
A.Yu.Tsivadze. Academician, Doctor of Science in Chemistry,

Chief Scientific Adviser, IPCE RAS.

Telephone: +7(495)952 ± 5681, e-mail: tsiv@phyche.ac.ru

O.E.Aksyutin. Doctor of Science in Engineering, Deputy Chairman of the

Management Committee, PJSCGazprom, CorrespondingMember of the

RAS.

Telephone: +7(812)641 ± 3503, e-mail: O.Aksiutin@adm.gazprom.ru

A.G.Ishkov. Doctor of Science in Chemistry, Professor, Deputy Head of

Department Ð Head of Division, PJSC Gazprom.

Telephone: +7(812)641 ± 3614, e-mail: A.Ishkov@adm.gazprom.ru

M.K.Knyazeva. Researcher at the Laboratory of Sorption Processes,

IPCE RAS.

Telephone: +7(495)952 ± 5681, e-mail: Batrakovamk@mail.ru

O.V.Solovtsova. Researcher at the same Laboratory.

Telephone: +7(495)952 ± 5681, e-mail: Lace25@mail.ru

I.E.Men'schikov. Candidate of Science in Chemistry, Researcher at the

same Laboratory.

Telephone: +7(495)952 ± 5681, e-mail: i.menschikov@mail.ru

A.A.Fomkin. Doctor of Science in Physics and Mathematics, Professor,

Head of the same Laboratory.

Telephone: +7(495)952 ± 5681, e-mail: fomkinaa@mail.ru

A.V.Shkolin. Candidate of Science in Chemistry, Leading Researcher of

the same Laboratory.

Telephone: +7(495)952 ± 5681, e-mail: shkolin@bk.ru

E.V.Khozina. Candidate of Science in Physics and Mathematics, Senior

Researcher at the same Laboratory.

Telephone: +7(495)952 ± 5681, e-mail: Elena-khozina@rambler.ru

V.A.Grachev. Corresponding Member of the RAS, Doctor of Science in

Chemistry, Professor, Dean of the Faculty of Global Studies, MSU, Chief

Researcher at the Laboratory of Highly Concentrated Disperse Systems,

IPCE RAS.

Telephone: +7(495)952 ± 5681, e-mail: vagrachev@gmail.com

Current research interests of the authors: physical and coordination

chemistry, supramolecular structures, adsorption and adsorbents, porous

materials, natural gas and gas industry, low-carbon energy, energy

conservation, energy efficiency, environmental safety, green chemistry.

Received 27 December 2018

Translation: Z.P.Svitanko

DOI: 10.1070/RCR4873

Metal-organic framework structures: adsorbents for natural gas
storage

Aslan Yu. Tsivadze,a Oleg E. Aksyutin,b Alexander G. Ishkov,b Marina K. Knyazeva,a

Olga V. Solovtsova,a Ilya E. Men'shchikov,a Anatoly A. Fomkin,a Andrey V. Shkolin,a

Elena V. Khozina,a Vladimir A. Grachev a

a A.N.Frumkin Institute of Physical Chemistry and Electrochemistry, Russian Academy of Sciences,

Leninsky prosp. 31, korpus 4, 119071 Moscow, Russian Federation
b Public Joint Stock Company Gazprom,

ul. Nametkina 16, 117997 Moscow, Russian Federation

Contents

1. Introduction 927

2. Microporous metal-organic frameworks 930

3. Metal-organic frameworks as methane adsorbents 943

4. Composite materials based on metal-organic frameworks 960

5. Scaled methane storage systems based on metal-organic frameworks 968

6. Conclusion 970

Natural gas (methane) forms an essential part of modern power supply. However, natural gas storage and transportation are

associated with fire and explosion hazard, which restricts extensive application of natural gas as a fuel. The adsorption

technique is among the most promising and safe ways for natural gas storage and transportation, which allows a significant

increase in the methane density up to values characteristic of liquids as a result of physical adsorption in microporous

adsorbents at moderate pressures. The review considers adsorption systems for natural gas (methane) storage based on

metal-organic frameworks, which possess high characteristic energy of adsorption and a regular nanoporous structure with

high pore volumes and specific surface areas. The possibility of controlling the porous structure and physicochemical

behaviour of metal-organic frameworks during their synthesis and functionalization is analyzed, including the fabrication of

composites and shaping, which may enhance their performance in the adsorption storage and transportation of natural gas.

The bibliography includes 315 references.

# 2019 Uspekhi Khimii, Russian Academy of Sciences and Turpion Ltd.

A.Yu.Tsivadze et al. Russ. Chem. Rev., 2019, 88 (9) 925 ± 978



The following designations and abbreviations are used:

as(BET) Ð Brunauer ±Emmett ±Teller specific surface area,

Dfix Ð fixed diameter of MOF pores,

Dfree Ð free diameter of MOF pores,

dcr Ð crystal density,

dp Ð packing density,

e(P,T ) Ð relative efficiency of an adsorption storage system,

E0 Ð characteristic energy of adsorption,

Had Ð enthalpy of adsorption,

Gf Ð total gravimetric specific capacity,

Gd Ð deliverable gravimetric specific capacity of an

adsorption storage system,

na Ð total (absolute) adsorption,

P Ð pressure,

pi Ð parameters depending on the thermodynamic

conditions of synthesis,

rg(P,T ) Ð density of adsorbed substance,

qst Ð differential molar isosteric heat of adsorption,

Qst Ð integral molar isosteric heat of adsorption,

T Ð temperature,

Vd Ð specific deliverable volumetric capacity of an

adsorption storage system,

Vf Ð total volumetric specific capacity,

Wt Ð total specific pore volum,

W0 Ð specific volume of micropores,

w Ð concentration of a binding agent,

X0 Ð characteristic size of micropores,

ABTC Ð azobenzene-3,30,5,50-tetracarboxylate,
ADC Ð acetylenedicarboxylate,

ADIP Ð 5,50-(anthracene-9,10-diyl)diisophthalate,
AMMal Ð amino group modification with maleic

anhydride,

ANG Ð adsorbed natural gas,

BBC Ð 4,40,40 0-[benzene-1,3,5-triyl-tris(1,10-biphenyl)-
40-carboxylate],

BCP Ð 3,5-bis(4-carboxylatoanilinocarbonyl)pyridine,

BCPBD Ð 4,40-(buta-1,3-diene-1,4-diyl)dibenzoate,
BTAC Ð benzene-1,3,5-tri-b-acrylate,
BDC Ð benzene-1,4-dicarboxylate,

BDCPPI Ð N,N 0-bis(3,5-dicarboxylatophenyl)pyromel-

litic diimide,

BDP Ð 1,4-benzenedipyrazolate,

BDPP Ð 3,5-bis(3,5-dicarboxylatophenyl)pyridine,

BET Ð Brunauer7Emmett7Teller,

BHB Ð 3,30,30 0,5,50,50 0-(benzene-1,3,5-triyl)hexabenzoate,
BPDC Ð biphenyl-4,40-dicarboxylate,
BPTC Ð 1,10-(biphenyl-3,30,5,50)tetracarboxylate,
BPY Ð 4,40-bipyridine,
BPYDB Ð 4,40-(4,40-bipyridine-2,6-diyl)dibenzoate,
BTAT Ð 5,50,50 0-[benzene-1,3,5-tiyltrtis(anthracene-

10,9-diyl)]triisophthalate,

BTB Ð 4,40,400-(benzene-1,3,5-triyl)tribenzoate,
BTC Ð benzene-1,3,5-tricarboxylate,

BTE Ð 4,40,400-[benzene-1,3,5-triyl-tris(ethyne-2,1-
diyl)]tribenzoate,

BTTI Ð 5,50,500-[benzene-1,3,5-triyl-tris(1H-1,2,3-tri-

azole-4,1-diyl)]triisophthalate,

BTU Ð British thermal unit,

CNG Ð compressed natural gas,

CNT Ð carbon nanotubes.

CPO Ð Coordination polymers of Oslo,

DABCO Ð 1,4-diazabicyclo[2.2.2]octane,

DMF Ð dimethylformamide,

DOBPDC Ð 4,40-dioxidobiphenyl-3,30-dicarboxylate,
DOE Ð US Department of Energy,

DOT Ð 2,5-dihydroxyterephthalate,

DUT Ð MOFs synthesized at the Dresden University of

Technology,

Fma Ð fumaric acid,

FJI Ð MOFs synthesized at the Fujian Institute of

Research on the Structure of Matter,

HKUST-1 Ð MOFs synthesized at the Hong Kong

University of Science and Technology,

HNUST Ð MOFs synthesized at the Hunan University

of Science and Technology,

HPDC Ð 4,5,9,10-tetrahydropyrene-2,7-dicarboxylate,

IRMOF Ð isoreticular metal-organic frameworks,

LIFM Ð MOFs synthesized at the Lehn Institute of

Functional Materials,

LNG Ð liquefied natural gas,

MAX-MIL Ð MAXISORB activated carbon and

MIL-101(Cr) metal-organic framework composite,

MAF Ð metal azolate frameworks based on pyridine-

2-carboxylic acid,

MMEN Ð N,N 0-dimethylethylenediamine,

MFM Ð Manchester framework material (MOFs syn-

thesized at the Manchester University),

MIL Ð materials of Institute Lavoisier,

MOF Ð metal-organic framework,

MOP-1 Ð metal-organic polyhedron,

MOVE Ð methane opportunities for vehicular energy,

Advanced Research Project Agency of US DOE,

MTAF Ð metal triazolate framework,

MWCNT Ð multiwalled carbon nanotubes,

NDC Ð 1,4-naphthalenedicarboxylate,

NG Ð natural gas,

NJU-Bai Ð MOFs synthesized at the Nanjing Univer-

sity by Bai's group,

NOTT Ð isoreticular MOFs synthesized at the Univer-

sity of Nottingham,

NTBD Ð 40,40 0,400 0-nitrilotribiphenyl-3,5-dicarboxylate,
NTP Ð normal temperature and pressure,

NU Ð MOFs synthesized at the Northwestern University,

OMS Ð open metal sites,

PCN Ð porous coordination network,

PDC Ð pyrene-2,7-dicarboxylate,

PDDI Ð 5,50-pyridine-2,5-diyl)diisophthalate,
PPN Ð porous polymer network,

PTEI Ð 5,50,50 0-[benzene-1,3,5-triyl-tris(benzene-4,1-
diylethyne-2,1-diyl)]triisophthalate,

PVA Ð polyvinyl alcohol,

PYPZ Ð 2-(1H-pyrazol-2-yl)pyridine,

rt Ð room temperature,

SBU Ð secondary building unit,

SNU Ð MOFs synthesized at the Seoul University,

ST Ð MOFs synthesized at the Shanghai Technical

University,

STP Ð standard temperature and pressure,

TATAB Ð 4,40,40 0-1,3,5-triazine-2,4,6-triyl-tribenzoate,
TATB Ð 5,5',5''-[1,3,5-triazine-2,4,6-triyl-tris(1,4-ben-

zamido)]triisophthalate,

TBCPPM Ð tetrakis{3,5-bis[(4-carboxylato)phenyl]-

phenyl}methane,

TCEPBB Ð 1,3,5-tris[(1,3-carboxylate-5-(4-(ethynyl)-

phenyl))butadiynyl]-benzene,

TDBB Ð benzene-1,3,5-tris[(1,10-biphenyl-4-yl)-30,50-
dicarboxylate],

TDPAT Ð 2,4,6-tris(3,5-dicarboxylatophenylamino)-

1,3,5-triazine,

TED Ð triethylenediamine,
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TMBDI Ð 2,3,5,6-tetramethylbenzene-1,4-diisophthalate,

TPDC Ð p-terphenyl-4,4 0 0-dicarboxylate,
TPT Ð 2,4,6-tris(4-pyridyl)-1,3,5-triazine,

TTCA Ð triphenylene-2,6,10-tricarboxylate,

UiO Ð MOFs synthesized at the Oslo University (Uni-

versitetet i Oslo),

UTSA Ð MOFs synthesized at the University of Texas

at San Antonio,

ZIF Ð zeolitic imidazolate framework,

ZJNU Ð MOFs synthesized at the Zhejiang Normal

University,

ZJU Ð MOFs synthesized at the Zhejiang University.

1. Introduction

The growth of Earth population and development of

industry and transport generate increasing demand in the

basic energy sources (oil, coal, natural gas). Depletion of oil

and coal reserves, together with the environmental prob-

lems associated with their use bring about a gradual

decrease in the share of oil and coal in the global energy

consumption in favour of natural gas.1 According to the

International Energy Agency data, the share of natural gas

in the global energy consumption was 21% in 2017, and

during three quarters of 2018, the consumption of natural

gas increased by 4.7% in comparison with the same period

of 2017.1 ± 3 From the standpoint of environmental safety

and human health effect, the use of natural gas as a source

of energy has some advantages, the main of which are the

absence of solid particulates in the combustion products

and minor contents of sulfur compounds, carbon dioxide,

nitrogen oxides and hydrocarbons (Table 1).3

The key limitations for the use of natural gas include

complicated transportation and storage. Despite the exten-

sive network of gas pipelines, gas supply is not available

everywhere. These problems are partially solved by using

liquefaction (LNG) and compression (CNG) techniques;

however, the application of these techniques is associated

with certain risks and requires expensive equipment. For

example, CNG systems imply 200 ± 250-fold compression of

the mainstream gas (up to 20 ± 25 MPa) by means of

expensive high-pressure compressors, which are difficult to

maintain and which do not always reliably meet safety

criteria. Furthermore, for the storage of the compressed

gas, strong thick-walled gas cylinders are needed. As a

result, the weight of a CNG kit is >100 kg. Hence, depend-

ing on the number of CNG cylinders, the weight of the

truck increases by 400 ± 900 kg.4 The use of compressed

natural gas in transport vehicles at low winter temperatures

(down to 750 8C) is faced with the problem of gas hydrate

formation in the gas dispensers of filling stations, which

leads to decreasing CNG pressure.5 A vehicle can travel a

3.5 times shorter distance when operated by compressed

natural gas than when operated by liquefied natural gas,

with the gas cylinder volumes being equal:4 the CNG

cylinder contains a relatively small amount of natural gas,

that is, *240 m3 m73 at 20 MPa and 293 K.

The natural gas liquefaction technique implies conver-

sion of the gas to a liquid at a temperature of 7161 8C with

a *600-fold decrease in the volume. As a result, an LNG

system contains a two times greater amount of the gas

(*500 ± 560 m3 m73) than a CNG system of the same

volume. Liquefied gas is stored in cryogenic tanks and

transported using special tankers; for conversion to the

gaseous state, regasification terminals are required. On the

vehicles, this gas is stored in heat-insulated cryogenic

cylinders. Although LNG systems imply gas storage at a

slight excessive pressure (0.2 atm) and natural gas in the

liquid state is not explosive or flammable without contact

with an open flame source, nevertheless, the safety require-

ments are very strict. Below we list the key risk factors

arising during operation of LNG systems:6, 7

Ð expansion of the liquid upon a change in the system

temperature; therefore, good heat insulation and strong

tanks are required;

Ð appearance of vapour above liquefied gas, which

requires the discharge;

Ð probability of LNG separation into two layers upon

topping-up of a vessel; this may give rise to a rollover effect

and finally induce transition of a part of the liquid to the gas

phase, which would result in a pressure rise and possible

damage of the LNG tank;

Ð release of the liquefied gas under pressure and explo-

sions of gas clouds.

Note that evaporation of one cubic metre of spilled

liquefied methane at 7161 8C can give >600 m3 of meth-

ane gas and, hence, >12 000 m3 of a flammable and

explosiive mixture.8 The destruction of storage vessels, spills

and explosions of gas clouds can be avoided only via

solution of numerous engineering, thermophysical and

strength problems. Thus, the economic benefits of the high

energy density of LNG are largely eliminated by the com-

plexity and high cost of cryogenic equipment, which

requires skilled personnel for operation, and by the fact

that LNG terminals cannot be located in the close vicinity

to gas consumers for safety reasons.

For solving the above problems faced when using CNG

and LNG techniques, new engineering approaches are

required. For example, methane storage and transportation

as gas hydrates have been proposed; it is assumed that 1 m3

of gas hydrates can be converted to 160 m3 of methane.9

However, this method has not yet found practical use

because of low volume of methane stored in this way and

complex conditions of hydrate formation. Takeya et al.10

investigated the stability of methane hydrates obtained in

brine or in sea water as a function of temperature and NaCl

concentration. It was found that at temperatures below the

eutectic point of the H2O7NaCl system (T=252 K), the

CH4 hydrates with NaCl content of up to 2.7 mass% are

stable due to ice formation.

A highly promising method for natural gas storage and

transportation is the adsorption storage. The benefits of this

method are due, first of all, to the state of methane, the

Table 1. Emissions from the use of fossil fuels.3

Pollutant Natural gas Oil Coal

see a see b see a see b see a see b

CO2 117 000 53.071 164 000 74.389 208 000 94.347

CO 40 0.018 33 0.015 208 0.094

NO2 92 0.042 448 0.203 457 0.207

SO2 1 4.5 . 1074 1122 0.509 2591 1.175

Solid 7 0.003 84 0.038 2744 1.245

particulates

Mercury 0.000 0.000 0.007 361076 0.016 761076

a The values are given in pounds per billion BTU (BTU is British

thermal unit); b The values are given in tons per billion BTU.
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major component of natural gas, adsorbed in microporous

materials. The absence of a dipole (or quadrupole) moment

and, as a consequence, the absence of electrostatic inter-

actions of methane molecules provides their adsorption

only via dispersion forces that arise in micropores with

high characteristic energies of adsorption. The benefits of

the adsorption storage of natural gas (ANG) are discussed

in detail in a number of reviews of foreign 11 and Rus-

sian 12, 13 researchers. The key benefits are the following:

Ð storage and transportation occur at relatively low

temperature (233 to 323 K);

Ð adsorption storage of the gas takes place at ambient

pressure (lower than 3.5 MPa);

Ð enhanced fire and explosion safety of adsorption

storage systems associated with a special nanodispersed

state of the adsorbed gas molecules in the micropores,

which are exposed to the field of adsorption forces.

It follows from the above factors that adsorption and

storage of natural gas do not require special conditions or

complex power-intensive and expensive equipment; this stor-

age can be arranged by means of well-known reliable and

rather easily implementable engineering solutions. This

accounts for intensive development of practical implementa-

tions of the adsorption storage of natural gas, which started

at the end of 20th century 14 ± 18 and is still in progress.

One of the key requirements for effective adsorption

storage of natural gas, which was formulated by the US

Advanced Research Project Agency for the Department of

Energy (DOE) in 2012, is that the gravimetric capacity for

methane storage should be 0.5 g (CH4) g(adsorbent)71 and

the specific volumetric capacity for a monolithic block of

the adsorbent should be 263 m3 m73 at a pressure of

3.5(6.5) MPa and a temperature of 298 K, which is equiv-

alent to compressed methane storage in cylinders at 25 MPa

and energy density of 9.2 MJ m73 (Ref. 19).

This requirement refers to the natural gas discharge

upon pressure decrease from 3.5 (6.5) to 0.1 MPa, i.e., to

the amount of the gas that can be extracted from the storage

device and delivered to the consumer.20 Considering the fact

that the real filling of the tank with the adsorbent is 75% of

the whole volume, the target requirement for an ANG

system can be attained if the total volumetric capacity of

an adsorption system for natural gas storage is 350 m3 m73,

which provides energy density of 12.5 MJ m73. The DOE

requirements form the target for the development and

implementation of ANG technology; however, these values

have not been attained as yet. Thus, the search for an

optimal microporous adsorbent for the design of an effi-

cient adsorption system for natural gas storage is, beyond

doubt, a relevant task. An appropriate adsorbent should

possess the following properties:

Ð optimal relationship between the adsorption and

desorption processes, that is, a material with a high adsorp-

tion capacity should be able to release the highest gas

volume without additional heating;

Ð micropore size (0.8 ± 1.4 nm) that would ensure gas

adsorption and desorption at room temperature;

Ð high packing density providing a decrease in the

volume of the gas phase in the storage systems;

Ð moderate heat of adsorption with a high heat

capacity of the material to avoid thermal oscillations in

the system following changes in the environmental tempe-

rature;

Ð extensive transport porosity to provide mass transfer;

Ð hydrophobicity.

It was noted 13 that a greater part of studies on methane

storage are carried out using microporous carbon adsorb-

ents obtained from different raw materials. However, stud-

ies in which metal-organic frameworks (MOFs) are

proposed as adsorbents for methane storage have been

appearing more and more frequently in recent years.20 ± 23

Indeed, MOFs possess a number of properties appropriate

for adsorption materials for natural gas storage: high

specific surface area, possibility of modification of func-

tional properties and possibility to control the shape and

size of pores during the synthesis.23, 24

The possible applications of MOFs include adsorption

systems for storage and transportation of not only meth-

ane,25, 26 but also other gases such as H2
27 and CO2

28 and

those for gas separation,29 liquid-phase adsorption,30 cata-

lytic processes,31 drug delivery systems 32 and other. The

applications of MOFs are considered in reviews;24, 33 a

review is devoted to the use of MOFs in non-linear optics.34

The first patent on the commercial use of MOF-based

materials was granted in 1996 to Nalco Chemical Company,

and in 2013 ± 2016, the MOF Technologies and Numat

Technologies companies started the industrial manufacture

of these materials. The review of Rubio-Martinez et al.35

gives data from the catalogues of some companies produc-

ing MOFs (Table 2).

