMF*3H2O) possess Langmuir-type adsorption isotherms and therefore a significant amount of CH4 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.



The MIL-53 family (M = Al, Fe, Ga, In) of benzene-1,4-dicarboxylates are MOFs with breathing properties which can be easily synthesized and have high stability [77,78,79]. These breathing properties are based on a phase transition that can be used in thermal management. The pores of MIL-53 can change from a narrow phase (np) to a large phase (lp) based on the temperature, pressure and adsorbent type. When adsorbing methane, MIL-53(Al) exhibits breathing properties at low temperatures and pressure due to the low stability of the (np) phase. At room temperature, the breathing properties are due to hydrogen bonding that leads to the greater stability of a very narrow pore phase (vnp) and the (np) phase of framework [77,78]. The adsorption of MIL-53(Al)–NH2 for methane is performed under a certain pressure and temperature, which leads to liquefaction. The MIL-53 [78] delivered capacity is low, because (lp) phase of MIL-53(Al) is stable. Provoking the (lp) phase is important for a good performance of MIL-53(Al)–NH2, although high pressure is needed to have a complete (lp) phase transition. The limitation in performance can be overcome by provoking an (np) to (lp) phase transition at lower pressure [80]. To reach this transition, we must increase the stability of the (lp) phase over the (np) phase and the (vnp) and (np) stability depend on the hydrogen bonding between the amino group of the ligand and oxygen atoms of the metal. Furthermore, the MIL-53(Al)–NH2 delivered capacity can be enhanced by investigating heat of adsorption and a memory effect of the framework. The exothermic adsorption generates energy for the phase change in MOFs and desorption is endothermic, which cools the system if it is stopped at high pressure. When a second adsorption is performed, the energy generated in the system leads to the (np) – (lp) transition that results in a higher uptake. In the case of methane adsorption or desorption of MIL-53(Al)–NH2 between 45 and 65 bar, it is possible to increase methane uptake without the need of a higher pressure.




3. Mechanical Properties


The volume of gas/volume of container (V/V) values based on powder adsorption that do not account for losses due to pelletization and bed porosity overestimate 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 [88]. Compaction can also result in complete or partial collapse of the framework pores. Pellets of Ni2(dobdc) (dobdc4– = 2,5-dioxido-1,4-benzenedicarboxylate) compacted with 0.1 GPa of pressure adsorbed just 100 v/v of CH4 at 34 bar and 30 °C as compared to 230 v/v before compaction [60,89]. 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 [66]. Therefore, MOFs with high mechanical stability are 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 was used to produce monolithic structures of up to about 1 cm3 in size without high pressure and binders [90]. 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 together and results in an epitaxial growth, yielding a dense monolith. After successful packing and densification, the monolithic HKUST-1 achieved a capacity of 259 cm3 (STP) cm−3, which is a 50% improvement over any other experimental value and virtually matches the DOE target of 263 cm3 (STP) cm−3 (Figure 4). The hardness of the monolithic HKUST-1 is at least 130% greater than that value measured for other conventional MOFs.



The intrinsic mechanical properties of each material cannot be compared based on compaction studies because particle size and shape and mechanical stability affect the outcomes of these studies. Textural characterization indicates a significant effect of compression on the microcrystallinity of HKUST-1 as shown by XRD analysis [91]. The loss of crystallinity is proportional to the applied force. Computationally, the mechanical stability can be assessed by the pressure-versus-volume equations of state [92]. Another thing to note is that defects in MOFs may compromise mechanical stability although they may add adsorption capability [93]. In the case of UiO-66, the onset of amorphization and decreasing bulk modulus occurs at around 0.2 GPa as a function of defect concentration [94]. Furthermore, MOF mechanical structure-property relationships due to defects and interpenetration were discussed [95]. The addition of mesoporosity into MOFs seems to leave sufficient mechanical stability as seen in the case of HKUST-1 [96].



The mechanical behavior of MOFs can be tuned by functionalization [97]. 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. UiO-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 [98]. 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.




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 [99]. It is not practical to separate all the components other than methane before charging a tank [100]. 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. 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 [101]. 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−1. HKUST-1 and IRMOF-1 have the best deliverable capacity of ~ 185 cm3 (STP) cm−3 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 L−1. When comparing NU-125 and HKUST-1, one can see that the deliverable energy content of HKUST-1 decreases sharply to 3.96 MJ L−1 due to the presence of the higher hydrocarbons (Figure 5). HKUST-1 has three cavities, with the smaller one having a diameter of 5.5 Å. The small pore diameter is detrimental to the performance of this MOF and was outperformed by NU-125. NU-800 was predicted to perform best under operating conditions. In this study, it was found that the initial deliverable capacity correlates well with methane storage capacity. Furthermore, the cumulative deliverable energy correlated with the deliverable energy at the 200th cycle. At higher temperatures, the adsorption capacities of MOFs are reduced [72].