An interesting system called ION-X was developed by

the NuMat company for the delivery of dopant gases

(AsH3, PH3 , BF3) in the adsorbed state in the MOF pores

below atmospheric pressure. The gases are delivered in

containers filled with MOF granules (the composition is

not disclosed).40 The ION-X systems have already been

certified and are used in electronic industry.

Metal-organic frameworks obtained in laboratory and

in industry are crystalline powders with crystallite sizes

ranging from several nanometres to hundreds of micro-

metres. However, the use of polycrystalline powders in the

separation- or purification-related processes often leads to a

considerable pressure drop as a gas or a liquid passes

through the adsorbent layer. Dusting, attrition, weight loss

and difficulty of transportation and processing of these

powders also deserve mention.

Lately, researchers have paid particular attention to the

development of composites based on MOFs and carbon

materials (active carbons,41 graphene,42 carbon aerogels 43),

polymers (polylactic acid 44), nano-sized metal par-

ticles 9, 45, 46 or metal oxide particles,46 semiconducting col-

loidal quantum dots 47, 48 and so on. The preparation

methods and applications of MOF-based composites have

been analyzed in detail in reviews.49, 50

It is noteworthy that the formation of beads, spheres

and films 50 was proposed to enhance the performance of

MOF-based composites. Several procedures were developed

to grow MOF crystals directly during the synthesis in the

silica pores.51, 52 Other procedures imply the introduction of

MOF into a substrate of a definite shape during composite

shaping. For example, monolithic composites were fabri-

cated using liquid-phase epitaxy: the pores of a mesoporous

silica monolith were filled with nanoparticles of the

HKUST-1 metal-organic framework (see Table 2).52

It is evident that the synergistic combination of MOFs

(regular porosity, high crystallinity) and functional materi-

als with unique magnetic, optical and catalytic properties

implemented in composite materials considerably extends

their scope of applicability, including adsorption storage

and transportation of methane. Quite a few recent publica-
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Table 2. Commercially manufactured metal-organic frameworks (as per 2016 according to Rubio-Martinez et al.35 and as per February, 2019,
according to the websites of manufacturers 36 ± 40).

Designation Formula Brand name Manufacturer Potential applications Ref.

Al(OH)- [Al(OH)(O2CCH=CHCO2)] Porolite Al, MOF Technologies, Catalysis, drying and water 36, 37

Fumarate Basolite2 A520 BASF collection techniques; natural gas

desulfurization; storage and sepa-

ration of gases (H2, CH4) and

volatile organic compounds; energy

recuperation and utilization

HKUST-1, Cu3(BTC)2 (C18H6Cu3O12) Basolite2 C300, BASF, Natural gas adsorption and puri- 37, 38

Cu-BTC, Porolite C1, MOF Technologies, fication; storage and separation

MOF-199 CuBTC STREM Chemicals, of gases (H2, N2, CO2)

KRICT, Inven2,

Framergy, American

Elements

Fe-BTC C9H3FeO6 Basolite2 F300, BASF, Catalytic capture of volatile 36, 37

MOF Technologies organic compounds; dye removal

from waste water

PCN-250-Fe3 , C48H20N6O32Fe3 Porolite F3, MOF Technologies, ANG technology; industrial waste 36, 38

MIL-127 AYRSORB2 F250, Framergle, STREM, treatment; natural gas desulfuriza-

CONEKTIC F250 American Elements tion; storage and separation of

gases (H2 , CO2 , H2S) and volatile

organic compounds

MOF-74, M2C8H2O60 Porolite M7, MOF Technologies Carbon dioxide capture and 36

M-CPO-27 (M=Mg, Co, Porolite D7, storage; anaesthetic gas supply

Ni, Cu) Porolite N7, systems; natural gas desulfurization;

Porolite C7 storage and separation of gases

(H2, CO2, NOx); industrial waste-

water treatment

MIL-100(Fe) C18H8Fe3O16 KRICT F100 KRICT Storage and separation of gases; 39

catalysis; drug delivery; magnetic

and optical devices

MIL-53(Al) C8H2AlO5 Basolite2 A100 BASF Separation of alkylaromatic 39

hydrocarbons; hydrogen

adsorption

MOF-177 C54H30O13Zn4 Basolite2 Z377 BASF Adsorption of gases (H2 , CO2 , N2) 37

and volatile organic compounds

Zr-MOF Zr6O4(OH)4(BDC)6 UiO-66 Inven2, MOF Apps, Adsorption processes 39

ProfMOF involving CO2

ZIF-8 C8H10N4Zn Basolite2 Z1200, BASF, Storage and separation of gases 36, 37

Porolite Z8, MOF Technologies, (H2 , CO2 , N2 , CH4) and volatile

ZIF-8 MOF Apps, organic compounds; natural gas

STREM Chemicals desulfurization

ZIF-67 C8H10N4Co ZIF-67, American Elements, ANG technology; industrial waste- 36

Porolite D6 MOF Technologies water treatment; natural gas desul-

furization; storage and separation

of gases (H2 , CO2) and volatile

organic compounds

Zn-SIFSIX- [Zn(C4H4N2)2SiF6]n Porolite Z6 MOF Technologies Carbon capture and storage; 36

pyrazine natural gas desulfurization;

storage and separation of gases

(H2 , CO2 , N2 , CH4)

Note. The following designations are used: BTC is benzene-1,3,5-tricarboxylate; CPO are coordination polymers manufactured at the University

of Oslo (coordination polymers of Oslo); HKUST-1 is a metal-organic framework manufactured at the Hong Kong University of Science and

Technology; MIL is a metal-organic framework obtained at the Institute Lavoisier (materials of Institute Lavoisier); MOF is a metal-organic

framework; PCN is a porous coordination network; ZIF is a zeolitic imidazolate framework.
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tions have been devoted to the use of MOFs and composites

based on them as adsorbents for methane storage.20 ± 26, 53, 54

The purpose of this review is to analyze the results on

the targeted synthesis of MOFs, the porous structure and

adsorption properties of which are optimal for the adsorp-

tion storage of methane. Classification of the existing

MOFs is given and the methods for their preparation,

their morphology and porous structure, and their adsorp-

tion properties towards methane are discussed. It seemed

important to us to consider the methods for preparation of

adsorption materials (MOFs in the pure state and compo-

sites based on them) of the optimal shape to be used for the

adsorption storage and transportation of natural gas.

2. Microporous metal-organic frameworks

2.1. General characteristics of metal-organic frameworks
The end of the 20th century witnessed vigorous progress in

the research dealing with the synthesis of a new subclass of

coordination compounds, that is, metal-organic frame-

works, which consist of metal ions or clusters coordinated

and linked by organic ligands (linkers).55 It is noteworthy

that MOFs do not refer to the class of coordination

compounds formed by bonds between carbon and metal

atoms.55, 56 According to the IUPAC terminology (2013), a

metal-organic framework (MOF) is a coordination network

with organic ligands containing potential voids (pores).57

Due to the similarity of some textural and adsorption

characteristics (such as three-dimensional framework, high

crystallinity and porosity) of MOFs and zeolites, the former

are called zeolitic materials.58

While summarizing the data on MOFs, Yaghi and co-

workers 59 ± 61 developed a concept based on the network

topology. According to this concept, organic ligands and

metal ions are considered as secondary building units (SBU)

that form the MOF. It is noteworthy that the notion of

secondary building units is accepted in the chemistry of

zeolite and refers to SiO4 or AlO4 .62 Secondary building

units of MOFs are represented as simple geometric figures

corresponding to the geometry of inorganic clusters or

coordination spheres of doubly, triply or, more rarely,

quadruply charged metal cations (Cu2+, Ni2+, Zn2+,

Mn2+, Fe2+, Co2+, Cr3+, Al3+, Fe3+, Zr4+, Hf4+, Ti4+,

Sc4+), which are connected by organic groups to form a

framework.58, 60, 61

Most often, bi-, tri- or tetradentate organic ligands are

aromatic carboxylic acids or heterocycles. Examples of

organic ligands used for the synthesis of MOFs are pre-

sented in Table 3. The abbreviated designations of ligands

mentioned below, but not included in the Table are

expanded in the text. Note benzene-1,4-dicarboxylic (tere-

phthalic) acid and its substituted derivatives, which provide

steric rigidity and diverse coordination modes.

Apart from mono- and dicarboxylate bridging ligands,

sterically rigid, highly polarized aromatic ligands with three

or four carboxylate groups (e.g., H3BTC, see Table 3) are

used rather frequently; this gives rise to MOFs with more

complex topology and more rigid frameworks.

Figure 1 shows the scheme of MOF formation as a

crystal lattice (on the right) in which the nodes occupied

by inorganic clusters or ions (at the centre) are linked by

bridging organic ligands, BDC (on the left).

Trigonal prism (C.N. 6)

Cubooctahedron (C.N. 12)

Octahedron (C.N. 4)

O

H C

BDC

Zn

Cr

MOF-5, pcn topology

MIL-101, mtn topology

UiO-66, fcu topology

Inorganic complexBridging organic ligand MOF as a crystal lattice

Figure 1. Scheme of formation of MOFs from terephthalic acid (H2BDC) as the source of an organic linker (BDC) and metal clusters (Zn, Cr,
Zr).
The polyhedra show the metal atom coordination in secondary building units: the geometry of oxygen atom environment is shown on the
right and the geometry of core clusters determined by carbon atom positions is on the left. The coordination numbers correspond to the
number of linkers coordinated to each metal cluster 24, 62 ± 65 and spheres correspond to free volumes inside the cages of MOF-5, MIL-101
and UiO-66. The types of topology are given in Refs 66 ± 69.
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Table 3. Most popular ligand sources and MOFs based on them.

Ligand name Ligand source Metal-organic framework

designation structural formula accepted designation formula

Benzene-1,4-dicarboxylate (BDC) H2BDC MOF-5 Zn4O(BDC)3
MIL-53(Al) Al(OH)(BDC)

UiO-66 Zr6O4(OH)4(BDC)6,

MIL-101 Cr3O(H2O)2F(BDC)3

Dihydroxyterephthalate (DOT) H2DOT M-MOF-74 (M-CPO-27) M2DOT (M=Ni, Co, Mg)

Biphenyl-4,40-dicarboxylate (BPDC) H2BPDC IRMOF-10 Zn4O(BPDC)

UiO-67 Zr6O6(BPDC)6

Benzene-1,3,5-tricarboxylate (BTC) H3BTC HKUST-1 or MOF-199 Cu3BTC

4,40,40 0-(Benzene-1,3,5-triyl)tribenzoate (BTB) H3BTB MOF-177 Zn4O(BTB)2

2-Methylimidazol-1-ide (MIm) MIm ZIF-8 Zn(MIm)2

Azobenzene-3,30,5,50-tetracarboxylate (ABTC) H4ABTC PCN-250-Fe3 Fe3O(ABTC)
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Table 3 (continued).

Ligand name Ligand source Metal-organic framework

designation structural formula accepted designation formula

p-Terphenyl-4,400-dicarboxylate (TPDC) H2TPDC IRMOF-16 Zn4(m4-O)(TPDC)3

3,30,30 0,5,50,50 0-(benzene-1,3,5-triyl)hexabenzoate (BHB) H6BHB UTSA-20 Cu3BHB

4,40,40 0-[Benzene-1,3,5-triyl-tris(1,10-biphenyl)-40- H3BBC DUT-60 Zn4O(BCPBD)(BBC)4/3
carboxylate] (BBC)

4,40-(Buta-1,3-diene-1,4-diyl)dibenzoate (BCPBD) H2BCPBD DUT-60 Zn4O(BCPBD)(BBC)4/3

CO2HHO2C
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Table 3 (continued).

Ligand name Ligand source Metal-organic framework

designation structural formula accepted designation formula

1,3,5-tris[(1,3-carboxylate-5- H3TCEPBB NU-111 Cu3(TCEPBB)

(4-(ethynyl)phenyl))butadiynyl]-

benzene (TCEPBB)

5,50,50 0-[Benzene-1,3,5-triyl-tris(benzene- H6PTEI NOTT-116 Cu3(C54H24O12)(H2O)3
1,4-diylethyne-1,2-diyl)]triisophthalate (PTEI) (PCN-68) Cu2(PTEI)

2-(1H-Pyrazol-2-yl)pyridine (PYPZ) HPYPZ MAF-38 Zn3(PYPZ)3(BTC)

5,50-Pyridine-2,5-diyl)diisophthalate (PDDI) H4PDDI ZJU-5 [Cu2(PDDI)(H2O)2](DMF)4(H2O)6
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Table 3 (continued).

Ligand name Ligand source Metal-organic framework

designation structural formula accepted designation formula

3,5-bis(3,5-dicarboxylatophenyl)pyridine (BDPP) H4BDPP NJU-Bai10 Cu6(BDPP)3(H2O)6

5,50-(Anthracene-9,10-diyl)diisophthalate (ADIP) H4ADIP PCN-14 Cu2(H2O)2(ADIP)

1,4-Diazabicyclo[2.2.2]octane (DABCO) DABCO 7 Zn2(BDC)2(DABCO)

4,40- Bipyridine (BPY) H2BPY 7 Co2(4,4
0-BPY)3(NO3)4

1,10-(Biphenyl-3,30,5,50)tetracarboxylate (BPTC) H4BPTC MOF-505 Cu2(BPTC)(H2O)2(DMF)3(H2O)

5,50,50 0-[Benzene-1,3,5-triyl-tris(1H-1,2,3- H6BTTI NOTT-122 [Cu3(BTTI)(H2O)3] .

triazole-4,1-diyl)]triisophthalate (BTTI) . 10 (DMF) . 10H2O

Note. The following designations are used:DUT areMOFs synthesized at theDresdenUniversity of Technology;MAFmetal azolate frameworks based on pyridine-2-carboxylic acid; NOTT are isoreticular

MOFs synthesized at the University of Nottingham; NJU-Bai are isoreticular MOFs synthesized at the Nanjing University by Bai's group; UTSA are MOFs synthesized at the University of Texas at San

Antonio; ZJU are isoreticular MOFs synthesized at the Zhejiang University.
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It is clear that the SBUs dictate the geometry of the

synthesized MOF. In addition, in each geometry, the

replacement of the central metal atom is possible, which

further increases the number of MOFs with diverse geo-

metric configurations differing in functional properties.

In turn, the SBUs can be combined into a framework via

organic ligands. The ligand can be chosen in two ways:

Ð with retention of the initial framework geometry, but

changing unit cell parameters of the MOF crystal upon

elongation of the ligand carbon chain;24, 64 this gives so-

called isoreticular structures with the same topology and

formula of the inorganic cluster (Fig. 2);

Ð with a change in the relative positions of the func-

tional groups in the ligand and changing framework geo-

metry (Fig. 3).

Analysis of MOF topologies resulted in compilation of

the MOF database,69, 72 which formed the basis for rational

design of MOFs. It is evident that by using the numerous

types of organic ligands and crystal structure topologies

contained in the Reticular Chemistry Structure Resource

database,68 one can gain a multitude of topology ± SBU

combinations, which form the so-called space of hypothet-

ical MOFs with unique properties.69, 72 This knowledge

underlies the synthesis of isoreticular MOFs of a specified

composition from definite building units. In the last decade,

several tens of thousands of structures were generated in

this way: 69 666 of MOFs were present in the Cambridge

Crystallographic Data Centre by 2017 (http://www.ccdc.ca-

m.ac.uk/products/csd/).73

It should be emphasized that the interest in MOFs is

caused by the possibility to control the relationship between

their hybrid structure and the combination of properties

inherent in organic and inorganic components and, hence,

to obtain materials with specified physicochemical proper-

ties.67

2.2. Porous structure of metal-organic frameworks
The above definition of MOFs 57 and the principle of

formation of 2D or 3D frameworks by means of rigid

organic linkers, which ensure strong interaction with metal

cations or clusters, imply the presence of porosity. The

extensive porous structure is one of the most important

properties of MOFs, which determines their potential appli-

cations, in particular, for gas storage and separation. MOFs

are characterized by the term `permanent porosity', which

means that the framework is retained after the vacuum

thermal treatment, which is used to remove guest molecules

of the solvent used for the synthesis from the pores (Fig. 4).

According to the IUPAC rules, depending on the pore

size, porous materials are subdivided into three classes:75

microporous (effective linear size of pores X0< 2 nm);

mesoporous (2<X0< 50 nm); and macroporous

(50 nm<X0). The syntheses of MOFs usually give micro-

and mesoporous compounds.

Parameters of the MOF porosity determined by measur-

ing sorption of gases were published for the first time in

1998.76 The study was carried out for the MOF-2 frame-

CO2H

CO2H

CO2H

CO2H

CO2H

CO2H

BDC

BPDC

TPDC

Zr-oxo inorganic cluster

UiO-66 UiO-67 UiO-68
fcu topology

Figure 2. Scheme illustrating retention of the initial MOF sym-
metry after elongation of the carbon chain of the linker considered
in relation to the UiO-66 series.65 The sources of ligand (linker) are
terephthalic acid (H2BDC) in UiO-66, biphenyl-4,40-dicarboxylic
acid (H2BPDC) in UiO-67 and p-terphenyl-4,40-dicarboxylic acid
(H2TPDC) in UiO-68.66

CO2H

Br

CO2H

+
+

Cu

MOP-1 MOF-101

tcz topology nbo topology

CO2HHO2C

Figure 3. Types of MOF geometry resulting from the change of
relative positions of substituents in the linker molecule.24

In the ball-and-stick model of the Cu2(CO2)4 secondary building
unit, the first coordination sphere of copper is composed of oxygen
atoms and the second one is formed by carbon atoms. MOP-1
(MOP is a metal-organic polyhedron), Cu24(m-BDC)24(DMF)14.
.(H2O)10, DMF is dimethylformamide;70 MOF-101,
Cu2[o-Br(BDC)]2(H2O)2 .71 The yellow spheres correspond to free
space within the MOF cage. The Figure is reproduced from the
data of Refs 60, 61, 64 and 67 ± 71.
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work [Zn(BDC)(H2O)] formed by paddle-wheel-shaped

Zn2(COO)4(H2O)2 building units connected by BDC ligands

(Fig. 5).

The two-dimensional lattices are connected to one

another by strong hydrogen bonds between water molecules

and carboxylate groups of the organic ligand. It was shown

that the framework of MOF-2 has voids filled by water and

dimethylformamide guest molecules. The vacuum thermal

treatment of the product of synthesis afforded the desol-

vated Zn(BDC) structure. Measurements of the adsorption

of nitrogen vapour at 77 K and CO2 vapour at 195 K

revealed permanent porosity. The specific surface area

(270 to 310 m2 g71) and the pore volume (0.094 to

0.086 cm3 g71) were determined; the averaged pore size

was 0.42 nm.76

Further development of synthetic routes to MOFs gave

three-dimensional MOF-3 [Zn3(BDC)3)] and MOF-4

[Zn2(BTC)(NO3)],76, 77 which were also shown to have

permanent porosity. Among the MOF series, the structure

MOF-5 proved to be most advantageous (Fig. 6 a). The

tetrahedral [Zn4O]6+ building units are connected by dicar-

boxylate ligands. The MOF-5 framework can be described

as a regular cubic lattice. As follows from Fig. 6 b, adsorp-

tion isotherms refer to type I (Ref. 80) or Ia,81 which

directly indicates that the MOF-5 structure is microporous.

The specific surface area (2900 m2 g71) and pore volume

(1.04 cm3 g71) substantially exceed these parameters for

other micro- and mesoporous adsorbents such as activated

carbons, zeolites and silicas.

The so-called tuning of MOF porosity, that is, a change

in the inner size of framework voids depending on the type

of the organic ligand was demonstrated in relation to

MOF-5 (Fig. 7). A series of isoreticular three-dimensional

metal-organic frameworks, IRMOF-n, has been developed,

where IRMOF-1 corresponds to MOF-5. Figure 7 depicts

only IRMOF-n synthesized using carboxylate ligands with-

out functional groups. According to X-ray diffraction and

elemental microanalysis data,82 the introduction of func-

tional groups does not change the IRMOF-n network

structure. It can be seen that an elongation of the organic

ligand leads to increasing pore size in MOFs, that is,

increases the maximum diameter of the imaginary sphere

that can be inscribed into the greatest pores (fixed diameter,

Dfix) and the maximum diameter of the sphere that can pass

through the smallest pores (free diameter, Dfree). The Dfix

and Dfree values are estimated taking into account the van

der Waals radii of the atoms that form the MOF.

A similar change in the porosity resulting from a change

in the ligand chain length was demonstrated above for the

series UiO-66 (see Fig. 2):65, 66 on going from UiO-66 to

UiO-67 and UiO-68, the Dfix and Dfree values vary in the

following way:

MOF UiO-66 UiO-67 UiO-68

Dfix /nm 1.1 1.6 1.7

Dfree /nm 0.8 1.2 1.3

Solvent

Metal salt

Organic ligand

self-assembly removal of the solvent

vacuum thermal treatment

MOF with permanent porosity

Figure 4. Scheme of formation of permanent porosity of MOFs during the synthesis, including the removal of guest solvent molecules
from the framework. The Figure is based on Ref. 74.

Zn(BDC)(H2O) (MOF-2)

Zn2(COO)4(H2O)2

+

CO2H

HO2C

H2BDC

C

O

Zn

Figure 5. Scheme of formation of MOF-2 framework with channels with rectangular cross-sections (view along the [001] crystallographic
axis). The hydrogen atoms are omitted. The Figure is adapted from Ref. 76.
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Thus, depending on the size of organic ligands (linkers)

connecting the inorganic blocks, the porous 3D lattice

structures, IRMOF-n, are formed, with pore size varying

from 0.1 to 2.9 nm. The fraction of the free volume in the

IRMOF-n crystals varies from 55.8% (IRMOF-5) to 91.1%

(IRMOF-16), which exceeds the fraction of free space in

open-structure zeolites (45%± 50%) (see Ref. 15 in Ref. 82)

and is comparable with the corresponding value for non-

crystalline porous structures such as xerogels or aerogels.82

It was shown that IRMOF-6 (with the 1,2-benzocyclobu-

CO2H

HO2C

+

H2BDC

Zn4O(COO)6

Zn4O(BDC)3

MOF-5, pcu

a

0

200

400

600

800

0 0.2 0.4 0.6 0.8 P/P0

na /mmol g71

1

2

bC
O

Zn

Figure 6. Scheme illustrating the composition of the crystal of MOF-5 (a) 78 and total adsorption (na) isotherms during adsorption (1) and
desorption (2) of nitrogen vapour at 77 K in the pores of this MOF (b).79

The crystal is formed by the Zn4O(COO)6 building units connected by BDC into a cubic framework; the yellow and orange spheres 1.51
and 1.10 nm in diameter correspond to free spaces within the cubic cage. The hydrogen atoms are omitted; pcu is the primitive cubic unit
cell topology.68

O7O

7O O

O7O

7O O

n 1 8 10 12 14 16

O7O

7O O

O7O

7O O

O7O

7O O

O7O

7O O
BDC

2,6-NDC

BPDC HPDC PDC

TPDC

Dfix /nm 1.12 1.26 1.54 1.30 1.38 1.91

Dfree /nm 1.85 2.14 2.45 2.45 2.45 2.88

IRMOF-n

Figure 7. Change in the framework porosity depending on the type of organic ligands in the IRMOF-n series.
The yellow colour indicates spheres with the fixed diameter (Dfix) which can be inscribed into the greatest pore. The free diameters (Dfree)
for spheres that can pass through the smallest pores in the MOF are given. The hydrogen atoms are omitted. The Figure is based on the
data of Ref. 82.
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tene-3,6-dicarboxylate ligand) demonstrates a high adsorp-

tion capacity towards methane:{ 240 cm3(STP) g71 [or

150 m3(STP) m73], which proved to be higher than the

data for 5A zeolite (see Ref. 17 in Ref. 82).

Eddaoudi et al.82 discovered interpenetration of the

frameworks for some IRMOF-n (with the BPDC, HPDC,

PDC and TPDC ligands), which changes the porous space

(the free volume is *76%). However, by reducing the

reactant concentrations, it is possible to obtain non-inter-

penetrating frameworks, with the free volume increasing up

to 81%± 91% (IRMOF-16); simultaneously, the crystal

density decreases to 0.21 g cm73.

Note that the key difference of MOFs from traditional

porous materials, such as, molecular sieves or activated

carbons, is that the pores are not separated by walls. The

regular porosity of MOFs (50% to 90%) 67 is formed by

connected open and evenly distributed channels and voids.

It should be emphasized that the principle of MOF assem-

bly from secondary building units with a particular geom-

etry specified by the coordination sphere of the metal cation

and organic ligands of a definite length allows the predic-

tion of a regular system of pores, pore shape and pore size

distribution (Fig. 8). For example, the porous structure of

M-MOF-74 (or M-CPO-27, where M=Zn, Mn, Ni, Co,

Cu) is a set of 1D channles (see Fig. 8 a) and, as follows

from nitrogen adsorption data,83 it is described by a narrow

pore size distribution with a maximum at *1.1 nm, which is

in line with calculation results (see Fig. 8 b).84 Meanwhile,

in the HKUST framework, the paddle-wheel-shaped

Cu3(BTC)2 secondary building unit 69 forms a more intri-

cate porous structure with three types of pores with char-

acteristic sizes (Fig. 9).85, 86

Moreover, the considered principle of MOF assembly

enables the manufacture of porous materials with record-

high specific surface areas and pore volumes. Indeed, a

paper of a research group from Dresden University of

Technology published in 2018 87 describes the synthesis of

DUT-60 with the maximum currently known Brunauer ±

CO2H

OH

HO

CO2H

0

2

4

0.5 1.0 1.5 2.0 D /nm

W0(D) /cm3 g71

a b

Figure 8. Crystal structure of M-MOF-74 (M=Zn, Mn, Ni, Co) (a) and pore size (D) distribution of the pore volume (W0) in Ni-MOF-
74 found from the nitrogen adsorption isotherms.83) (b). The Figure is adapted from Refs 69, 84 and 85.

a

0

0.2

0.4

0.6

P(D)

0.5 1.0 D /nm

b

1 1.1 nm

1 1.35 nm

1 0.5 nm

Figure 9. Crystal structure of HKUST-1 with three types of pores designated by differently coloured spheres (a), which was used to
calculate the dimensionless pore size distribution function [P(D)] (b). The Figure is adapted from Refs 85 and 86.

{The methane volume refers to the standard thermodynamic conditions

for gases (standard temperature and pressure, STP): T=273.15 K,

P=101 325 Pa. The normal temperature and pressure (NTP) for gas

volume according to GOST 2939-63 or according to NIST are

T=293.15 K, P=101 325 Pa.
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Emmett ± Teller (BET) specific surface area determined

from a nitrogen adsorption isotherm at 77 K,

as(BET)= 7839 m2 g71.88 This exceeds the value attained

by 2012 for the NU-110 framework,

Zn4O(BTE)4/3(BPDC), which amounted to 7140 m2 g71

(Fig. 10).69 HoÈ nicke et al.87 emphasized the repeatability

of nitrogen adsorption measurements and the resistance of

DUT-60 they synthesized to mechanical load. The crystal

topology was confirmed by X-ray diffraction data, the

crystal density was 0.187 g cm73 and the porosity was

90.3%. The pore volume was an order of magnitude

greater than those of zeolites, silicas and active car-

bons.69, 87 Also, according to the data of theoretical

calculations,89 the specific surface area of the MOF can

reach 14 600 m2 g71!

Certainly, an important problem is stability of this type

of MOFs. Reviews 66, 90, 91 give examples of MOFs stable

against moisture and heating (up to 400 ± 450 8C). Such

MOFs include, in particular, MOF-177 and MIL-101(Cr)

with specific surface areas of 5640 (Ref. 90, 91) and

4100 m2 g71 (Ref. 66).

It should be noted that for most microporous MOFs,

high BET specific surface areas 88 are conventional values.

Indeed, adsorption in the microporous adsorbents does not

imply successive formation of adsorption layers on the

micropore surface; instead, the process occurs via filling of

the adsorption space according to the mechanism described

in Dubinin's theory of volume filling of micropores.92

Therefore, for microporous adsorbents, the notion of sur-

face loses its physical meaning. However, virtually all

experimental works dealing with the structure of micro-

porous adsorbents present as(BET) values, for example,

when comparing MOF- and carbon-based adsorbents.93 It

is commonly believed that as(BET) for microporous adsor-

bents corresponds to some conventional surface and is a

characteristic parameter used to compare these adsor-

bents.81

Considering the foregoing, it is natural to assume that

the extensive system of MOF pores largely determines their

adsorption properties, in particular:

Ð the presence of voids and channels forming a regular

space of micro- and, in some MOFs, also mesopores;

Ð high controllable adsorption capacity;

Ð the possibility of formation of active adsorption sites

of various strength;

Ð special electronic properties.

Therefore, MOFs can be considered as potential materi-

als for gas storage, in particular, methane storage.23, 94, 95

2.3. Methods for the preparation of metal-organic
frameworks
According to the results of numerous studies, the degree of

crystallinity, phase purity and textural properties (specific

surface area, porosity) of MOFs, i.e., characteristics that

determine the adsorption capacity and stability to chemical,

mechanical and thermal impacts, significantly depend on

the preparation process, including synthesis, activation and

functionalization (Fig. 11).

The methods for the synthesis of MOFs are analyzed in

detail in a number of reviews.24, 90, 94 ± 97 Mention should be
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made of the review by Rubio-Martinez et al.,35 who not

only compare the methods for MOF synthesis, but also

discuss the feasibility of their industrial implementation.

The techno-economic analysis performed by DeSantis et

al.98 includes evaluation of MOF synthesis from the stand-

point of engineering complexity, cost of expendable materi-

als and the product yield.

The hydro(solvo)thermal synthesis was successfully

accomplished for the first time in 1995 to give

[Cu(4,40-BPY)1.5]NO3(H2O)1.25 .99 Subsequently, the slow

diffusion process was proposed (MOF-2),78, 100 which can

give large MOF crystals, but lasts for 1 ± 2 weeks and,

therefore, it is considered to be less efficient.

A standard procedure for the preparation of MOFs

based on mixing solutions of a metal salt and an organic

ligand in water or in an organic solvent (DMF, ethyl

alcohol, pyridine, etc.) is reflected in Fig. 12.99 ± 114 In

some cases, triethylamine is used to accelerate the reaction

without changing the structure of the final product.101 The

organic solvent and/or water act as structuring reagents.

Then the reaction mixture is subjected to an external impact

inducing the self-assembly of the MOF.

In the hydro(solvo)thermal synthesis, this impact

includes heating of the reaction mixture to a temperature

equal to or higher than the solvent boiling point.99 ± 106 The

reaction mixture can be exposed to microwave radiation at

120 to 210 W (microwave method 107 ± 111), which causes

local heating. This increases the rate of formation of

crystallization centres and, hence, accelerates the growth

of MOF crystals. The sonochemical method 112 ± 114 employs

ultrasonic treatment, which induces acoustic cavitation. As

a result, bubble formation and collapse and the temperature

and pressure gradients increase the surface area of the

contact between reactants and give rise to active sites with

dangling bonds. Consequently, the formation of MOF

nanocrystals is considerably accelerated. After completion

of the reaction induced by any type of treatment, the

precipitate (*2.5 mass%) is separated from the mother

liquor by centrifugation (150 ± 300 rpm) and washed many

times with water and/or another solvent (methanol, ethanol,

DMF or chloroform). The final stage is activation (vacuum

thermal treatment, replacement of the solvent or treatment

with supercritical CO2) directed towards the removal of the

solvent from the framework.

The necessity to prepare MOFs in various forms (as a

finely dispersed crystalline powder, film or coarse crystals)

for different applications stimulated active development of

the chemistry of MOFs and, as a result, gave rise to new

Vacuum thermal treatment

Freeze drying

Solvent replacement
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Extraction with supercritical CO2

Activation

Functionalization
MOF

Large-scale production
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Continuous flow synthesis
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Figure 11. Stages of MOF preparation determining their properties and functions. The Figure is based on Refs 24, 35, 90, 94 ± 96.
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Organic ligand

self-assembly removal of the solvent

vacuum thermal treatmentexternal impact

MOF

Figure 12. General scheme for the syntheses of MOFs via external impact (thermal, microwave, sonochemical) on the reaction mixture
containing a metal salt solution and organic ligand in water and/or organic solvent.99 ± 114
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synthetic procedures. In particular, the mechanochemical

method implies the reaction between MOF precursors dur-

ing their mixing without a solvent or with a small amount of

a solvent followed by vigorous ball milling (Fig. 13). Two

procedures of electrochemical synthesis are being actively

developed.116 ± 119 According to the first procedure

(Fig. 14), a sacrificial anode [in particular, copper plates;

BASF patent for the manufacture of Basolite2 C300,

Basolite2 Z377 (Ref. 117)] serves as a source of metal ions

in the reaction medium (electrolyte+ligand). In this case,

protic solvents (e.g., methanol) prevent deposition of metal

cations on the cathode. Excessive evolution of hydrogen is

prevented by acrylonitrile and esters of acrylic and maleic

acids. The second, so-called cathodic deposition, procedure

makes use of a three-electrode cell 118 filled with an electro-

lyte (containing an organic ligand, metal ions and a source

of anions) and affords a MOF as a film.

The conditions of synthesis of several MOFs using the

most popular methods are summarized in Table 4.

Apart from the methods presented in Table 4, mention

should be made of the ionothermal synthesis, which is a sort

of solvothermal method using ionic liquids instead of

organic solvents.121, 122 The ionic liquids are low-temper-

ature melts of organic salts (150 ± 220 8C) consisting of

bulky organic cations and inorganic (or organic) anions.121

Ionic liquids were also used in microwave-assisted syn-

thesis.123

The room temperature (RT) method is a successful

attempt to carry out the synthesis under milder conditions

compared with the solvothermal process.124 Direct mixing

of the reactants in the presence of solvents and triethyl-

amine at room temperature afforded the MOF-5 structure.

The duration of synthesis was 1 ± 3 h. The RT method has

the following advantages:

Ð the possibility to prepare MOFs with high crystal-

linity;

Ð relatively short reaction time;

Ð high porosity of the final product, which was dem-

onstrated in the synthesis of a number of materials such as

MOF-5, M-MOF-74, MOF-177, MOF-199 (HKUST-1)

and IRMOF-0 [Zn4O(ADC)4, where ADC is acetylenedi-

carboxylate].125

Duan et al.126 reported the superfast RT synthesis of

zeolitic zinc imidazolate frameworks, ZIF-8, ZIF-61 and

ZIF-90, possessing a hierarchical porosity. The synthesis

was carried out at atmospheric pressure with organic

heterocycles (imidazoles) as templates; the duration of

synthesis was *1 min. The space ± time yield of the

product was 1.296104 kg m73 day71. It was proposed

to use this method for the preparation of MOFs on an

industrial scale.

The synthetic procedures considered above provide

gram amounts of MOFs in laboratory. However, effective

application of MOFs in various fields of practical human

activities requires larger amounts. The routine industrial

manufacturing of MOFs, which are more and more in

demand, depends on the yield and the accessibility of

synthetic procedures. Currently, the companies that offer
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Ball mill

Figure 13. Mechanochemical synthesis of MOFs. The Figure is based on Refs 94 ± 96, 115, 116.
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Figure 14. Electrochemical synthesis of MOFs (anodic dissolution). The Figure is based on Refs 94 ± 96, 117.
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various MOFs in their catalogues (see Table 2) use, most

often, the solvothermal (BASF, NuMat Technologies),

mechanochemical (MOF Technologies, NuMat Technolo-

gies) and electrochemical (BASF) methods.

Rubio-Martinez et al.35 listed the following key factors

hampering the industrial implementation of most of MOF

syntheses for routine commercial production:

Ð the use of expensive and highly toxic organic ligands

(some of them are also fire hazardous);

Ð poor availability of initial compounds and ligands

needed to prepare MOFs; methods for the synthesis of the

ligands are also being developed;

Ð accumulation of corrosive nitrates and chlorides,

which are formed when metal salts are used as precursors,

in process units; therefore, the use of metal oxides and

hydroxides is preferable;

Ð difficulty of controlling the MOF particle size; for

gas storage technologies, large particles and monoliths are

preferred, whereas membrane applications require small

particles;

Ð the necessity to remove non-volatile solvents and

unreacted starting components from MOF pores via the

activation stage;

Ð the necessity of MOF shaping for applications in real

industrial processes.

As alternatives to the solvothermal synthesis, the

authors 35 proposed the above-mentioned mechanochemical

and electrochemical syntheses and also continuous

flows 127, 128 and spray dryings129 processes. In 2018, the

MOFapps company 130 reported the successful use of the

last-mentioned process in the manufacture of a 30 kg batch

of HKUST-1.

While considering the possibility to attain the DOE

requirements to the adsorbent cost (10 US dollars per

kg) 19 for ANG systems, authors of the techno-economic

analysis 98 discussed the ways of reducing the expenses in

each stage of solvothermal, hydrothermal and mechano-

chemical processes while considering the syntheses of four

MOFs: HKUST-1, Mg-MOF-74, Ni-MOF-74 and MOF-5.

The last-mentioned process implies preliminary wetting of

the precursors with a slight amount of the solvent

(7.5 mass%). These MOFs were chosen in view of their

possible application in the adsorption storage of natural gas

and hydrogen. The solvothermal synthesis of Mg-MOF-74

proved to be the most expensive, with expenditures for the

solvent and compaction accounting for more than a half of

the total cost (79%). The advantages of the mechanochem-

ical method associated with lower cost of the solvent,

shorter duration of synthesis and higher product yield

were demonstrated.

Table 4. Key methods and conditions of MOF synthesis.

Method (see Figs 12 ± 14) Conditions Examples of MOFs Yield Ref.
(%)

solvent T /8C duration another
/h parameter

Hydro(solvo)thermal: heating of the DMF, PhCl 120 24 1 a IRMOF-n (MOF-5) 63 82

reaction mixture in an autoclave up to DMF 120 24 1 a UiO-66 7 102

or above the boiling point of the solvent H2O+1M HF 220 8 1 a Cr-MIL-101 42 102

H2O+EtOH 180 12 ± 24 1 a HKUST-1 61 94, 104

DMF 85 72 1 a ZIF-8 60 105

H2O+HF+HNO3 150 144 1 a Fe-MIL-100 7 106

Microwave: microwaving of the reaction H2O+1M HF 220 4 7 Cr-MIL-100 44 107

mixture at 120 to 210 W accelerates the NPM (1-methyl-2- 105 0.5 800 b MOF-5 7 107

formation of crystallization sites pyrrolidone)

and enhances the crystal growth EtOH 140 1 300 b HKUST-1 90 109, 110

DMF 140 0.3 12 b NH2-MIL-101(Al) 7 111

Sonochemical: ultrasonic treatment NPM 7 0.3 60 b MOF-5 7 112

(>20 kHz) DMF, EtOH, H2O 7 1 300 b HKUST-1 7 113

DMF, Et3N or 7 1 300 b ZIF-8 92 ± 96 114

Et3N+NaOH

Mechanochemical: ball milling without Without solvent 7 0.25 25 c HKUST-1 44 115

a solvent or with a minor amount of or MeOH

a solvent (7.5 mass %) to initiate the DMF 7 0.85 ± 1 30 c ZIF-8 7 116

reaction

Electrochemical

anode (a copper plate) dissolution MeOH 25 2.5 12 ± 19,d HKUST-1 7 117

1.3 e

cathode deposition (three-electrode cell; DMF+MeOH g 25 ± 40 1 ± 3 50 f ZIF-8 7 119

fluorine-doped tin oxide as the cathode; DMF 25 6 2.5,d MOF-5 7 120

Et3N as the electrolyte) 0.1 ± 100 h

a Pressure /atm; b power /W; c frequency /kHz; d voltage /V; e current /A; f current /mA (zinc electrode; tributylmethylammonium methylsulfate as

the electrolyte); g the possible variants are DMF+H2O, DMF+H2O+MeOH and DMF+EtOH; h current density /mA cm72 (Et3NH2 as the

electrolyte).
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Despite the above challenges hampering the implemen-

tation and the drawbacks of particular methods, BASF,

MOF Technologies, NuMat and MOFapps are manufac-

turing more than 100 sorts of MOFs.23 The BASF company

is the holder of 2.5% of the total number of patents related

to the synthesis, functionalization, shaping and various

applications of MOFs.23

A necessary condition for using MOFs is their resistance

to thermal, mechanical and chemical impacts. The instabil-

ity of MOFs is due to the relatively low energy of coordi-

nation bonds. The thermal and chemical stability of MOFs

depends on the nature of the organic linker and inorganic

component. In the processes related to the separation or

purification of gases, water is often present as a component

of gas mixture. According to statements of some research-

ers, certain MOFs are thermally stable and retain their

crystal structure in water vapour, e.g., Al-MOF [Basoli-

te2 A520 or Basolite2 A100 (see Table 2)] manufactured

by BASF.131 Zeolitic imidazolate frameworks such as ZIF-8

(Basolite2 Z1200) are hydrophobic materials and are also

characterized by high thermal and chemical stability.

According to Park et al.,132 the structure of ZIF-8 does

not change when it is immersed into boiling methanol or

benzene or when it is kept in water for up to 7 days or in a

concentrated sodium hydroxide solution at 100 8C for 24 h.