In another computational study, the impacts of gas impurities from pipeline natural gas on methane storage in MOFs during long-term cycling was studied [102]. Grande Canonical Monte Carlo (GCMC = Grande Canonical Monte Carlo) and ideal adsorption solution theory (IAST = ideal adsorption solution theory) 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.



The pores in MOFs can be tuned as seen for NJU-Bai. This is associated with the sub cage elimination and pore polarization (Figure 6). Cages can be eliminated and the pores polarized by linker slimming, polarization, and expansion. NJU-Bai42 exhibits a higher volumetric methane working capacity than HKUST-1 of 193 cm3 (STP) cm−3 [103]. NJU-Bai43 possesses the highest volumetric storage capacity of 254 cm3 (STP) cm−3. This corresponds to four times increase of deliverable working capacity as compared to a tank filled with methane [103]. The adsorption enthalpies of NJU-Bai 41, NJU-Bai 42, and NJU-Bai 43 were calculated to be 17.77, 14.49, and 14.45 kJ mol−1.



Regeneration is one option to regain performance after cycling in microporous materials [104]. In the case of a commercial, high-surface-area activated carbon (Maxsorb MSC-30, Kansai Coke and Chemical Co. Ltd.), a similar phenomenon as seen in MOFs was found with a 50% deterioration of volumetric storage capacity after 100 cycles. It was found that the composition of the gas retained in the pores was mostly C3-C5 hydrocarbons. The performance, based on the gravimetric excess adsorption capacity, can be improved after the 50% deterioration by regeneration at 400 °C and 2 h under vacuum (up to 10−4 torr). In the case of MOFs, lower temperatures may be required based on the stability of the MOFs. Combined with regeneration, a reasonable performance may be obtained for 1000 cycles.



Future work should seek to address information needed in this area of research. An important experiment that is missing from published experiments on the application of MOFs for ANG is the evolution of storage capacity during the adsorption/desorption cycles using a natural gas feed. Although there are computation studies on this, no experimental results have yet been reported for MOFs. In addition, the evolution of the gas composition during the adsorption/desorption cycles measured by experiments would be something that would be useful to know. This would provide insights into the behavior of the system. Another thing to consider is the effect of natural gas composition on storage capacity. Finally, the development of regeneration techniques for the storage of natural gas by MOFs is of importance for practical implementation. These experiments would provide information regarding what technological advancements are still needed in this area of research. Future studies are not only expected to build on these developments, but also provide a deeper understanding of how MOF structures can be tuned to affect the adsorption isotherm and subsequently the working capacity. This will provide further design strategies for the optimization of the properties of MOFs for this application.




5. Practical Implementation


BASF, 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 [105]. 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 [106]. The road trip was aimed at increasing public awareness of the environmental benefits of using natural gas instead of conventional transportation 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 [107].



In 2017, BASF continued its MOF commercialization efforts with a focus on higher valued areas, like specialty chemicals [108]. BASF produced 100 different types of MOFs at the lab scale. The company is selling MOFs via Merck KGaA subsidiary Sigma-Aldrich. HKUST-1, a benchmark MOF for methane storage, is being sold as Basolite C 300. 500 g of Basolite C 300 was sold by Merck for $9,200. Companies like NUMAT, novoMOF, MOFonics, MOF Technologies, Green Science Alliance Co., Ltd. and BASF have been scaling-up MOF production [109]. NuMAT brought the first MOF-enabled gas storage product to market in partnership with Linde Group, the second-largest gas company in the world in 2017 [110]. NuMat is now producing hundreds of kg of MOFs in a few hours. NuMat and MOF Technologies have made major strides, but BASF is still a major player for MOF production.