2.4. Functionalizaton of metal-organic frameworks
The formation of MOFs with specified structural and

physicochemical properties, including adsorption proper-

ties, is possible not only during the synthesis, but also via

functionalization.24, 96, 97 In their first studies, Hoskins and

Robson 55, 133 already assumed the possible applicability of

crystalline micro- and mesoporous MOFs in catalysis or in

ion exchange or sorption processes and pointed out the

methods of introduction of functional groups both during

the synthesis and after the synthesis (post-synthetic mod-

ification, see Fig. 10). The methods for MOF functionaliza-

tion directed towards particular objectives are analyzed in

detail in several reviews.24, 96, 97, 133

Butova et al.24 noted that the number of publications

devoted to MOF functionalization exceeds the number of

studies on the synthesis of new compounds and optimiza-

tion of synthetic methods. For example, when MOFs are

used as adsorbents, it should be borne in mind that the

MOF crystal lattice can be an inert solid matrix affecting

the adsorption selectivity only by generating spatial restric-

tions. However, the concentration and accessibility of the

adsorption sites specific to each adsorbed substance are also

important factors affecting the efficacy of adsorbents. New

adsorption sites can be generated upon encapsulation of

macromolecules, organometallic compounds and metal or

metal oxide particles.133, 134 ± 136 Adsorption sites can appear

due to a change in the ligand environment of the metal

centres caused by modification of organic linkers.

There are two ways to introduce functional sites into

MOFs during the synthesis process: the ship-in-a-bottle

method (synthesis of active sites inside the pores) and the

bottle-around-a-ship method (formation of the MOF struc-

ture around ready active sites, or template synthesis).134 The

latter method was considered 135 in relation to the prepara-

tion of HKUST-1 in a solution containing palladium nano-

particles. The hydrogen adsorption capacity of the sample

prepared in this way was 74% higher than the value found

for palladium nanoparticles; the hydrogen absorption rate

also increased after introduction of nanoparticles into the

MOF shell. Sugikawa et al.136 obtained highly porous

functional materials by introducing gold nanoparticles into

the solution during the synthesis of MOF-5.

Functionalization of organic linkers that connect the

metal centres can be used to specify the properties of MOFs

and, hence, to define the application area. After introduc-

tion of functional groups (hydroxy, amino, carbonyl, car-

boxyl, nitrile, azide, etc.) able to coordinate metal ions, the

synthesis of MOFs can be retarded or terminated. However,

if the chemical reactions with MOFs are conducted after the

synthesis, these groups can be introduced into the crystal

structure framework and thus it is possible to change (or

modify) the properties of the starting material, for example,

stability, hydrophobicity, sorption activity, etc. Cohen 137

surveyed the approaches to chemical post-synthetic modifi-

cation of organic linkers within MOFs:

Ð covalent modification affecting both organic ligands

and inorganic building units;

Ð exchange modification of inorganic building units

and organic ligands;

Ð combining the two above procedures;

Ð surface modification;

Ð modification directed towards the formation of def-

inite functional groups in organic ligands.

An example of covalent modification of IRMOF-3 via

the reaction with cyclic maleic anhydride, which takes place

at room temperature and is accompanied by ring opening, is

depicted in Fig. 15. It was shown than the introduction of

various rings and amide substituents into IRMOF-n enhan-

ces their capacity for storage of various gases including

methane, carbon dioxide and hydrogen,138 while the intro-

duction of long-chain alkyl groups increases the chemical

stability to protic solvents including water.139, 140

3. Metal-organic frameworks as methane
adsorbents

3.1. Characteristics of the efficiency of natural gas storage
systems
In recent years, increasing researchers' attention has been

devoted to the adsorption technology of natural gas stor-

age, which, as shown in the Introduction, has a number of

advantages over the known CNG and LNG technologies.
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Figure 15. Covalent modification of IRMOF-3 via the reaction
with maleic anhydride accompanied by ring opening.
AMMal is amino group modification with maleic anhydride. The
Figure is adapted from Refs 82, 137.
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Below we introduce the main parameters determining

the efficiency of an adsorption system for natural gas

storage. The key parameter determining the efficiency of

these systems is the amount of the target substance (natural

gas) that can be stored under particular thermodynamic

conditions determined by the pressure (P) and temperature

(T ). In the general case, this parameter is represented by the

total (absolute) adsorption (na /mmol g71)

na(P,T )= ne(P,T )+W0rg(P,T ) (1)

where ne(P,T ) is the excess adsorption at the specified P and

T values (mmol g71); W0 is the volume of adsorbent micro-

pores (cm3 g71); rg(P,T ) is the density of the free (bulk) gas

phase at the specified P and T values (mmol cm73).

For evaluating the integral specific efficiency of an

adsorption system representing a vessel filled with an

adsorbent, it is necessary to take into account not only the

adsorbed phase of the target gas, but also the free gas phase

that occupies the adsorbent-free volume. In this case, the

total specific capacity of the storage system including both

the adsorbed and free gas phases is taken as the criterion.

The total volumetric specific capacity of a storage

system (Vf) is the sum of the free and adsorbed phases of

the target substance (gas) per unit volume of the closed

system containing the adsorbent at specified pressure and

temperature converted to standard (STP) or normal (NTP)

thermodynamic conditions;141 ± 143 this value is also called

the `volumetric storage capacity'.144 The term `volumetric

storage density' equivalent to the volumetric storage

capacity is also used in the literature.

The ANG and CNG technologies are compared using

the notion of relative efficiency of an adsorption storage

system defined as the ratio of Vf ANG (for an adsorption

system) to Vf CNG (for a compressed gas system) under

identical thermodynamic conditions

e(P,T )=
Vf ANG�P;T �
Vf CNG�P;T � (2)

It is important that apart from the total specific

capacity, another important quantity characterizing oper-

ation of an ANG system is the deliverable volumetric

specific capacity (Vd), i.e., the productivity of the system.

The deliverable volumetric specific capacity is defined as the

amount of the gas (converted to STP or NTP) that can be

recovered from an adsorbent-filled vessel of a particular

volume during isothermal gas discharge with a pressure

drop in the vessel from the current level P to a specified

minimum value Px divided by the geometric volume of the

vessel. The Px value is chosen considering the operation

conditions: in foreign literature, for motor vehicle gas

storage systems, it is accepted that Px=0.48 ± 0.58 MPa,

which corresponds to the minimum operation threshold for

gas delivery to an engine. In Russian publications, Px is

taken to be equal to the atmospheric pressure.145 The gas

volume remaining in the system after the discharge is called

undeliverable. The deliverable capacity Vd is found as the

difference between Vf(P,T ) and Vf(Px ,T ) using the follow-

ing relation:

Vd(Px,T )=Vf(P,T )7Vf(Px,T ) (3)

The graphical determination of Vd for P=6.5 MPa and

Px=0.5 MPa is illustrated in Fig. 16. It can be seen that

the deliverable volumetric capacity of an ANG system can

be maximized by selecting the adsorbent with the lowest

possible methane storage capacity at a pressure of 0.5 MPa

and the maximum possible capacity at 6.5 MPa.

The programme `Methane Opportunities for Vehicular

Energy' (MOVE) announced in 2012 for the design of

methane storage systems,19 which specified particular tar-

gets for Vf and Vd values for ANG systems at moderate

pressures (3.5 ± 6.5 MPa) and a temperature of 298 K,

stimulated the studies of MOFs as adsorbents for natural

gas storage. The pressure range of 3.5 ± 6.5 MPa corre-

sponds to the operating conditions of one- and two-stage

compressors.23, 26, 85

Recall that natural gas is a mixture in which the methane

content varies from 87% to 98%.146 Hence, in the first

approximation, adsorption of methane can be taken as a

quite realistic model of natural gas adsorption.

3.2. Evaluation of the efficiency of metal-organic
frameworks as adsorbents of methane
In a number of subject reviews (see, for example, Refs

85, 147 ± 155), MOFs are demonstrated to favourably com-

pare with other porous materials due to predictable crystal

structure topology,154, 155 which determines the regular and

extensive porosity 82, 85 including the pore size and shape. In

addition, the above-described methods for additional func-

tionalization during and after the synthesis of MOFs can

serve to control the porosity and openness of the metal
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Refs 13, 54.

A.Yu.Tsivadze et al. Russ. Chem. Rev., 2019, 88 (9) 925 ± 978 944



centres and, hence, the concentration of methane adsorp-

tion sites.152, 153

In the last two decades, investigations of the methane

adsorption by MOFs have become more active. The foun-

dation was laid by experiments carried out in 1997 ± 2000

by Kitagawa's research group 156 on measurement of

methane adsorption in the coordination hybrids

[M2(BPY)3(NO3)4](H2O)x (M=Co, Ni, Zn) and

[CuSiF6(BPY)](H2O)x with permanent porosity. The

methane uptakes for these structures were *0.04

(M=Co, 298 K, 3.0 MPa) 157 and 0.104 g g71 (298 K,

3.65 MPa),156 which are higher than the values for 5A

zeolite. The results of measurements of methane adsorption

by the coordination hybrids are summarized in a review 158

in which comparison with MOFs is carried out, in partic-

ular, with the above-mentioned series of 16 highly crystal-

line IRMOF-n (Yaghi research group, 2000).82

Quite a few original studies and reviews indicating the

efficiency of some MOFs as adsorbents for methane have

appeared to date. Important results on the adsorption of

methane were obtained for HKUST-1,159 MIL-101(Cr),160

UTSA-20,161 NU-111,162 NU-125 {Cu3[C6H3(COO)2.

.(C2N3H)]3[C6H3]},163 PCN-14,85, 164 NOTT-122,165

UTSA-76 [Cu2L(H2O)2, L is 5,50-(pyrimidine-2,5-diyl)di-

isophthalic acid].166 Mention should be made of the

achievements of Professor Bai's group 167 on the develop-

ment of efficient adsorbents for methane, namely, NJU-Bai

series (the basic structure is PCN-14), for example,

NJU-Bai-42 {[Cu2(L2)(H2O)2]n} and NJU-Bai-43

{[Cu2(L3)(DMF)2]n} [Ln are carbocyclic compounds

derived from 5,50-(anthracene-9,10-diyl)diisophthalate
(ADIP) with heteroatoms in the ring].167 In 2017, an

international research group with participation of Russian

scientists reported 168 high methane storage characteristics

for materials based on divalent copper Ð MFM-112a

{Cu3(TDBB)(H2O)3, TDBB is benzene-1,3,5-tris[(1,10-
biphenyl-4-yl)-30,50-dicarboxylate]} and MFM-115a

[Cu3(NTBD)(H2O)3, NTBD is 40,40 0,40 00-nitrilotribiphenyl-
3,5-dicarboxylate; the letter `a' implies activated material]

(MFM stands for Manchester framework material). In the

authors' opinion, the porous structure of MFM-115 is

optimal for methane storage.168 High methane storage

characteristics were also found for UTSA-110 Ð

[Cu2(L6)(H2O)2]5} Ð which continues the series of MOFs

based on the NOTT-101 structure [Cu3(BDP)].169

Data on methane adsorption in MOFs are summarized

in reviews,147 ± 155 which present estimates for total and

deliverable adsorption capacities for methane (in both

volumetric and gravimetric units) for tens of MOFs synthe-

sized in the last two decades. In the review publications

mentioned above,85, 54, 147 ± 155, 158 these values are analyzed

and the key factors influencing Vf and Vd are elucidated.

While looking for the optimal adsorbent for ANG systems

that would be suitable for implementing the DOE targets of

2012, it seems important to identify the limiting possible

methane uptake by a monolithic crystalline MOF and the

amount of the gas released during desorption.

Wilmer et al.170 made an attempt to determine the

structure ± property (in this case, methane uptake) relation-

ship using high-throughput screening of 137 953 hypothet-

ical MOFs generated as various combinations of 102

secondary building units (materials genome). Further, out

of the model MOFs, 350 most efficient adsorbents for

methane [Vf5 230 m3(STP) m73 at 3.5 MPa and 298 K]

were successively selected in terms of the correspondence to

the structural parameters of real compounds. Calculations

and computer simulation of MOFs and methane adsorption

isotherms resulted in identification of the optimal MOF, for

which the highest Vf value was found:

Vf= 267 m3(STP) m73 at 3.5 MPa and 298 K, i.e., the

DOE target for a monolithic MOF crystal was met

[263 ± 266 m3(STP) m73].19 The optimal hypothetical

metal-organic framework actually proved to be a structural

analogue of PCN-14 functionalized by methyl groups,

namely NOTT-107 [Cu2(TMBDI), TMBDI is 2,3,5,6-tetra-

methylbenzene-1,4-diisophthalate], for which

Vf= 213 m3(STP) m73 was found experimentally at

3.5 MPa.171 The difference between the calculated and

experimental Vf values was attributed to the insufficient

activation of pores after the synthesis of NOTT-107, which

was also confirmed by the difference between as(BET)

values.

The authors 170 also found that the specific surface area

of metal-organic structures demonstrating the highest meth-

ane uptake at 3.5 MPa varies in the range from 2500 to

3000 m2 g71. The optimal size of pores accommodating one

and two methane molecules (0.4 and 0.8 nm, respectively)

and the fraction of free space accessible for adsorption, or

porosity (0.8) were estimated. It was found that the highest

methane uptake is inherent in those hypothetical MOFs

that contain methyl, ethyl or propyl groups. This gave

certain guidelines for the search for the best metal-organic

frameworks for methane adsorption. It is noteworthy that

the presented estimates correspond to the methane adsorp-

tion data for UTSA-20 with two types of pores:

0.3460.48 nm cavities and one-dimensional channels

0.85 nm in diameter [Vf= 230 m3(STP) m73] at a temper-

ature of 298 K and a pressure of 6.5 MPa. At 300 K and

3.5 MPa, the density of methane adsorbed in UTSA-20

pores is up to 0.22 m3(STP) g71, which corresponds to

methane density in CNG systems at 300 K and

34.0 MPa.161

The efficiency of MOF as a methane adsorbent with

the highest deliverable volumetric capacity was con-

firmed theoretically using high-throughput screening of

650 000 porous materials [zeolites, zeolitic imidazolate

frameworks ZIF, MOFs and porous polymer networks

(PPNs)].172, 173 Figure 17 shows the Vd values for meth-

ane at 6.5 MPa (Px=0.58 MPa) for all types of hypo-

thetical adsorbents, depending on the crystal density, in

comparison with the experimental data for the same

conditions. Analysis of the results leads to the following

conclusions:

Ð MOFs and PPNs have the highest deliverable

capacity for methane storage;

Ð the maximum deliverable capacity calculated for

hypothetical structures with the optimal parameters at 6.5

MPa and 298 K is Vd(calcd.)= 196 m3(STP) m73;

Ð experimental data for some MOFs are close to the

maximum Vd(calcd.) values (Table 5);

Ð the highest value of 210 m3(STP) m73 was obtained

for MOF-519 [Al8(OH)8(BTB)4(H2BTB)4] (Ref. 178).

Lin et al.171 noted that a relatively high methane

deliverable capacity is characteristic of MOF crystals with

dcr varying from 0.6 to 0.953 kg m73 and the highest

packing density for methane molecules is attained when

the pore size is 1.1 nm.
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3.3. Characteristic features of the mechanism of methane
adsorption in metal-organic frameworks
The total and deliverable capacities of MOFs for methane

storage depend on the adsorption mechanism and are

calculated from particular adsorption isotherms of methane

under definite thermodynamic conditions.

The nature, concentration and the accessibility (open-

ness) of adsorption sites are important factors affecting the

adsorption ± desorption processes and, hence, the deliver-

able specific capacity for methane storage (see Fig. 17). The

adsorption of methane molecules in a MOF is determined

by electrostatic (Coulomb) interactions with open, coordi-

natively unsaturated metal ion sites (open metal sites, OMS)

and by weaker van der Waals interactions with organic

ligand moieties. Simon et al.183 developed a model based on

statistical thermodynamics for the adsorption of methane in

MOF micropores; in terms of this model, a linear relation-

ship was obtained between the deliverable capacity of the

adsorbent and the number of methane adsorption sites. It is

assumed that each adsorption site is associated with one

MOF cage; the interaction between an adsorption site and a

gas molecule being adsorbed can be both van der Waals and

electrostatic. If the metal-organic framework is formed by

sufficiently mobile ligands linking the adsorption sites in

neighbouring cages, adsorption is cooperative. In this case,

adsorption isotherms are S-shaped and the maximum meth-

ane deliverable capacity of the MOF can be attained.

The effect of spatial distribution and nature of the

MOF ± methane interaction sites on the methane uptake

was considered using the Monte Carlo method 184 with the

view of elucidating the theoretical possibility to achieve the

DOE target of 2012. The model of adsorption of a methane

molecule in MOF was complicated step by step: first,

idealized adsorption in special areas of the MOF porous

space (so-called adsorption pockets for methane molecules)

Adsorbent-free tank

50

100

150

200

0 500 1000 1500 2000 dcr /kg m73

Vd /m3(STP) m73

Point Real material Ref.

MOFs

Zinc imidazolate frameworks

Porous polymer networks

Zeolites

Co(BDP) 177

MFM-115a 168

MOF-519 178
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NJU-Bai43 167

ZJNU-53 176

NKUST-1 26, 85, 159

MOF-5 82, 85
Mg2(DOT) 85
Ni2(DOT) 85
PCN-14 85, 164

IRMOF-6 82

PCN-16 (300K) 175
UTSA-20 26, 161

UTSA-76a 166
NU-125 26, 163
MOF-520 178

ZIF-8 (303K) 182

PPN-4 (295K) 181

DDR-3R 179

PPN-3 (295K) 181
PPN-2 (295K) 181

ZIF-76 (303K) 182

Figure 17. Arrays of points characterizing the dependence of the deliverable volumetric specific capacity for methane storage at
P=6.5 MPa (Px=0.58 MPa) and T=298 K on the crystal density (dcr) for hypothetical porous materials Ð MOFs (array of green
points), ZIF (array of blue points), zeolites (array of red points), porous polymer networks (array of violet points) 172 Ð in comparison with
experimental data for real materials (defined in the notes).
LIFM are MOFs synthesized at the Lehn Institute of Functional Materials; ZJNU are MOFs synthesized at the Zhejiang Normal
University. The Figure is based on Refs 82, 85, 157, 158, 163 ± 182.

Table 5. Calculated deliverable specific capacities of some MOFs.

MOF Vd (calcd.) /m3(STP) m73 Ref.

MOF-5 185 85

HKUST-1 185 ± 190 26, 85, 159

ZJNU-53 190 176

MFM-115 193 168

LIFM-92 193 174

UTSA-76 194 167

Co(BDP) 197 177

NJU-Bai-43 198 167
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was considered; then the MOF cage topology was analyzed

and, finally, the interactions of the methane molecule with

coordinatively unsaturated sites incorporated into the

adsorbent as organic linkers were taken into account. As

such sites, metallated catechol groups were proposed

(Fig. 18); according to authors's calculations, these groups

do not considerably decrease the pore volume and provide

values exceeding the DOE requirement [Vf= 390,

Vd= 217 m3(STP) m73 at 6.5 MPa] for functionalized

IRMOF-10 structure [Zn4(BPDC)]. The optimal MOF

cage topologies that provide the highest Vd values are

pcu-2 [223 m3(STP) m73], bcu-2 [222 m3(STP) m73] and

dia-1 [254 m3(STP) m73] with heats of adsorption of *18,

*16 and *14 kJ mol71.

We will compare the obtained results with the data on

methane adsorption measurements for several MOFs with

different porous structures and adsorption sites with differ-

ent natures and densities.85, 185 The series M-MOF-74

(M=Mg, Mn, Co, Ni, Zn) (see Fig. 8) is characterized by

a uniform porous structure and high density of OMS

involved in the electrostatic interaction with a methane

molecule and, hence, these materials show fairly high total

volumetric capacity for methane storage (Table 6).85 Fur-

thermore, the highest Vf and Vd values are observed for

methane adsorption in Ni-MOF-74: 230(267) and

115(142) m3(STP) m73 at 3.5(6.5) MPa. As follows from

the data for M7CH4 bond energy (see Fig. 18), magnesium

and nickel cations are the strongest methane adsorption

sites in the given series of MOFs. Analysis of neutron

diffraction data demonstrated 185 that all OMS in the

M-MOF-74 framework serve as the primary adsorption

sites and are bound to only one methane molecule, which

thus becomes itself an adsorption site. Nevertheless, it is

important that electrostatic interaction between OMS and a

methane molecule makes the greatest contribution by

increasing adsorption and hampering desorption, which

leads to decreasing Vd value.

The positions and orientation of methane molecules in

the high-performance HKUST-1 adsorbent were deter-

mined by powder neutron diffraction, computer simulation

and density functional theory calculations.186 Like in

M-MOF-74, the primary methane adsorption sites are

open metal cations (Cu2+); complete filling of these sites

results in the volumetric methane storage density of

98 m3(STP) m73. However, the more sophisticated pore

system in HKUST-1 (the presence of three types of por-

es, see Fig. 9) generates additional adsorption sites located

in four 'windows' to each octahedral cage 85, 186 (Fig. 19). In

these windows (adsorption pockets), the methane molecule

is involved in van der Waals interactions with several

oxygen atoms belonging to the MOF cage, with the

O7CH4 distances ranging from 0.28 to 0.32 nm. According

to an estimate,85 saturation of the weaker sites leads to an

increase in the uptake by 66 m3(STP) m73 and provides a

higher gravimetric methane storage capacity
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Figure 18. Diagrams of methane interaction energy with various functional groups based on quantum mechanical calculations.
(a) Two types of binding of a methane molecule benzene ring monosubstituted with various functional groups: one with methane binding
on top of the ring (blue bars), and another with methane side binding to the functional group (red bars); (b) interaction of a methane
molecule with a catechol group incorporating a divalent metal (coordinatively unsaturated site) with the corresponding bond energies; for
comparison, dashed line shows the highest bond energy in Fig. a. The Figure is adapted from Ref. 184.

Table 6. Vf and Vd for M-MOF-74 frameworks (M=Mg, Mn, Co,
Ni, Zn).

MOF Vf Vd Qst Ref.
/m3(STP) m73 /m3(STP) m73 /kJ mol71

Ni-MOF-74 230 115 20.6 85,

185

Co-MOF-74 221 110 19.5 85

Mg-MOF-74 200 113 18.5 85

Zn-MOF-74 188 102 18.3 185

Mn-MOF-74 176 100 19.1 185
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[185 cm3(STP) g71] compared to that observed for

Ni-MOF-74 [144 cm3(STP) g71].

Particularly, the predominant number of the sites of

interaction between methane molecules and framework

atoms in the cage windows is responsible for the higher

methane deliverable capacity inherent in HKUST-1 com-

pared with Ni-MOF-74 [the Vd values at 3.5 and 6.5 MPa

are 150 and 190 m3(STP) m73, respectively]. Note that both

adsorbents meet the DOE criterion of 2000 under standard

conditions; however, to meet the new requirement of 2012,

taking account of the packing density [350 m3(STP) m73],

it is necessary to lower the methane storage temperature, for

example, for HKUST-1, down to 200 K.85 Similar recom-

mendations to change the thermodynamic conditions of

methane storage were also stated for other MOFs, for

example, in the review of Li et al.149 and in the computer

simulation and screening studies.171, 183, 184

However, Gomez-Gualdron et al.184 assumed that the Vf

and Vd values of 350 and 315 m3(STP) m73, respectively,

are also possible at 298 K for a functionalized MOF with

sufficiently flexible ligands containing coordinatively unsa-

turated adsorption sites. The key paths towards this goal

are associated with the rational selection or functionaliza-

tion of ligands and with the complexity of implementing the

conditions of synthesis and functionalization of optimal

MOFs.

3.4. Ligand functionalization as a way to increase the
efficiency of metal-organic frameworks
The key methods used to attain the highest efficiency of

MOFs for methane adsorption imply increase in the con-

centration of adsorption sites and certain tuning of the

porosity by functionalization of ligands.

Indeed, experimental measurements of methane adsorp-

tion in MOFs demonstrated that the introduction of func-

tional groups that act as adsorption sites leads to increasing

volumetric uptake.162, 166, 168, 178 For example, UTSA-75, 76

and ZJU-5a (Fig. 20) and UTSA-78, 79a enriched with

pyrimidine groups have higher Vf [*260 m3(STP) m73 at

298 K and 6.5 MPa for UTSA-76a] than the prototype

NOTT-101a.166 In addition, functionalized MOFs are dis-

tinguished by higher productivity at 298 K and 6.5 MPa

[from 188 m3(STP) m73 for UTSA-77 and ZJU-5a to

194 m3(STP) m73 for UTSA-76a] than NOTT-101

[188 m3(STP) m73].

The porous system of UTSA-76 is formed by two types

of cages: cubic (1.2 nm) and elongated polyhedron-shaped

cages (0.962.3 nm). The concentrations of OMS (Cu2+)

and Lewis nitrogen sites in UTSA-76 proved to be equal,

amounting to 2.64 mmol cm73, which provides moderate

methane uptake at 0.5 MPa [*60 m3(STP) m73] and con-

siderable uptake at 3.5 MPa [211 m3(STP) m73]. Li et al.166

asserted that at 6.5 MPa, the UTSA-76 framework has a

higher productivity than HKUST-1. The isosteric heat of

methane adsorption by UTSA-76 amounts to

15.44 kJ mol71 and barely changes with increasing

coverage.

Further elongation of the organic ligand and incorpo-

ration of two pyrimidine heteroatoms via isoreticular syn-

thesis afforded the UTSA-110 metal-organic framework 168

with high density of amide groups and a mesoporous

structure formed by two types of cages, shaped as elongated

polyhedra (0.9662.86 nm) and as cuboctahedra

(1.0561.4 nm). The performed measurements of methane

adsorption in UTSA-110 demonstrated a high

methane storage capacity at 298 K and 6.5 MPa

[241 m3(STP) m73]. In combination with moderate meth-

ane uptake at 0.58 MPa [51 m3(STP) m73], this gives

Vd= 190 m3(STP) m73, which is greater than this value
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for known efficient MOFs such as HKUST-1

[183 m3(STP) m73] 26 andUTSA-76 [187 m3(STP) m73].166

An example of the rational approach to the synthesis of

optimal MOF is the fabrication sequence of NJU-Bai-n

frameworks, which can be regarded as evolution of the quite

efficient methane adsorbent PCN-14 (Fig. 21).167, 187, 188

The amide groups in the ligands L17L3 incorporated

between the carboxyl groups and phenyl groups of the

ligand L=ADIP, first, increase the flexibility of the frame-

work and, second, participate in the hydrogen bonding and,

hence, in coordination; this changes the topology and

porosity of the MOF (see Fig. 21).167, 187, 188

The NJU-Bai-43 framework resulting from the

replacement of half of the oxamide groups in NJU-Bai-

42 by pyridine rings has rather high methane deliverable

capacity at 298 K. The method for incorporation of

amide functional groups between the carboxyl and phenyl

groups of the organic ligand is described in detail in a

review,188 which also analyzes the changes in the MOF

topology and the applicability of MOFs for methane

absorption. Comparison of the methane adsorption

isotherms for the prepared NJU-Bai-n and PCN-14

metal-organic frameworks (Fig. 22) indicates that higher

methane deliverable capacities in NJU-Bai-43

[Vd= 198 m3(STP) m73 at 6.5 MPa and 298 K] and

NJU-Bai-42 [193 m3(STP) m73] compared with

NJU-Bai-41 [172 m3(STP) m73] and PCN-14

[157 m3(STP) m73] are due to their lower methane

uptakes at low pressure in comparison with other MOFs

and higher uptakes at P>4.0 MPa.

A review of Bai and co-workers 188 considers the syn-

thesis involving two types of secondary building units,

[Cu2(COO)4] and [Cu3COO)6], and the asymmetrical tricar-

boxylate ligand with amide groups. This synthesis gave the

NJU-Bai-3 adsorbent, Cu3L2(H2O)5, where H3L is 5-(4-

carboxybenzoylamino)isophthalic acid, with mesoporous

structure comprising three types of cages, each containing

amide groups, which serve as primary methane adsorption

sites. One more efficient adsorbent belonging to this series,

NJU-Bai-9, was obtained by solvothermal synthesis from

Zn(NO3)2 . 6H2O and an organic ligand (dicarboxylate

ligand based on pyridine functionalized by two amine

groups, H2BCP, where H2BCP is 3,5-bis(4-carboxyanilino-

carbonyl)pyridine), which acts as a donor of pyridine and

amide electron pairs.188 This resulted in high gravimetric

capacity for methane storage at 7.0 MPa: 0.21 and 0.4 g g71

at 298 and 273 K, respectively.
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Worthy of note is the study by Liang et al.,189 who used

several ligands to carry out solvothermal synthesis of a series

of ST-n frameworks (n=1, 2, 3, 4).{ By combining the ligand

derived from the tribasic acid H3TATAB (TATAB is

4,40,40 0-triazine-2,4,6-triyltribenzoate) with the carboxylate

ligands derived from dibasic acids H2BDC, H2NDC

(1,4-naphthalenedicarboxylate) and H2BPDC, the following

frameworks were prepared: (Zn4O)3(TATAB)4(BDC)3 (ST-1),

(Zn4O)3(TATAB)4(NDC)3 (ST-2) and

(Zn4O)5(TATAB)6(BPDC)6 (ST-4). The ST-3 framework

described as (Zn4O)3(TATAB)4(BPDC)2(BDC) was

obtained 189 by using three ligands: TATAB, BDC and

BPDC. The ST-2 sample (umt topology) proved to be the

most efficient for methane adsorption; its porous structure

comprises four types of pores, with sizes varying from 0.8 to

3.3 nm. Apparently, the presence of pores with an optimal

size for a methane molecule and the presence of an addi-

tional heteroatom are responsible for high methane total

and deliverable capacities of the ST-2 framework in the

0.5 ± 8.9 MPa pressure range [187 and 160 m3(STP) m73]

and a record-high productivity equal to 289 m3(STP) m73

at 0.5 ± 20.0 MPa. It is also noteworthy that methane

adsorption in ST-2 has a moderate isosteric heat

(9.2 kJ mol71).

Mention should be made of ambiguous outcome of

incorporation of functional groups found by measuring

the methane adsorption for MOF-905 [Zn4(BTAC)2, pyr

topology, BTAC is benzene-1,3,5-tri-b-acrylate], the porous
structure of which is formed by 1D channels 0.85 nm in

diameter, and for isoreticular derivatives based on this

framework that were synthesized using two ligands, one

being BTAC and the other being selected out of BDC

(MOF-950), BDC-Me (MOF-905-Me2), H2NDC (MOF-

905-Naph) and H2BDC-NO2 (MOF-905-NO2).181 Initially,

the authors attempted to increase the methane uptake by

incorporating the functional groups of the second ligand. It

was found that the mesopore size decreased from 2.5 to

1.5 nm and the micropore size increased from 0.5 to

0.68 nm. The authors' expectations came true for 298 K

and 3.5 MPa, with the highest uptake being observed for

MOF-950-Naph [146 m3(STP) m73]. However, when pres-

sure was increased to 8.0 MPa, the total methane uptake
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Figure 21. Evolution of metal-organic frameworks from PCN-14 to NJU-Bai-43 by functionalization of the organic ligand ADIP (L) with
amide groups.
Spheres designate free volumes within the MOF cages. The hydrogen atoms are omitted. The Figure is based on Refs 167, 187, 188.
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{ ST are a series of MOFs synthesized at the Shanghai Tech University.
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was lower for MOF-950-Naph than for the initial frame-

work. The deliverable capacity of MOF-905, equal to

203 m3(STP) m73 at 6.5 MPa, proved to be the highest

among the deliverable capacity values of all known zinc-

based MOFs. Note also the ambiguous relationship

between heats of adsorption (Qst) for the series of MOFs

prepared by Lu et al.:181 for all isoreticular MOFs with

added functionality, except MOF-905-Me2 , the heat of

adsorption (10.3 ± 11.3 kJ mol71) was lower than that for

the initial MOF-905 (11.7 kJ mol71). The authors sug-

gested that the added functional groups block the access of

methane molecules to the primary adsorption sites of

Zn4O(COO)6 .190

A doubt of whether the concentration of the open metal

sites in the MOF lattice is correlated with the methane

uptake was expressed for the MAF-38 framework

([Zn3(PYPZ)3(BTC)]), which has no OMS.191 The MAF-38

material was obtained by a solvothermal reaction between a

Zn(II) salt and organic acids HPYPZ and H3BTC. The

hierarchical porous 3D structure comprises two types of

polyhedral cages formed by different structural units and

ligand groups differing in size and connected by six trigonal

windows. Regarding the methane uptake and deliverable

capacity, MAF-38 differs little from other efficient methane

adsorbents.

P /MPa 3.5 6.5 8

Vf /m3(STP) m73 226 263 273

Vd /m3(STP) m73 150 187 197

The hierarchy of the methane adsorption sites in

MAF-38 was determined using Monte Carlo simulation

and periodic density functional theory calculations. The

advantage of the primary adsorption sites located in narrow

windows connecting the framework cages is due to multiple

host ± guest contacts including C7H_O and C7H_N

hydrogen bonds and C7H p interactions. In this hierarch-

ical porous system, adsorption of methane molecules occurs

via interaction with both the framework and methane

molecules located in the adsorption sites, i.e., the adsorp-

tion is cooperative. The initial heat of adsorption in MAF-

38 (21.6� 1.8 kJ mol71) is close to the analogous value for

Ni-MOF-74 (21.4 kJ mol71) 85 in which the adsorption

mechanism is mainly determined by OMS.

Yan et al.168 proposed a method for tuning the porous

system of MOFs towards methane adsorption in relation to

the series MFM-112a, MFM-115a and MFM-132a

[Cu3(BTAT)(H2O)] by changing the functionality of the

central core of the hexacarboxylate organic ligand (at the

connection point of three isophthalate groups during the

solvothermal synthesis: Cu(NO3)2 . 2.5H2O+H6BTAT

{H6BTAT is 5,50,500-(benzene-1,3,5-triyl-tris(anthracene-
10,9-diyl)]triisophthalic acid}. Indeed, adsorption measure-

ments for MFM-112a, MFM-115a and MFM-132a showed

rather high methane deliverable capacity, m3(STP) m73:

MFM-112a MFM-115a MFM-132a

6.5 MPa pressure; 298 K temperature

181 191 150

8 MPa pressure; 298 K temperature

200 208 162

The molecular mobility in the MOF±methane adsorp-

tion systems was studied by 2H NMR spectroscopy; it was

shown that narrow pores with an optimal size for a methane

molecule are the primary adsorption sites. The isosteric

heats of adsorption at low coverages were 16.2, 16.3

and 15.7 kJ mol71 for MFM-112a, MFM-115a and

MFM-132a, respectively; these values are close to those

for MOFs with open CuII metal sites.192

It is noteworthy that highly porous MOF-519

[Al8(OH)8(BTB)4(H2BTB)4] and MOF-520

[Al8(OH)8(BTB)4(HCOO)4] are among the most efficient

adsorbents for methane.178 The two materials have similar

structure, but in MOF-520, four formate groups replace

four terminal BTB ligands, which produces a larger pore

volume compared with MOF-519. Nevertheless, the total

capacity values found for MOF-519, which amount to 200,

250 and 279 m3(STP) m73 at 298 K and pressures of 3.5,

6.5 and 8MPa, respectively, exceed the Vf values for MOF-

520, which are 162, 215 and 231 m3(NTP) m73 under the

same conditions. MOF-519 also shows a very high desorp-

tion performance, being able to release a large amount of

methane: 151 and 230 m3(NTP) m73 as pressure drops

from 3.5 to 0.5MPa and from 8 to 0.5MPa, respectively.

3.5. Structure ± property relationship for metal-organic
frameworks
A series of studies carried out at the Frumkin Institute of

Physical Chemistry and Electrochemistry, Russian Acad-

emy of Sciences,25, 193 ± 197 partly together with the Public

Joint Stock Company Gazprom, addressed heats of meth-

ane adsorption and the effects of precursors, porous system

parameters and packing density on methane adsorption.

Methane adsorption isotherms for various MOFs were

measured at pressures of up to 40 MPa and temperatures

of 303, 313, 323 and 333 K. The MOFs for investigation

included industrial samples provided by BASF and labora-

tory samples synthesized by the solvothermal method. The

crystal structures and compositions of laboratory samples

were determined and confirmed by small- and medium-

angle X-ray scattering, powder X-ray diffraction and scan-

ning electron microscopy. The stability of MOFs prepared

in laboratory was studied by thermogravimetry.

The porous structure parameters of MOFs obtained

from nitrogen adsorption isotherms at 77 K using the

Dubinin ±Radushkevich equation are summarized in

Table 7.

For estimation of the heats of methane adsorption in

MOFs, the differential molar isosteric heats of adsorption

qst (kJ mol71), i.e., the heats released at a definite absorbed

amount na , were determined from adsorption isotherms at

different temperatures. The calculations were performed

using the Bakaev equation (see Ref. 10 in Ref. 196) derived

by a statistical thermodynamics method taking account of

system deformation, non-ideality of the gas phase and other

factors. It was found that almost for all MOFs, qst decreases

with increasing adsorbed amount (see, for example,

Fig. 23), which is attributable to energetic inhomogeneity

of the adsorbents towards adsorption.

The maxima observed in the dependences qst= f(na) for

C300 in the na range from 4 to 5 mmol g71 and MOF-199

for na= 1.5 mmol g71 (Ref. 196) are caused by the contri-

bution of adsorbate ± adsorbate interactions, which are

inherent in adsorbents with narrow pore size distributions.

Note that the size of pores in C300 (0.8 nm) is close to
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X0= 0.85 ± 0.95 nm, which was found from the average

effective pore width (1.0 ± 1.1 nm), taking account of the

carbon atom radius; according to calculations,198 this pore

width corresponds to the highest density of methane upon

adsorption in micropores. Large-pore samples (A520,

Al-BTC, Z205), which are characterized by lower density

of adsorbed methane, show a decrease in qst . When adsorp-

tion occurs in micro- and mesopores, the adsorbate ± ad-

sorbent interaction energy rapidly decreases with increasing

pore size, which determines the form of the dependence of

adsorption heats on the uptake observed for Al-BTC (see

curve 2 in Fig. 23). In the case of methane adsorption in the

Z205 sample, both the initial heat of adsorption and the

heat of complete filling were markedly lower than these

values for C300 or Al-BTC (see curve 3 in Fig. 23). The

capacity characteristics of ANG systems are determined by

the amount of heat evolved upon filling, as this determines

the temperature regime of the process, with temperature rise

resulting in a decrease in the adsorption.

Estimates of the principal parameter determining the

efficiency of MOFs as adsorbents, namely, the volumetric

specific capacity of MOF-based methane storage systems,

as a function of pressure at a temperature of 303 K are

depicted in Fig. 24.

It is evident that packing of an ANG system with any of

these MOFs increases the amount of methane stored at

pressures below *13 ± 15 MPa (A250 and Z205) and below

22 MPa (C300). At higher pressures, the adsorption iso-

therms tend to saturation and adsorption activity does not

make up for the effect of gas displacement.193

The pressure dependences of the absolute adsorption

storage efficiency defined as the difference between the

volumetric specific capacity of a storage system with (Vf)

and without (Vg) an adsorbent at various temperatures for

the Al-BTC-based storage system are presented in Fig. 25.

The pressure dependences of the absolute adsorption

efficiency of ANG systems with MOFs pass through a

maximum at *5 MPa (as an example, see Fig. 25), which

reveals the pressure range in which these MOFs can act as

efficient methane adsorbents at various temperatures. It is

clear that with increasing temperature, the methane uptake
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Figure 23. Differential isosteric heat of methane adsorption vs.
methane uptake in C300 (1), Al-BTC (2), Z205 (3) at 303 K.195
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Figure 24. Volumetric methane storage capacity vs. pressure at a
temperature of 303 K in an adsorption storage system packed by
powdered adsorbents A250 (1), C300 (2), Z205 (3) in comparison
with the system without an adsorbent (4).193

Table 7. Parameters of porous MOFs: specific surface area (as), total
pore volume (Wt), micropore volume (W0) and size (X0), packing
density (dp).

MOF as (BET) W0 Wt X0 dp Ref.
/m2 g71 /nm /g cm73

cm3 g71

MOF-199 a 1400 0.32 7 0.7 0.511 25

Al-BTC a 1422 0.59 1.17 0.8 0.436 193,

196,

197

C300 (BASF) 1667 0.75 7 0.80 0.473 193,

or HKUST-1 (0.73) 196

Z205 (BASF), 5399 2.74 7 2.12 0.231 193,

Zn4O(ADC)4 (2.83) 196

A520 (BASF) 1033 0.57 7 1.24 0.201 193,

(0.54) 196

Note. The adsorption volumes calculated from total methane uptake

isotherms at 303 ± 333 K according to the method reported in Ref. 198

are given in parentheses. a Laboratory samples.
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Figure 25. Total adsorption efficiency of adsorption storage of
methane in Al-BTC at temperatures of 303 (1), 313 (2), 323 (3),
333 K (4).193
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decreases. This should be taken into account in the develop-

ment of operating conditions of ANG systems.

Analysis of variation of the volumetric capacity of a

methane storage system with the given MOFs as a function

of packing density demonstrated that in the 3.5 ± 20 MPa

pressure range, the highest volumetric specific capacity for

methane storage is inherent in C300, which has a rather

large micropore volume and high packing density (see

Table 7). The volumetric specific capacities for methane

storage of industrial Z205 and A520 samples and laboratory

Al-BTC sample are approximately equal at pressures below

20 MPa, although the specific surface areas and pore

volumes of these MOFs differ. If the packing density of

adsorbents is increased by processing techniques, the volu-

metric specific capacity for methane storage can consider-

ably increase. Thus, the performance of MOFs as methane

adsorbents is determined by parameters of the pore struc-

ture (specific surface area and pore volume and size) and by

the density of the framework.

We will make an attempt to elucidate the general

patterns of methane adsorption in MOFs by considering

the structure ± property relationships and by analyzing data

on methane adsorption obtained by different research

groups,199 ± 254 depending on the MOF pore structure

parameters and crystal density.