For practical implementation, the cost of MOF manufacture should be considered and minimized [111]. A techno-economic analysis was conducted for metal–organic framework (MOF) adsorbents for large-scale manufacture [112]. Ni2(dobdc) (dobdc4– = 2,5-dioxido-1,4-benzenedicarboxylate; Ni-MOF-74), Mg2(dobdc) (Mg-MOF-74), Zn4O(bdc)3 (bdc2– = 1,4-benzenedicarboxylate; MOF-5), and Cu3(btc)2 (btc3– = 1,3,5-benzenetricarboxylate; HKUST-1) have projected costs in the range of $35 kg−1 to $71 kg−1 based on organic solvent for solvothermal syntheses. Alternative synthesis methods such as liquid assisted grinding (LAG) and aqueous synthesis reduce cost by reducing solvent usage and provide cost projections in the range from $13 kg−1 to $36 kg−1 (representing 34–83% reductions) for scaled-up manufacture [113]. Scalable, continuous processes for manufacture have also been investigated [114,115,116,117]. The NU-125 MOF can be made in high yield on the gram-scale [83]. This porous material has a low capacity in the 5–8 bar range as it is best for the material to have high capacity in the 60–70 bar range. Hence, NU-125 benefits from a careful balance of strong binding sites and weakly binding surfaces. Finally, in order to test sample stability, the methane isotherm measurements were repeated (cycled) in succession over a period. In addition, high pressure CH4 adsorption was measured over a wide range of temperatures on the same sample. The absence of sample degradation over time from cycling indicates that NU-125 is robust. This demonstrates that MOFs may be made on a large scale with high working capacity.



The synthesis of MOFs on an industrial scale must be considered for practical implementation and for the design of MOFs [118]. The production of gram-scale quantities of MOF has been considered as well as technoeconomic analysis of MOF production. These studies point to synthesis strategies that help in the design of MOFs. These included minimizing cost in organic linker selections and minimizing solvent exchange steps. These approaches lead to more than 30% reduction of cost required for practical implementation. The research described here represents the main strategies for the design of MOFs for natural gas storage and delivery that have been applied in MOF chemistry to date.




6. Conclusions and Outlook


Significant advances were made with respect to the design of MOFs for natural gas and methane storage and delivery with the 2012 DOE target being nearly met in 2018. These advances are expected to be critical for on-board vehicle applications where a high level of performance in several areas are required of these materials with respect thermal properties, mechanical properties, and effect of natural gas impurities on the working capacity. The complexity of the real-world application of such a system has provided additional problems required to be considered for seamless practical application. Significant design challenges remain in the area and new experimental work is needed. With computational work predicting the effect of natural gas impurities, it is critical for experimental work to continue because of its paramount importance in identifying limitations for real-world applications. Fundamental understanding missed by some computational studies for real-world applications is needed, such as identifying extra-adsorption sites, phase change processes, MOF structural phase changes, and structure flexibility [119] during adsorption, which have been partially explored experimentally.



Thermal management associated with mitigating temperature swings during adsorption and desorption which decrease deliverable capacity can also be addressed in the design through the incorporation of MOF phase transitions whose temperatures and pressures can be tuned in the design stage. This leads to thermodynamically rich phenomena, which not only affect natural gas storage and delivery but also hydrocarbon separation, hydrogen storage, and medicinal applications of MOFs. The mechanical properties of MOFs are important to consider or practical application because MOFs are typically packed before they can be implemented in natural gas storage systems. Compaction of certain elegant MOF structures can result in complete or partial collapse of the framework pores, decreasing their deliverable capacities. In the case of the effect of impurities on such systems, a poisoning effect has been found. This decreases the performance of such systems after many cycles, which results in a decrease in the deliverable capacity of natural gas by up to 50%. This challenge can be addressed during the design stage of MOFs as has been demonstrated through the careful design of the pore structure of the MOF. Additional research can be done for the design of guard columns for these systems.