According to the data in Table 8, the specific surface

area of MOFs with different pore structures can reach

7000 m2 g71. However, as shown by analysis (the results

of which are depicted in Fig. 26), a very large surface area

of the adsorbent is not a necessary condition for attaining

high methane uptakes.

Indeed, at a pressure of 3.5 MPa, a temperature of

298 K and as(BET)4 1500 m2 g71, the total volumetric

capacity for methane storage increases with increasing

MOF specific surface area and reaches the highest values

of 226 ± 228 m3(STP) m73 for HKUST-1, Ni-MOF-74 and

MAF-38 in the range of 13504 as(BET)4 2000 m2 g71.

The range of specific surface areas of MOFs in which the

total capacity for methane storage reaches 80% of the DOE

requirement of 2012 for a monolithic crystal

(Vf5 0.8VDOE
f ) is 14004 as(BET)4 2800 m2 g71. These

data, at least the upper limit of the optimal range of

as(BET) for efficient MOFs, do not contradict the estimates

made by screening and computer simulation.169, 171 It was

noted above that Ni-MOF-74 (0.8 and 1.1 nm pore size) has

a high concentration of OMS, which act as primary meth-

ane adsorption sites.85, 185, 186 It was reported 85, 186 that

high Vf values for HKUST-1 are due to the equivalence of

adsorption sites formed by both OMS (Cu2+) and oxygen

atoms of each of the four windows of the octahedral lattice

(see Figs 9, 19, Table 8).

A further increase in as(BET) is accompanied by a

gradual decrease in the volume of adsorbed methane.

According to the theory of adsorption in micropores,92 the

adsorbed amount is determined by two factors: the first one

is related to the pore space accessible for gas molecules and

the second one is associated with the adsorption energy,

which is determined by the size of pores and interactions

between the gas molecules and the framework (E0= 24/X0,

where E0 is the standard characteristic energy of adsorp-

tion).92 An increase in the specific surface area of MOF

pores is accompanied by:

Ð an increase in the MOF pore volume and size; for

example, in MOF-210 [Zn4O(BTE)4/3(BPDC)],205 the

porous system is formed by three types of cages with the

greatest voids of 2.764.8 nm (the fraction of voids in the

framework is *89%); however, on going to meso- and

macropores, the degree of filling of the pore volume with

methane decreases, that is, the methane volumetric density

decreases;

Ð a decrease in the framework density, i.e., the density

of MOF adsorption sites, and finally weakening of the

adsorption force field in the MOF pore space, which is

consistent with calculations of Snurr's group 170 (see

Fig. 17).

At a certain ratio of the porosity to energy factors, the

highest volumetric density is attained; this is the case for

methane adsorption in the pores of the most efficient

adsorbents Ni-MOF-74 and HKUST-1 (see Fig. 8,

Table 8).
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Figure 26. Array of experimental data for MOFs presented in Table 8 (P=3.5 MPa, T=298 K) characterizing the correlation between Vf

and as(BET). The grey line marks the 80% level of the DOE target of 2012 for a monolithic MOF crystal. The dots described in the notation
correspond to MOFs discussed in the text.
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Table 8. Total and deliverable adsorption capacity for methane of MOFs with different pore structure parameters.

MOF dcr W0 as(BET) 3.5 MPa, 298K 6.5 MPa, 298K Qst Ref.
/g cm73 /cm3 g71 /m2 g71 /kJ mol71

Vf Vd Vf Vd

/m3(STP) m73 /m3(STP) m73 /m3(STP) m73 /m3(STP) m73

MOF-519 0.953 0.938 2400 200 259 150 210 14.6 178

Al-soc-MOF-1 0.34 2.3 5585 122 197 101 176 11 200

MOF-210 0.25 3.6 6240 83 71 143 131 7 26

DUT-49 0.31 2.91 5476 112 92 176 156 7 201

SNU-70 0.41 2.17 5290 107 91 7 7 9.4 202

PCN-68 0.38 2.13 5109 128 98 187 157 7 203

NU-111 0.41 2.09 4930 138 111 206 179 15.2 162

DUT-23(Co) 0.40 2.03 4850 135 112 197 174 7 204

MOF-200 0.22 3.59 4530 67 56 117 106 7 205

MOF-177 0.43 1.89 4500 126 108 193 175 7 205

MOF-205 0.38 2.16 4460 119 100 183 164 7 205

IRMOF-8 0.45 1.83 4326 114 71 7 7 7 206

NU-140 0.43 1.97 4300 138 108 200 170 14 207

FJI-H5 0.46 1.92 4255 139 106 199 166 10.8 208

NOTT-119 0.36 2.35 4118 106 86 154 134 7 209

FJI-1 0.41 1.43 4043 111 90 164 143 7 210

ZJU-36 0.50 1.60 4014 142 114 203 175 7 211

PCN-66 0.45 1.63 4000 136 101 187 152 7 203

PCN-69 0.36 2.17 3989 114 94 7 7 7 203

MIL-101(Cr) 0.45 1.57 3870 88 68 130 110 7 160

PCN-80 0.57 1.47 3850 147 117 196 166 7 212

ZJU-32 0.43 1.48 3831 97 77 140 120 14.6 213

Cu3(TATB) 0.42 1.91 3360 91 7 7 7 7 214

NOTT-102 0.59 1.27 3342 181 136 237 192 16 192

Cu3(BTB) 0.41 1.77 3288 90 7 7 7 7 214

UTSA-28a-Cu 0.50 1.33 3179 85 65 7 7 16.9 215

NU-125 0.58 1.29 3120 181 133 228 180 15.5 163

NJU-Bai-12 0.52 1.14 3038 100 7 7 7 15.7 216

PCN-61 0.56 1.36 3000 171 127 219 174 7 212

NOTT-103 0.64 1.16 2958 193 140 236 183 15.9 192

ZJU-35 0.66 1.16 2899 177 132 227 182 7 211

NJU-Bai-9 0.668 1. 11 2883 199 107 7 7 14.9 166,

188

SDU-6 0.61 1.17 2826 172 127 7 7 217

ZJU-5 0.68 1.074 2823 190 130 228 168 15.3 218

NOTT-101 0.68 1.08 2805 188 138 239 183 15.5 192

IRMOF-6 0.65 1.18 3025 135 7 7 7 12.1 219

[Zn3(OH)]4 . 0.68 1.14 2718 192 146 275 230 7 220
. (TBCPPM) .

. (H2TBCPPM)2
SDU-7 0.61 1.10 2713 159 114 7 7 7 217

UiO(BPDC) 0.77 1.057 2646 146 7 7 7 15 221

NOTT-140 0.68 1.07 2620 159 7 7 7 16.6 222

DUT-8(Cu) 0.68 1.04 2535 147 112 188 153 223

NU-135 0.75 1.02 2530 187 127 230 170 16.6 224

SDU-8 0.63 1.02 2516 147 105 7 7 7 217

PCN-46 0.62 1.01 2500 172 132 206 166 7 225

HNUST-3 0.69 0.99 2412 149 7 7 7 15.4 226

MIL-100(Fe) 0.7 0.99 2410 117 92 158 133 7 227

HNUST-2 0.57 0.97 2366 96 7 7 7 15 226

DUT-51(Zr) 0.66 1.08 2335 118 87 161 130 7 228

Ni(NDC)(TED)0.5 0.79 1.34 2307 165 129 7 7 13.8 229

SNU-50 0.65 1.08 2300 126 7 7 7 26.8 230

PCN-16 0.72 1.06 2273 191 134 7 7 7 175

Zn4O(L1)2 0.80 0.80 2151 177 117 213 153 11.3 231

ZJU-25 0.62 1.18 2124 180 132 229 181 15.1 232

NOTT-109 0.79 0.85 2110 196 125 242 170 17.1 192

A.Yu.Tsivadze et al. Russ. Chem. Rev., 2019, 88 (9) 925 ± 978 954



Table 8 (continued).

MOF dcr W0 as(BET) 3.5 MPa, 298K 6.5 MPa, 298K Qst Ref.
/g cm73 /cm3 g71 /m2 g71 /kJ mol71

Vf Vd Vf Vd

/m3(STP) m73 /m3(STP) m73 /m3(STP) m73 /m3(STP) m73

PCN-14 0.83 0.83 1984 202 125 239 160 17.6 26

Cu-TDPAT 0.78 0.93 1938 181 122 222 163 7 233

PCN-11 0.749 0.91 1931 194 7 7 7 7 85

Zn4O(L1 ±CH3)2 0.81 0.75 1908 162 110 196 144 11.8 231

Li3[(Cu4Cl)3(TTCA) 0.70 0.72 1870 76 7 85 7 15.3 234

PMOF-3 0.88 0.72 1840 159 101 7 7 7 235

MIL-125(Ti) 0.81 0.67 1820 141 7 7 7 7 227

Zn(BDC)(TED)0.5 0.89 0.73 1794 222 168 7 7 15.1 236 ± 238

Zn4O(L1 ±Cl)2 0.84 0.71 1791 164 105 195 136 12.5 231

NOTT-107 0.76 0.77 1770 196 110 7 7 7 169

PCN-160 0.76 0.84 1760 111 70 7 7 7 175

(Et2NH2)3 . 0.74 0.64 1680 118 7 145 7 18.1 235
. [(Cu4Cl)3(TTCA)8]

NOTT-100 0.93 0.68 1661 195 104 230 139 18.1 192

UTSA-40 0.83 0.65 1630 156 102 192 138 7 161

UTSA-20 0.91 0.63 1156 195 101 230 170 18.2 26, 161

DUT-5 0.63 0.81 1613 114 94 134 114 7 228

MTAF-4 0.67 0.65 1590 105 79 136 110 7 234

UiO-67(Zr) 0.71 0.69 1575 146 7 7 7 7 239

HKUST-1 0.88 0.71 1850 225 150 267 190 17.0 85, 159

Mg-MOF-74 0.91 0.63 1542 188 104 211 127 18.5 85

Zn2(BDC)2(DABCO) 0.83 0.68 1450 160 117 7 7 13.6 240

Ni-MOF-74 1.21 0.44 1027 230 115 251 142 20.6 85,

185,

186

DUT-4 0.77 0.68 1308 122 82 164 124 7 241

MIL-53(Al) 0.98 0.54 1235 186 7 7 7 17 242

Ni3L2(TPT)2 0.60 1206 71 7 7 7 21 243

MIL-53(Cu) 0.65 1150 191 7 7 7 7 244

NPC-5 0.82 0.50 1140 124 7 7 7 16.1 245

Zn4O(Fma)3 0.81 1120 98 7 7 7 12 246

Mn-MOF-74 1.08 0.50 1102 176 100 7 7 19.1 85,

185,

186

UTSA-38 0.96 0.61 1090 124 7 7 7 247

UiO-66(Zr)-NH2 1.36 0.40 1080 166 100 204 138 7 227

CoMOF-74 1.17 0.48 1056 221 110 248 136 20.6 85

MIL-47(V) 0.50 1030 143 7 7 7 7 160

UTSA-34b 0.84 0.54 991 159 99 7 7 7 248

UiO-66(Zr) 1.32 0.36 970 146 7 7 7 7 227

Zn-MOF-74 1.23 0.41 885 188 102 7 7 18.3 85

SDU-1 0.83 0.35 779 88 7 7 7 17.6 249

SNU-30 0.38 0.28 704 29 7 7 7 7 230

Cd(BPYDB) 1.21 0.35 346 105 69 125 89 7 250

SNU-31 0.46 0.14 308 11 7 7 7 7 230

DUT-13 0.39 1.98 96 80 7 150 134 7 251

Cu4(L3) 0.71 7 0.97 111 7 7 7 7 252

Co-MOF-74 1.17 0.51 7 221 110 249 136 19.5 85

MOF-5 0.62 1.4 3800 150 118 214 182 12.3 85

DUT-6 0.39 2.02 7 105 89 163 147 7 253

DUT-9 0.36 2.18 7 102 83 155 136 7 254

Cu4(H4L3) 0.93 0.47 7 79 7 7 7 7 252

MOF-519 0.953 0.94 2400 200 151 260 209 7 178

UTSA-76 0.699 1.092 2820 194 151 257 197 15.5 166, 255

UTSA-110 0.600 1.263 3241 7 190 241 7 14.5 168

LIFM-82 0.922 0.71 1624 196 143 246 193 17.5 174

(Zr-MOF)
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When some relationship `pore structure ± adsorption

properties' has been elucidated, it is necessary to find an

equation that will reflect this relationship. Among the

attempts to derive an equation of this type,237, 256 mention

should be made of the study of Li et al.,54 who proposed an

empirical equation relating the volumetric adsorption

capacity of MOF for methane at definite temperature and

pressure, methane density, pore volume and MOF crystal

density

Vf dcr=ÿ p1W
2
t � p2Wt ÿ p3
p4Wt � p5

(4)

where the parameters pi>0 depend on thermodynamic

conditions and on the methane density at the specified

temperature and pressure. Figure 27 shows the results of

calculation, according to Eqn (4), of methane volumetric

capacities of MOFs at 6.5 MPa and 270 and 298 K plotted

against the specific pore volume in comparison with exper-

imental data for several MOFs (see Table 8).

Despite the deviations of experimental points from the

theoretical curve, it can be seen that Eqn (4) reflects a

correlation between the total volumetric capacity of MOFs

for methane storage and the pore volume of the material.

The efficiency of MOF as an adsorbent for methane can be

considerably increased by decreasing the temperature to

270 K,54 which is in line with conclusions made by other

authors (e.g., Refs 26 and 85).

It was noted above that methane deliverable capacity is

a highly important characteristic of an ANG system. The

experimental Vd values for MOFs corresponding to the

pressure drop from 3.5 to 0.5 MPa at 298 K are shown in

Fig. 28 depending on the specific surface area. It can be seen

that the dependence of the methane deliverable capacity of

Table 8 (continued).

MOF dcr W0 as(BET) 3.5 MPa, 298K 6.5 MPa, 298K Qst Ref.
/g cm73 /cm3 g71 /m2 g71 /kJ mol71

Vf Vd Vf Vd

/m3(STP) m73 /m3(STP) m73 /m3(STP) m73 /m3(STP) m73

MAF-38 0.761 0.808 2022 226 150 263 187 21.6 191

ZJNU-53 0.655 1.084 3034 188 135 241 190 15.02 176

NJU-Bai-43 0.639 1.22 3090 202 146 254 198 14.45 167, 188

MFM-115a 0.611 1.38 3394 186 138 238 191 16.2 167

MFM-112a 0.503 1.62 3800 162 125 218 181 16.3 167

Co(BDP) 0.774 1.02 2911 163 155 205 197 15.0 177

ST-1 0.345 2.39 4412 105 7 160 149 7 189

ST-2 0.366 2.44 5172 120 7 180 7 9.2 189

ST-3 0.337 2.67 5660 108 7 170 152 7 189

Note. The following designations are used: dcr is crystal density; W0 is volume of micropores; soc is the square-octahedral topology; TATB is

5,50,500-[1,3,5-triazine-2,4,6-triyl-tris(1,4-benzamido)]triisophthalate; TBCPPM is tetrakis{3,5-bis[(4-carboxylato)phenyl]phenyl}methane, TED

is triethylenediamine; TDPAT is 2,4,6-tris(3,5-dicarboxylatophenylamino)-1,3,5-triazine; TTCA is triphenylene-2,6,10-tricarboxylate; TPT is

2,4,6-tris(4-pyridyl)-1,3,5-triazine; Fma is fumaric acid; BPYDB is 4,40-(4,40-bipyridine-2,6-diyl)dibenzoate; L1 is 4-[N,N-bis(4-carboxylatophe-

nylmethyl)amino]benzoate; L2 is 2,4,6-tris(3-carboxylatophenoxymethyl)mesitylene; L3 is 5,50,50 0,50 0 0-[1,2,4,5-benzenetetrakis(4-methyleneoxyp-

henylazo)]tetraisophthalate; FJI are MOFs synthesized at the Fujian Institute of Research on the Structure of Matter; HNUST are MOFs

synthesized at the Hunan University of Science and Technology; MTAF are MOFs synthesized using a triazole-based organic ligand (metal

triazolate framework); SNU are MOFs synthesized at the Seoul University.

120

160

200

240

280

Vf /m3(STP) m73

0 0.5 1.0 1.5 2.0 Wt /cm3 g71

1

2

Dot MOF Ref. Dot MOF Ref.

HKUST-1 85 Mg-MOF-74 85

MFM-115 168

Al-soc-MOF-1 200
MAF-39 191

MFM-112 167

Cd(BPYDB) 250

ST-1 189

ST-2 189

ST-3 189

DUT-49 251

Ni-MOF-74 85
UTSA-20 26, 161
NU-125 163
MOF-5 85
PCN-14 26
NOTT-119 209
MOF-519 178
UTSA-110 168
NJU-Bai-43 88
DUT-13 251
Uio-66(Zr)-NH2 227

Figure 27. Specific total capacity of MOFs for methane vs. specific pore volume at 298 (1) and 270 K (2) calculated by empirical equation
(4).54 The dots correspond to experimental values for some MOFs.

A.Yu.Tsivadze et al. Russ. Chem. Rev., 2019, 88 (9) 925 ± 978 956



0 1000 2000 3000 4000 5000 as(BET) /m2 g71
40

60

80

100

120

140

160

180

Vd /m3(STP) m73

Dot MOF Ref.

Ni-MOF-74 26, 85

HKUST-1 26, 85, 159

Zn(BDC)(TED)0.5 229, 236

MAF-38 191

MOF-519 178

UTSA-76 166, 255

Co(BDP) 177

MFM-115a 168

NJU-Bai43 167, 188

MOF-210 26

MOF-200 205

Al-soc-MOF-1 200

Figure 28. Array of experimental data for MOFs presented in Table 8 (P=3.5 MPa, T=298 K) characterizing the correlation between
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Figure 29. Isotherms of methane adsorption (colour-filled dots) and desorption (empty dots) in Co(BDP) at various temperatures (a),
change in the enthalpy of methane adsorption with filling of the pore space of the framework (b) and framework transformation upon
methane adsorption and desorption (c).
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adapted from Ref. 177.
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MOFs on the specific surface area also reaches a maximum

(at about 2000 m2 g71). The Vd values for adsorbents with

equal total volumetric capacities for methane storage may

considerably differ, depending on the amount of methane

adsorbed at pressures up to 0.58 MPa (e.g., Ni-MOF-74

and HKUST-1). The highest Vd values were obtained for

MOFs with a regular porous structure and a pore size

accommodating one to three methane molecules. For

instance, the structure of pores of Zn(BDC)(TED)0.5 repre-

senting channels with square cross-sections and character-

istic size of 0.78 nm 236 is optimal for the adsorption of

methane molecules. The equivalence of adsorption sites

accounts for moderate methane uptakes in the initial

pressure range and considerable uptakes at 3.5 ± 4.0 MPa,

which is optimal for high deliverable capacity values.

The S-shape of the methane adsorption isotherm for the

non-rigid Co(BDP) structure with flexible BDP ligands

(BDP is 1,4-benzenedipyrazolate) (Fig. 29 a) is caused by

reversible endothermic phase transitions that result in

framework expansion due to cleavage of p ± p contacts

between the neighbouring benzene rings of the ligand upon

adsorption (see Fig. 29 b).177 This shape of the isotherm is

optimal for attaining high Vd . It is noteworthy that desorp-

tion of methane is accompanied by the collapse of the pore

structure of Co(BDP) with heat evolution (see Fig. 29 b,c);

as a result, the heat evolved upon methane adsorption in 1

m3 of Co(BDP) is 33% lower than that of methane adsorp-

tion in HKUST-1.

A drawback of MOFs with flexible organic linkers is

uncertainty of their configurations and possible decrease in

the thermal stability.

Thus, to choose a metal-organic framework as a meth-

ane adsorbent, it is very important to consider its adsorp-

tion and desorption properties (see Figs 26 and 28).

Considering large Vf and Vd values, HKUST-1, UTSA-76,

MOF-519, MAF-38 and Zn(BDC)(TED)0.5 are the most

efficient adsorbents for methane in ANG systems.

The isosteric heat of adsorption, which reflects the

change in the adsorbent temperature upon adsorption

(desorption), is a key thermodynamic characteristic, which

should obviously be taken into account for planning

adsorption processes. The heat of adsorption is directly

correlated with the binding energy between the adsorbed

molecules and the adsorbent and with adsorbate ± adsorbate

interactions and also depends on the specific adsorption

sites and average effective micropore size.

The correlation between the isosteric heats of methane

adsorption and the volumetric density of the stored meth-

ane for MOFs is reflected in Fig. 30. Some publications

(e.g. Refs 26, 85 and 148) indicate that for efficient oper-

ation of ANG systems (298 K, desorption in the 3.5 ±

0.5 MPa range), the isosteric heat of adsorption should be

*17 ± 18 kJ mol71. In Fig. 30, it can be seen that for most

MOFs, the heat of methane adsorption is in the range from

14 to 22 kJ mol71, which corresponds to the values

required for efficient methane adsorbents. A fairly high

isosteric heat of methane adsorption is inherent in Ni-

MOF-74, which is consistent with the mechanism of adsorp-

tion on open metal sites. Some researchers attempted to

increase the adsorption capacity by incorporating alkali

metal (e.g., lithium) atoms into MOFs;257 ± 259 however,

this gave no significant benefits.259 In particular, it was

shown that the replacement of Et2NH�2 counter-ions in an

anionic MOF by Li+ cations decreases the methane adsorp-

tion capacity.234 The highest Qst= 26.7 kJ mol71 among

the given MOFs (see Table 8), which was found for SNU-50

{[Cu2(BDCPPI)(DMF)2 . 10DMF] . 2H2O}n [BDCPPI is

N,N 0-bis(3,5-dicarboxylatophenyl)pyromellitic diimide]

functionalized by bulky imide groups, is attributable to

strong interaction of methane with framework molecules

and narrow pores (channels with the maximum diameter of

0.45 nm);230 meanwhile, the absorbed amount is moderate.

Low heats of adsorption are associated with a low

concentration of specific adsorption sites (in particular,

OMS) and relatively wide pores in the adsorbent, as noted,

for example, by Batrakova et al.195 Structures of this type

possess relatively low total and deliverable volumetric

capacities for methane storage, i.e., they are of low utility

for ANG technologies.

We will evaluate the efficiency of MOFs that are

considered as potential methane adsorbents by analyzing

the dependence Vd= f(Vf) shown in Fig. 31. The straight

line corresponds to Vf=Vd ; dashed lines mark the relative

efficiency values [see Eqn (2)], which makes it possible to

compare the methane volume recovered from the system

without an adsorbent upon pressure drop from 3.5 to 0.5
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Figure 30. Array of experimental data for MOFs presented in Table 8 (P=3.5 MPa, T=298 K) characterizing the correlation between
Qst and Vf .
The dashed line marks the heat of adsorption (*18 kJ mol71) optimal for efficient operation of an ANG system with a MOF adsorbent.
The dots described in the notation correspond to MOFs discussed in the text.
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MPa with the rated methane volume stored in the system

with an adsorbent in the same pressure range. It is clear that

methane storage in MOF adsorption systems is 2 ± 3 times

more efficient than the gas-cylinder storage (under similar

conditions); for the best samples of MOFs, it is more than 4

times more efficient.

Analysis of the data presented in Fig. 31 leads to an

unambiguous conclusion that the methane deliverable

capacity of MOFs, defined as the amount of methane

delivered to the consumer upon desorption, is always

lower than the total gas uptake: Vd<Vf . Nevertheless, the

pattern of dependence of Vd on Vf shown in this Figure

attests that the residual amount of methane in MOFs

increases with increasing amount of adsorbed gas, which is

definitely related to specific features of the adsorption

mechanism. As a result, a part of methane (5%± 25% of

the adsorbed amount) is retained in the MOF-based ANG

system at a pressure of 0.5 MPa. To recover this remaining

methane, external energy supply is required. The flexible

Co(BDP) structure exhibiting an S-shaped adsorption iso-

therm is an exception.

An important criterion of adsorbent efficiency for ANG

systems is the relationship between the total volumetric and

gravimetric (Gf) capacities for the adsorbed gas (Fig. 32 a).

In view of the restricted weight of the adsorber (cylinder

with the adsorbent), an optimal ratio of the volumetric to

gravimetric capacities for the adsorbed methane is required,

in particular, for a specified methane volumetric density, the

microporous structure should possess the minimum weight.

The relationship between the deliverable volumetric and

gravimetric (Gd) capacities for some MOFs is depicted in

Fig. 32 b. It can be seen that high values of the total and

deliverable gravimetric capacities for methane are associ-

ated with extensive porosity, in particular, with rather high

specific surface areas (see Table 8), as, for example, for

Al-soc-MOF-1 (Ref. 200) and DUT-49 (Ref. 201) at
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3.5 MPa and 298 K; the volumetric capacities of MOFs are

largely determined by the nature and concentration of the

adsorption sites.

It is worth noting that, according to rough estimates,85

an increase in the deliverable gravimetric capacity for

methane by 10% implies a decrease in the adsorbent weight

(if HKUST is chosen as the adsorbent) in an ANG system

by 19 kg, but the fuel economy (for example, an increase in

the running distance of an ANG-operated vehicle) would be

only 0.8%. Meanwhile, an increase in Vd by 10% with the

adsorber volume remaining the same would provide a fuel

economy of *10%.

The optimal adsorbent should maintain a balance

between these characteristics, in order to attain a sufficiently

high methane uptake and delivery volume at the lowest

possible weight of the adsorbent packed into the ANG tank.

In terms of the ratio of total and deliverable volumetric

[m3(STP) m73] and gravimetric [m3(STP) g71 or g g71] spe-

cific capacities, the optimal frameworks are HKUST-1,26

MAF-38,191 UTSA-76,173, 255 NJU-Bai-43 167 and ZJU-5.218

Upon pressure rise to 6.5 MPa at 298 K, the best relationship

between these parameters was found for UTSA-110:

402 m3(STP) g71 and 241 m3(STP) m73 (Ref. 168).

Thus, analysis of the adsorption characteristics demon-

strated that MOFs exhibit high methane storage perform-

ance regarding both the total (up to 220 m3 m73) and

deliverable (up to 170 m3 m73) volumetric capacities.

Most MOFs possess the optimal energy characteristics for

the operation as adsorbents within ANG systems. Further-

more, MOFs were shown to have relatively high gravimetric

storage characteristics (up to 0.25 g g71). This attests to

good prospects for the use of these materials as adsorbents

in ANG systems. However, as noted above, the target

values of the methane total and deliverable capacities of

MOFs at specified temperature and pressure have not yet

been attained. In addition, despite the excellent methane

adsorption properties, effective application of MOFs for the

adsorption storage of natural gas in the near future would

require solution of a number of problems associated with

the physicochemical properties of these frameworks.

4. Composite materials based on metal-organic
frameworks

It was noted above (see Section 2) that the scope of applic-

ability of MOFs is markedly extended by using various

functionalization methods both during and after the syn-

thesis. Combinations of MOFs with some other materials

(metal nanoparticles and oxides, polymers, enzymes, carbon

nanotubes, etc.) may give composites with enhanced per-

formance characteristics.41 ± 50

Below we consider the preparation methods of MOF-

based composites with better adsorption characteristics in

more detail.

The effective use of microporous carbon adsorbents in

ANG systems is determined by their physicochemical and

mechanical properties: mechanical strength, hydrophobicity

and high packing density. It is also important that the

carbon surface is electrically neutral and adsorption is

mainly due to dispersion forces.12, 13 In real ANG systems,

the application of MOFs is limited due to their poor

operating characteristics: low stability, hydrophilicity and

susceptibility of the porous structure to degradation. This

problem is solved by fabrication of composites that com-

bine highly efficient but unstable MOFs and carbon materi-

als possessing all of the above-listed benefits. Kayal and

Chakraborty 41 described the synthesis of the MAX-MIL

composite based on the high-performance carbon adsorb-

ent, Maxsorb III, and the metal-organic framework,

MIL-101(Cr); the composite was investigated for the struc-

ture and energy characteristics and morphology as well as

methane adsorption characteristics.

The composite was prepared in the following way:

Cr(NO3)3 . 9H2O, terephthalic acid and the Maxsorb-III

activated carbon were mixed, HCl and water were added,

and the mixture was kept in an autoclave for 12 h at 473 K;

after the mixture was cooled, DMF was added in order to

remove unreacted terephthalic acid from the pores. The

resulting composite was activated in ethanol for 12 h at

353 K, separated and dried. It should be noted that the

carbon adsorbent was considered as an ancillary binding

agent (*1 mass%) and MOF was considered as the func-

tional agent.

The MAX-MIL composite adsorbs more methane than

the MIL-101(Cr) framework and the Maxsorb-III carbon

adsorbent (Fig. 33). Enhanced operating characteristics

were noted for the composite, in particular, pronounced

hydrophobic properties, as opposed to hydrophilicity of the

initial MOF. Thus, this preparation process of the compo-

site material may become useful to make MOFs applicable

for ANG systems.

The unique mechanical, electrical and thermophysical

properties and high chemical stability of carbon allotropes

such as graphene, fullerenes and carbon nanotubes

(CNTs) 260 provide conditions for successful use of these

materials in MOF composites.

As an example, consider the CNTs/MOF-5 composite

obtained by mixing a dispersion of CNTs in DMF with a

solution of MOF-5 precursors;261 that is, the insertion of

CNTs into the crystal lattice of MOF-5 takes place in situ.

In order to accelerate the dissolution of CNTs and nuclea-

tion of MOFs, the carbon nanotubes were initially treated

with an acid. It was found that the CNTs/MOF-5 composite

had the same crystal structure and morphology as the
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Figure 33. Total specific capacity of adsorption systems based on
MIL-101(Cr) (1), Maxsorb-III adsorbent (2) and MAX-MIL com-
posite (3) vs. pressure at 300 K.
The Figure is adapted from Ref. 41.
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starting MOF-5; the transmission electron microscopy data

confirmed the presence of multiwalled CNTs (MWCNTs).

The last-mentioned fact was responsible for composite

stability, in particular, stability to electron beam irradiation

and to atmospheric moisture. Furthermore, the specific

surface area increased from 2160 to 3550 m2 g71 and the

fraction of ultramicropores (X0< 0.7 nm) increased;

besides, stability of the MOF-5 structure was noted.261

The HKUST-1 metal-organic framework has a high

adsorption activity towards methane (see Section 2), but

low mechanical stability. This precludes consideration of

this material as an efficient adsorbent for ANG systems.

However, as shown by Xiang et al.,262 the lithium cation-

doped MCNTs@HKUST-1 composite fabricated by syn-

thesizing the MOF on the carboxylated surface of acid-

pretreated MCNTs with subsequent introduction of Li+

ions is stable and possesses a higher (by 200%) methane

uptake than initial HKUST-1 (Fig. 34). The incorporation

of either lithium ions or CNTs into the HKUST-1 frame-

work also resulted in higher methane uptake, but

the increase was not so pronounced as for the

CNTs7Li+@HKUST-1 composite.

Although incorporation of Li+ ions and CNTs into the

framework resulted in a considerable decrease in as(BET) of

the composite, the pore volume barely changed. The

authors attributed the increase in the methane adsorption

capacity to the presence of ultramicropores at the

CNTs7Li+/HKUST-1 interface separating the two lattices

in the composite and to the affinity of lithium ions towards

gas molecules.

4.1. Shaped composite materials based on metal-organic
frameworks
The use of MOFs in the natural gas storage systems implies

that they meet the requirements imposed on such systems, in

particular:

Ð high chemical stability, since natural gas contains

(although in minor amounts) corrosive compounds such as

H2O, H2S and CO2;

Ð minimized affinity to heavier natural gas components

(ethane, propane and butane), which can irreversibly fill the

MOF pores;

Ð thermal stability and thermal conductivity, as the

adsorption (desorption) processes are accompanied by heat

release (absorption);

Ð ability to provide a high gas flow rate to rapidly fill

the adsorber and deliver the gas to the consumer;

Ð mechanical strength needed for densification of

MOFs in order to achieve the highest volumetric capacity

of the ANG system;

Ð accessibility and simplicity of the synthesis, low cost

of reactants and the final product.

In addition, it is important to minimize the pressure

differences within the adsorbent bed loaded into the tank of

the ANG system.

These properties formed the basis for the development

of production processes for shaped MOF-based materials

with enhanced performance (pellets,263 ± 267 mono-

liths,268 ± 272 hollow fibres 273 and foams 274, 275). Several

procedures were developed for agglomeration of MOF

crystals directly during the synthesis 35, 127 or by introducing

them into substrate of a particular shape, e.g., by filling the

pores of a porous silica monolith with a MOF powder.52, 276

Currently, two approaches to MOF shaping are known.

The first approach implies the use of a substrate: MOF

layers are deposited on the substrate 277 or MOF films are

formed via cathode deposition (electrochemical synthe-

sis).127 Falcaro et al.49 described techniques that allow

exact positioning and fixing of MOFs on various substrates

including fabrics 277 and polymer fibres.278, 279

The second approach implies MOF processing via

extrusion, granulation, templating, uniaxial pressing, pulsed

current treatment or foaming.280 ± 293 Virtually any process

related to pressing or extrusion involves the use of a

plasticizer (water or a mixture of water with an organic

solvent) to decrease the viscosity of the slurry. After

extrusion, the plasticizer is removed by heating or vacuum

thermal treatment. A binding agent is used to increase the

cohesive properties and mechanical stability of the shaped

MOFs.

Among publications devoted to various methods for

shaping of MOFs to be used as adsorbents, mention should

be made of several reviews.35, 264, 274, 277, 280 The data pre-

sented in these reviews and in some original papers 281 ± 293

are summarized in Table 9. Note that the method chosen

for shaping depends on the MOF synthesis, properties and

potential applications.

Since this review is devoted to the application of MOFs

as adsorbents in ANG systems, we will consider shaping

methods directed towards increasing packing density of

MOFs formed as granules or pellets in comparison with

the packing density of powders, in particular, extrusion,

pressing and granulation. The possibility to prepare MOF

monoliths on a substrate by the sol ± gel method are also

considered.

Analysis of the properties and crystal structure of

shaped MOFs showed their advantages over the initial

powders, consisting in higher mechanical strength, thermal

conductivity, moisture resistance, packing density and

chemical resistance. However, most of methods related to

densification of MOF powders result in decreasing crystal-

linity and porosity of shaped materials.35, 264, 282 ± 294 For

example, Bazer-Bachi et al.295 noted that pelletizing of
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Figure 34. Isotherms of methane adsorption in the pores of
HKUST-1 (1), Li+@HKUST-1 (2), MCNTs@HKUST-1 (3),
MCNTs ± Li+@ HKUST-1 (4) at 298 K.
Adsorption and desorption data coincide. The Figure is adapted
from Ref. 262.
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Table 9. Methods of shaping of metal-organic frameworks.

Scheme Description Productivity Ref.

Uniaxial pressing

Mixing of the active MOF component Low 282 ± 284

with a binder (water+ethanol/methanol) and

pressing into moulds. Pressing without

a binder is possible

Coating

MOF deposition as a coating on a chosen Medium 127, 269,

substrate. In particular, honeycomb cordierite 270, 274,

can be used as the substrate 285, 286

Foaming

Incorporation of a gas into a particulate MOF High 274, 275,

suspension and drying to give a foam. 287

Polyurethane or nickel foam are used as binders

Extrusion

Extrusion of a mixture of MOF precursors High; product yield per unit 288, 289

(without a solvent, in a melt, with a minor volume in unit time, kg m73

amount of methanol) and cutting into per day: Al(OH)-fumarate,

desired lengths 27 000; HKUST-1, 144 000;

ZIF-8, 144 000

Templating

Solid or emulsion templates are used Low 289

to form desired shapes and ordered morphology

Casting

Casting a slurry of MOF mixed with Medium 274, 290

a binder (e.g., a chitosan solution) on

a substrate

Casting a slurry of MOF mixed with Medium 274, 290

a binder (e.g., a chitosan solution) on

a substrate

Pressure
Upper punch

Lower punch

Powder

MOF coating

Substrate

Suspension MOF foam

gas heat

Extruder

Extrudate

Tape casting

Cast tape

Slip

Filtrate

Slip casting
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HKUST-1 at pressures above 80 MPa decreased the specific

surface area by 50%.

In some cases, the loss of MOF porosity is induced by

the incorporation of a binding agent into the solution before

shaping. Indeed, inorganic binders, for example, graph-

ite,296 ensure hardness of MOF pellets after annealing

above 700 K. Organic compounds such as cellulose

esters 265, 274, or, most often, poly(vinyl alcohol) (PVA) 297

are also used. The review of Rubio-Martinez et al.35 notes

insufficient number of systematic studies of the effect of the

binder nature and concentration in the processed mixture

on the specific surface area and other MOF parameters.

For determination of the optimal binder, HKUST-1 was

shaped using various compounds: a 5% solution of PVA, a

2% solution of chitosan in 2% acetic acid or a 0.1%

solution of oxycellulose and latex. After that, the density,

strength and changes in the pore structure parameters of

MOFs were determined.297

According to the results summarized in Table 10, the

lowest strength is inherent in the sample shaped upon the

addition of a 0.1% solution of oxycellulose (sample 2); in

this case, the as(BET) value decreased by 35% compared

with that of the initial MOF. The use of a 2% solution of

chitosan in 2% acetic acid affords stronger pellets; however,

as(BET) decreases by 43% (sample 1). After the addition of

N,N-dimethylformamide (the solvent used in the synthesis

of Cu-BTC), the pore structure of the initial Cu-BTC was

retained, but the strength of the resulting adsorbent

decreased (sample 3). The composite shaped with addition

of latex as a binding agent into the mixture proved to be

insufficiently strong (sample 5). A 5% solution of PVA was

most appropriate for the Cu-BTC-based composite adsorb-

ents when taken in 1 : 1 ratio by mass with the MOF; the

introduction of this agent provided sufficient strength of the

shaped material with retention of the porosity (sample 4).

Agueda and co-workers 263, 298 produced extrudates

of the UTSA-16 metal-organic framework

Table 9 (continued).

Scheme Description Productivity Ref.

Granulation

Granulation of a mixture of the active MOF High 264, 292

component with a binder (PVA, polysaccharides,

mesoporous alumina) to form pellets

Pulsed current processing

MOF powders are subjected to pulsed Medium 293

electrical current and pressed

3D printing

MOF powders are mixed with binders Low 271

(bentonitic clay, PVA) and printed into desired

shapes

Slip

Gas

Pressure

Direct

current

pulses

3D printing

Table 10. Properties of samples shaped using various binders and changes in their pore structure parameters [Das(BET), DW0] in comparison with
parameters of the initial Cu-BTC powder (HKUST-1).297

Sample Binder content (%) (see a) dp /g cm73 Das(BET) (%) DW0 (%) Strength /kg mm72

1 2% chitosan solution (1 : 1) 1.33 43 0 0.50

2 0.1% oxycellulose solution (1 : 1) 1.28 35 38 The sample collapsed

3 2% chitosan solution (1 : 1)+1 ml of DMF 1.16 4 3 0.57

4 5% of PVA (1 : 1) 1.18 0 0 2.26

5 10 mass% of latex+1 ml of water (80%) (9 : 1) 1.16 28 30 The sample collapsed

a The value in parentheses is the mass ratio of MOF to the binder solution.
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{K(H2O)2Co3(cit)(Hcit)], where cit is the fully dehydroxy-

lated citrate ion (47), Hcit is the citrate-ion (37)}, which is

an efficient hydrogen, carbon dioxide and methane adsorb-

ent (the uptake is 2.5 mol kg71 at 298 K), also using PVA

and using a propanol ± water mixture as a plasticizer. Since

the chosen binder chemically resembles the solvent (ethanol)

employed for the synthesis of UTSA-16, considerable

changes of the MOF structure were avoided. The strength

and density of the resulting UTSA-16 pellets of size 1 to

5 mm proved to be comparable with the corresponding

characteristics for the commercial zeolite pellets containing

2% PVA. Variation of the PVA content from 0% to 6.66%

demonstrated that the decrease in the specific surface area

of UTSA-16 was, in some cases, proportional to the binder

concentration and depended on the MOF activation tem-

perature (Fig. 35). High activation temperatures (393 K)

resulted in minimized Das(BET) for the binder contents

being equal: if wPVA<2%, the loss of the specific surface

area for the UTSA-16 extrudates was negligible; after

addition of 3% PVA, the Das(BET) value was <5%.263

The results demonstrated that activation of extruded

UTSA-16 pellets can be conducted at temperatures up to

423 K without damaging the MOF crystal structure.263, 298

Chen et al.274 obtained pellets and foams by freeze-

drying of HKUST-1 and Fe3O4 mixtures. Carboxymethyl-

cellulose was used as the binding agent. It was suggested

that other polysaccharides are also applicable.

Indeed, the use of sucrose to prepare spherical pellets of

the Zr-BDC-based composite 264 in a centrifugal granulator

resulted in high-strength pellets 0.5 ± 15 mm in diameter.

The sieved mixture of a Zr-BDC and a ground sucrose

powder was loaded into the working chamber of the

granulator in which the centrifugal force and water spraying

afforded spherical pellets, the diameter of which could be

controlled by varying the process duration. The pellets were

dried for 24 h at 60 8C. The powder X-ray diffraction data

for the powders and shaped Zr-BDC samples showed that

the crystal structure remained intact after the centrifugal

granulation. The optimal content of the sucrose in the

composite (10%) gave Zr-BDC pellets with a better rela-

tionship between the hydrogen storage capacity and deteri-

oration of structural characteristics. The shaping of MOFs

by means of a centrifugal granulator proved to be more

efficient than mechanical pressing. The preparation of 1 kg

of Zr-BDC pellets required 30 min.