To accommodate the real-world applications of MOFs for ANG, the characteristics that need to be achieved by MOFs to replace currently established and widespread technology are increased working capacity for greater driving ranges, favorable heat transfer properties, light-weight material, excellent cyclability, and resistance to impurities. In addition, it is critical to minimize the cost of MOFs for commercial viability. The contributions of researchers from chemistry, physics, and thermodynamics are expected to accelerate research in this area and lead to innovative design strategies and new findings. These new materials and the application of discovered MOFs to this area are likely to provide a new interface between MOF chemistry and other areas of science and technology.
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Figure 1. Challenges associated with the implementation of MOFs for natural gas storage. 
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Figure 2. Thermal and mass transport during gas adsorption in a MOF. Reprinted with permission from Ref. [65]. Copyright 2018 American Chemical Society. 
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Figure 3. Variable-temperature equilibrium isotherms and differential enthalpies. A,b, Total CH4 adsorption isotherms at various temperatures for Co(bdp) (a) and Fe(bdp) (b), 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. (c) Differential enthalpies of CH4 adsorption (hads) for Co(bdp) as determined from variable-temperature adsorption isotherms (purple line) and three separate microcalorimetry experiments (open symbols). (d) Differential enthalpies of CH4 adsorption (hads) for Fe(bdp), as determined by variable-temperature adsorption isotherms. Dashed grew lines in c and d indicate the amount of CH4 adsorbed at 5.8 bar and 35 bar. Reprinted with permission from Ref. [76]. Copyright 2015 Springer Nature. 
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Figure 4. Gas adsorption in HKUST-1. 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 pellets under 68.9 MPa (green triangles) 5. The DOE target of 263 cm3 (STP) cm−3 is represented by the red dashed line. Adapted with permission from Ref. [90]. Copyright 2017 Springer Nature. 
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Figure 5. Deliverable energy of each cycle in NU-125 and HKUST-1 between 5.8 and 65 bar. Reprinted with permission from Ref. [101]. Copyright 2015 Royal Society of Chemistry. 
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Figure 6. The development from PCN-14 to NJU-Bai 43. The organic linkers, cage size, pore surface properties, and the gravimetric surface area are optimized in a systematic manner. Reprinted with permission from Ref. [103]. Copyright 2017 John Wiley and Sons. 
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Table 1. Pore volume, uptake and deliverable capacity of selected MOFs.
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	MOF
	VP (cm3g−1) a
	BET (m2g−1)
	Uptakeb (cm3cm−3)
	Deliveryc (cm3cm−3)
	T (K)
	P (bar)
	Uptakeb (cm3cm−3)
	Deliveryc (cm3cm−3)
	T (K)
	P (bar)
	QST kJ mol−1
	REF





	PCN-61
	1.36
	3000
	171
	127
	298
	35
	219
	174
	298
	65
	-
	[45]



	HKUST-1
	0.71
	1555
	190
	-
	303
	35
	254
	-
	303
	65
	20.7
	[48]



	MgMOF-74
	0.69
	-
	200
	113
	298
	35
	230
	142
	298
	65
	18.5
	[60]



	MOF-5
	1.4
	-
	150
	118
	298
	35
	214
	182
	298
	65
	12.3
	[60]



	Cu-TDPAT
	0.93
	1938
	181
	122
	298
	35
	222
	163
	298
	65
	-
	[43]



	PCN-14
	0.83
	1984
	202
	125
	298
	35
	239
	160
	298
	65
	17.6
	[60]



	CoMOF-74
	0.51
	-
	221
	110
	298
	35
	249
	136
	298
	65
	19.5
	[60]



	PCN-61
	1.36
	3000
	171
	127
	298
	35
	219
	174
	298
	65
	-
	[81]



	MOF-210
	3.60
	6240
	83
	71
	298
	35
	143
	131
	298
	65
	-
	[45]



	PCN-14
	0.85
	2000
	195
	122
	298
	35
	230
	157
	298
	65
	18.7
	[82]



	NU-111
	2.09
	4930
	138
	111
	298
	35
	206
	179
	298
	65
	14.2
	[82]



	NU-140
	1.97
	4300
	138
	108
	298
	35
	200
	170
	298
	65
	14
	[51]



	NU-125
	1.29
	3120
	181
	133
	298
	35
	228
	180
	298
	58
	15.5
	[83]



	NiMOF-74
	0.47
	1218
	214
	94
	298
	35
	236
	116
	298
	65
	-
	[77]



	NU-111
	2.09
	4930
	138
	111
	298
	35
	206
	179
	298
	65
	15.2
	[84]



	NOTT-109
	0.850
	2110
	196
	125
	300
	35
	242
	170
	300
	65
	17.1
	[85]



	ZJU-5
	1.074
	2823
	190
	130
	300
	35
	228
	168
	300
	65
	15.3
	[66]



	ZJU-25
	1.183
	2124
	180
	132
	300
	35
	229
	181
	300
	63
	15.1
	[86]



	NU-135
	1.02
	2530
	187
	127
	298
	35
	230
	170
	298
	65
	16.6
	[87]



	NOTT-100
	0.677
	1661
	195
	104
	300
	35
	230
	139
	300
	65
	18.1
	[85]







a Vp: pore volume. b Total volumetric uptake, cm3 (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.
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