Finsy et al.267 used PVA as the binding agent to

granulate MIL-53(Al). The pellets of the MIL-53(Al) com-

posite with PVA remained stable on heating above 300 K

and at a pressure up to 0.8 MPa. However, analysis of

nitrogen adsorption isotherms showed a loss of the total

adsorption capacity upon the use of PVA as a binding

agent: in comparison with the initial crystalline MIL-53(Al)

powder, the micropore volume in the pellets of the PVA-

containing (13 mass%) composite decreased by 32% (from

0.495 to 0.335 cm3 g71); however, the pore size barely

changed (0.48 and 0.51 nm for the initial MOF and the

PVA composite, respectively). The decrease in the pore

volume for the PVA composite was also dependent on the

activation temperature: after activation at 240 8C, only

11% of the initial pore volume of MIL-53(Al) proved to

be accessible for the adsorption of molecules. The loss of

porosity in the MIL-53(Al)/PVA composite activated at

temperatures above 473 K was attributed to melting of

PVA; the part of the alcohol that passed to the liquid

phase formed a surface layer on the MIL-53(Al) crystals,

thus preventing access to the pores.

Blanita and co-workers 283, 284 used manual compression

of the MIL-101(Cr) powder to obtain hexagonal pellets with

densities of 0.20 and 0.19 g cm73 (Fig. 36). When adsorbers

are filled with natural gas, this shape of adsorbent pellets

provides the optimal packing density.12

The compression method used by the authors 284

increased the envelope density of MIL-101(Cr) pellets by a

factor of 1.7 ± 2.5, with the skeleton density (a *7%

decrease) and porosity being virtually retained

[Das(BET)=10%± 15%, DW0= 11%]. Only a minor

decrease in the H2 uptake (8%) was found for

MIL-101(Cr), although the data of IR spectroscopy indi-

cated a change in the coordination environment of the metal

adsorption sites. The authors emphasized that the

MIL-101(Cr) pellets were stable to mechanical and heat

treatment and suitable for adsorber application.

Rezaei et al.269 reported the preparation of structured

monolithic composites based on UTSA-16 and Ni-MOF-74

as polycrystalline films supported on cordierite, which

possesses a honeycomb structure; the MOF crystals were

grown by the bottom-up method. The resulting monolithic
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Figure 35. Loss of the specific surface area of the UTSA-16-based
composite [as(BET)] vs. concentration of the PVA binder (wPVA) at
activation temperatures of 359 (1), 373 (2) and 393 K.
The Figure is adapted from Ref. 263.

Figure 36. Hexagonal monolithic pellets of MIL-101(Cr) and a
variant of their packing.
The Figure is adapted from Ref. 284.
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coatings had relatively low as(BET) [652 m2 g71 for

Ni-MOF-74 and 223 m2 g71 for UTSA-16(Co)], which

had an effect on their adsorption properties. The CO2

uptake of powdered Ni-MOF-74 was 6.54 mmol g71, that

for the Ni-MOF-74 ± cordierite monolith was

1.7 mmol g71. The CO2 uptake of the UTSA-16 monolith

was 1.1 mmol g71.

Analogous monolithic polycrystalline MMEN-

Mg2(DOBPDC) films (MMEN is N,N 0- dimethylethylene-

diamine, DOBPDC is 4,40-dioxidobiphenyl-3,30-dicarboxy-
late) were grown on a pretreated cordierite support using

MgO nanoparticles as precursors.270 The resulting compo-

site adsorbent showed high carbon dioxide uptakes for

adsorption from a mixture with helium (10% CO2) or

from 100% CO2: 2.37 and 2.88 mmol g71, respectively.

The 3D printing technology is also used for MOF

shaping. In 2017, Thakkar et al. reported 271 the fabrication

of Ni-MOF-74 and UTSA-16(Co) monoliths with MOF

contents of up to 80 mass% and 85 mass%, respectively,

by 3D printing (Fig. 37). Measurements of CO2 adsorption

demonstrated that the Ni-MOF-74 and UTSA-16(Co)

monoliths retain 79% and 87% of the adsorption capacity

of their powdered analogues under the same conditions. The

resulting three-dimensional printed monolithic structures

with relatively fast adsorption kinetics demonstrated stable

performance as adsorbents. These results point out a new

potential of 3D printing technology for manufacture of

MOFs with different shapes to be used in gas storage

systems.

Two-stage extrusion was used to manufacture the first

monolith of the HKUST-1 framework,288 which is, as

shown above, is a highly efficient methane adsorbent.

First, a crystalline powder of HKUST-1 was mixed with

silicone resin and a plasticizer (methylhydroxypropylcellu-

lose, Culmial MHPC 20 000 P) to form a paste, which was

pushed through an extruder. The monoliths thus formed

had a high mechanical strength (up to 320 N), but the loss

of specific surface area was substantial (70%), which was

attributed to filling of some of the pores with binder

molecules. However, the performance characteristics of the

extruded sample were markedly superior over those of the

sample grown in situ on a cordierite substrate. The monolith

image shown in Fig. 38 is presented in many reviews (e.g.,

Ref. 35) as a successful example of manufacture of a

monolithic MOF sample.

4.2. Effect of shaping conditions on the adsorption properties
of metal-organic frameworks
The data given in the previous Section indicate that shaping

is most often accompanied by the loss or collapse of the

pore structure of the initial MOF, which directly affects its

adsorption characteristics. For increasing the adsorbent

packing density in order to maximize the volumetric

adsorption capacity for methane, MOF powders should be

compressed. Furthermore, it is necessary to elucidate the

optimal pressing conditions in order to retain (or increase)

the porosity and, hence, the adsorption capacity of MOFs.

Jia et al.299 investigated the effect of pressure on the

structure, porosity and methane uptake for one of the most

popular frameworks, MOF-5.79 Densification under pres-

sures of 0.5, 1.0 and 2.0 MPa increased the packing density

of MOF-5 powder from 0.2569 to 0.3151, 0.4612 and

0.4890 g cm73, respectively. Analysis of methane adsorp-

tion isotherms for MOF-5 powder activated under solvo-

thermal conditions and for pressed MOF-5 samples

demonstrated the highest methane volumetric uptake at

3.5 MPa, equal to 81 m3(STP) m73, for the sample pressed

under 1.0 MPa (Fig. 39). This value exceeded the adsorp-
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Figure 37. Flow chart of the preparation of MOF monoliths using
3D printing technology.271

DI stands for deionized.

2 cm

Figure 38. Photograph of the extruded HKUST-1 monolith.288
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tion capacity of the initial powder calculated with packing

rather than crystal density. Pressing under 0.5 and 1.0 MPa

decreased only slightly the concentration of adsorption sites

in MOF-5; however, in the sample pressed at 2.0 MPa, the

concentration of adsorption sites decreased twofold and the

specific surface area and pore volume also decreased. The

0.5 MPa pressure proved to be insufficient for densification

of the MOF-5 powder to increase the packing density to the

optimal value providing the greatest methane uptake.

Tagliabue et al.300 investigated the effect of shaping on

the methane adsorption characteristics of the CPO-27-Ni

metal-organic framework compressed into pellets without a

binder at 0.1 and 1 GPa pressures for 30 min. It was found

that compression at 1 GPa considerably changed the tex-

tural and structural properties of MOF: the crystal structure

collapsed and porosity was almost completely lost. Com-

pression of CPO-27-Ni at 0.1 GPa virtually did not change

the specific surface area or pore volume and the crystal

structure remained intact. Nevertheless, the gravimetric

specific capacity of CPO-27-Ni pellets for methane at

303 K and 3.4 MPa was found to decrease compared with

that of the initial framework under the same conditions (129

vs 156 cm3 g71). This attests to the necessity to optimize the

compression conditions.

Peterson et al.301 studied the effect of pressing on the

physical and chemical properties of HKUST-1 and UiO-66.

According to X-ray diffraction and Fourier transform IR

spectroscopy, the crystal structures of both MOFs did not

change during pressing. The porosity of HKUST-1 consid-

erably decreased, unlike the porosity of UiO-66. Despite the

decrease in the porosity of HKUST-1, its adsorption prop-

erties towards ammonia did not change. The octane uptake

in the UiO-66 pellets was found to slightly decrease as

compared with that for the initial structure. Nevertheless,

the authors concluded that HKUST-1 and UiO-66 can well

be pressed without binders, and the absence of a significant

loss of adsorption activity attests to their applicability in

adsorption technologies.

Now we will analyze data on the effect of solvents on the

changes in the structure and properties of MOFs upon

compression in relation to PCN-250, which is a promising

adsorbent for methane storage.302 The structure of PCN-

250 is formed by three-dimensional Fe3(m3-oxo) clusters

connected by six ABTC organic linkers. Extrusion under

the action of uniaxial mechanical pressure of 19 MPa or

more is accompanied by an irreversible change of config-

uration of the linkers. Analysis of nitrogen adsorption

isotherms at 77 K showed a 5.2% decrease in the porosity

for the shaped PCN-250. According to powder X-ray

diffraction data, pressure rise to 150 MPa induces a phase

transition in PCN-250: the cubic crystal lattice is irrever-

sibly transformed into orthorhombic one. It is of interest

that the solvent-saturated (DMF) sample of PCN-250 is

more stable to mechanical impact and virtually does not

change, unlike the sample formed without a solvent under

similar conditions of extrusion. Furthermore, shaping of

PCN-250 in the presence of a solvent resulted in a 21%

increase in the methane volumetric capacity with a minor

decrease in the gravimetric capacity. Note that on keeping

in DMF, the changed PCN-250 structure is gradually

restored, this process being accelerated with increasing

temperature. For example, when shaped PCN-250 is kept

in DMF at 150 8C, its crystal structure is completely

restored in 12 h. Bennett et al.303 assumed that the solvent

molecules in MOF pores act as supports preventing the

framework destruction. They noted this phenomenon for

solvent saturation of the ZIF metal-organic framework in

which the solvent molecules considerably decreased the

compressibility and increased the resistance to amorphiza-

tion.

Yuan et al.302 also determined the optimal pressure for

extrusion of PCN-250 to be 77 MPa; at this pressure, the

sample packing density increases without destruction of the

crystal structure or loss of porosity, and the highest meth-

ane total volumetric capacity [135 m3(STP) m73] is

attained.

The wet granulation method was used 266 to prepare

spherical pellets of MIL-100(Fe), PCN-250(Fe), UiO-66(Zr)

and UiO-66-NH2(Zr) from their powders mixed with PVA

and polyvinylbutyral in ethanol solution using a home-

made granulator. After sieving, 1.3 ± 1.7 mm pellets were

rolled using a roller machine to enhance the spherical shape

and dried in a vacuum furnace at 383 K for 12 h to remove

the residual solvent. For both MOF powder and spherical

pellets, the adsorption isotherms for gases (N2 , CO, CO2 ,

CH4 , C2H6 , C3H8 , C3H6 , C4H10) were measured and

adsorption enthalpies were determined. The use of a mix-

ture of binders for granulation of UiO-66(Zr) and

UiO-66-NH2(Zr) did not have a significant effect on the

enthalpy of adsorption of small molecules (N2 , CO, CH4);

the enthalpies for gases with large molecules were noted to

slightly decrease. The expected decrease in the uptake per

gram of the material with spherical granules corresponds to

the content of the binder in the pellets. A comparison of the

adsorption properties of the initial powders and pellets of

MIL-100(Fe) and MIL-127(Fe) revealed two interesting

effects, namely

Ð in the case of butane adsorption, the adsorption

isotherms of powdered and pelletized MIL-100(Fe) are

considerably different: adsorption with the powder produ-

ces the expected Langmuir isotherm shape, while adsorption

with spherical pellets gives S-shaped isotherms typical of

polymolecular adsorption; this phenomenon was attributed

to different enthalpies of adsorption and partial blocking of

pores by long-chain binder molecules;
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Figure 39. Isotherms (T=300 K) for methane adsorption with the
initial MOF-5 powder (1) and with MOF-5 pressed at 0.5 (2),
1.0 (3) and 2.0 (4) MPa at 300 K.299
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Ð the activation of MIL-127(Fe) powder and pellets at

423 K is accompanied by a decrease in the enthalpy of

adsorption for gases, the molecules of which have a dipole

(CO) or quadrupole (CO2) moment or p-electrons (C3H6);

however, with increasing degree of pore filling, the differ-

ence between the enthalpies of adsorption for spherical

pellets and powders almost disappears.

The authors 266 assumed that the addition of the binder

does not have a substantial influence on the chemical

properties of the framework. In the authors' opinion, the

noted increase in the enthalpy during adsorption of CO,

C3H6 and especially CO2 with the MIL-127(Fe) powder

attests to partial reduction of FeIII to FeII upon the reaction

with gas molecules. Since no increase in the enthalpy was

observed during adsorption in spherical pellets, the authors

deemed that the binder stabilizes the MOF in the more

oxidized state in a certain way; however, they pointed out

the need for further research. One of the conclusions they

made 266 states the necessity to consider the adsorption

capacity of materials in volumetric units. In this case,

comparison of the adsorption isotherms indicates a higher

uptake in the adsorber filled with high-density MOF

spheres with the optimal packing than with powders,

which is quite evident.

A decrease in the adsorption activity of MOFs upon

formation of composite pellets was noted for HKUST-1.304

It was shown that HKUST-1 is stable in an O2 atmosphere

at 25 8C, but its crystallinity decreases in moist environ-

ments. Study of the adsorption in HKUST-1 composite

pellets at 308 K and pressures up to 0.7 MPa showed a

decrease in the methane and carbon dioxide uptakes from

0.77 and 3.9 to 0.63 and 3.1 mol kg71, respectively. The

isosteric heats of adsorption on the initial and shaped

adsorbents were 22.8 and 15.0 kJ mol71 for carbon dioxide

and methane, respectively; therefore, in the separation of a

CO2+CH4 mixture, predominant adsorption of carbon

dioxide will take place.

It is noteworthy that methane adsorption isotherms

have no hysteresis and that after desorption, both powdered

and pelletized HKUST-1 samples restore their initial

weight. Considering the data on adsorption of mixtures

and their components, the researchers 304 ascertained the

following:

Ð at low pressures, the adsorbent has a high selectivity

to CO2+CH4 mixture (5.10 and 4.92 at 0.1 MPa and 308 K

for the powder and pellets, respectively);

Ð adsorption capacity of HKUST-1 pellets is 20%

lower than that for the powder; the methane uptake by

this adsorbent is *3 mmol g71 at 308 K and 0.7 MPa

(Fig. 40).

The data on methane mass transfer depending on the

degree of compression of MOFs determined by NMR

porosimetry also deserve attention. Analysis of the distri-

butions of methane spin±spin relaxation times in metal-

organic frameworks ZIF-8 and Basolite2 A520 (BASF)

revealed 305 the difference between the exchange rates of

methane molecules between the gas phase and the adsorbed

state in polycrystalline and shaped ZIF-8 samples (two

areas with different porosity can be distinguished in the

pellets). Conversely, in the Basolite2 A520 powder and

pellets, fast exchange of methane molecules between differ-

ent states results in an averaged distribution of spin ± spin

relaxation times. The results of measurements of self-diffu-

sion coefficients (pulsed NMR), Knudsen methane diffu-

sion in MOFs and permeability of MOF pellets pressed

under various loads were used to determine the optimal

loading for compression of MOF powders (2 ± 5 kN) in

order to attain unlimited mass transport of methane in the

adsorbent.

The effect of packing density on the methane volumet-

ric uptake was considered 20 in relation to analysis of DOE

requirements of 2012 to ANG systems. The loss of adsorp-

tion capacity for adsorbents (MOFs and activated carbons;

MOF and activated carbon composites with various bind-

ers) used as powders and pellets was evaluated (5% ± 20%).

It was shown that up to 11% of the gas passes to the

intergrain space. As a strategy towards reducing the

adsorption loss, the authors proposed the use of monolithic

blocks. In the ideal case, this would completely eliminate

the loss.

Tian et al.268 reported a considerable increase in the

methane uptake upon increasing the density of the metal-

organic framework, which was achieved for HKUST-1

monolith. The monolith was obtained by sol ± gel process

(Fig. 41), used for the synthesis of organic and inorganic

aerogels. The authors showed experimentally that the mor-

phology of the final reaction product is determined by the

size of primary particles, the nucleation rate of MOF

crystals and the drying temperature. High-temperature dry-

ing of a wet gel consisting of primary HKUST-1 particles

and residual solvent leads to rapid removal of the solvent

from the space between the particles and prevents the

formation of a continuous phase. As a result, a polycrystal-

line HKUST-1 powder with a density of 0.4 g cm73 is

formed. As the gel is dried at 303 ± 313 K, self-assembly of

unreacted precursors continues on the primary particles.

Finally, this gives the HKUST-1 monolith with a density of

*1.1 g cm73, which is higher than the value calculated for

this structure.

The phase state of the samples was determined by

powder X-ray diffraction and transmission and scanning

electron microscopy. It was found that the powder consisted

of aggregated HKUST-1 particles, whereas the monolithic

sample was a continuous phase. High density and

extensive microporosity [as(BET)=1193 m2 g71 and

W0= 0.51 cm3 g71] of the HKUST-1 monolith provided

the record-high total adsorption capacity for methane
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Figure 40. Isotherms of methane adsorption (colour-filled dots)
and desorption (unfilled dots) in the pores of HKUST-1 as a
powder (1, 3 and 5) and as pellets (2, 4, 6) at temperatures of 308
(1, 2), 343 (3, 4) and 373 K (5, 6).304
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storage equal to 259 m3(STP) m73 at 6.5 MPa (Fig. 42). It

is noteworthy that now this is the highest total volumetric

capacity known for shaped MOFs. Thus, the authors 268

were able to approach the target value of the total

adsorption capacity for methane storage

Vf= 263 ± 266 m3(STP) m73, defined by the DOE require-

ments of 2012 for ANG systems and also to approach the

theoretical methane uptake for hypothetical MOFs

[Vf= 269 m3(STP) m73] calculated using the density of

the ideal MOF crystal.172 The value thus obtained exceeds

the maximum Vf value [230 m3(STP) m73] calculated by

Peng et al.26 for HKUST-1 after compression.

The adsorption isotherm shown in Fig. 42 (curve 1) can

be used to estimate the deliverable capacity of the

HKUST-1 monolith from pressures of 3.5 and 6.5 MPa by

Eqn (3): considering the real density of the monolith, the

results are 134 and 172 m3(STP) m73, respectively. The

obtained Vd values also exceed the results determined by

other researchers based on the crystal density of

HKUST-1.26

Measurements of the mechanical properties of the

HKUST-1 monolith confirmed its high strength, which

exceeds the value for analogues obtained previously by at

least 130%.

Thus, two trends can be distinguished in the shaping of

MOFs:

Ð shaping during the synthesis;

Ð shaping after the synthesis as an additional process-

ing stage for MOF functionalization.

Both methods have their benefits and drawbacks. Grow-

ing of polycrystalline MOF films on structured substrates

affords monolithic composites, but the MOF content in the

composites is low, which limits their application. Granula-

tion with a binder decreases the specific surface area and the

micropore volume of the adsorbent; compression under

high pressure induces amorphization of the MOF structure.

These drawbacks ultimately account for deterioration of the

adsorption properties of shaped MOFs compared with the

properties of the initial powder. The successful attempt to

apply the sol ± gel method for the preparation of monolithic

MOF samples with high adsorption capacity for methane

storage should be taken into account in elaboration of

adsorbent shaping processes. In order to achieve a balance

between the increased density, mechanical strength and

changes in the structure (including porosity) of the shaped

MOF samples, optimization of the shaping techniques is

required. This would allow active use of MOFs in ANG

technologies.

5. Scaled methane storage systems based on metal-
organic frameworks

The reviews devoted to the use of MOFs as adsorbents for

natural gas storage also discuss a number of issues that are

not purely engineering, but still considerably affect the

performance of ANG systems.54, 85, 148, 150, 152, 153, 295

First of all, note the influence of minor compo-

nents 85, 148, 152 of natural gas, particularly, C27C5 hydro-

carbons, carbon dioxide, water and sulfur compounds,

which are also adsorbed in MOFs, and their desorption

requires additional energy supply (heating). This is indi-

rectly confirmed by the results of pulsed magnetic field

gradient NMR measurements of self-diffusion of natural

gas components such as methane, ethane and propane in the

Basolite2 A520 sample and by estimates of the activation

energy for diffusion in MOF pores: 13, 24 and 38 kJ mol71,

respectively.305 The accumulation of impurities, especially

sulfur compounds, leads to gradual poisoning of the

adsorbent and decreases the adsorption capacity of the

ANG system. Hence, to ensure the reliability and long-

term efficient operation of MOF-based natural gas (meth-

ane) storage systems, the gas should be purified from heavy

hydrocarbons and sulfur compounds before it enters the

adsorber.
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Figure 41. Flow chart of the preparation of HKUST-1 monolith
with different drying regimes.
The Figure is based on Ref. 268.
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Figure 42. Change in the total volumetric capacity for methane of
HKUST-1 monolith (1), manually packed pellets (2) and pellets
pressed under 2 (3) and 5 ton (4) load at 298 K.268, 26

The dashed lines mark the Vf values at P=3.5 and 6.5 MPa.
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It is necessary to emphasize the importance of studies of

cyclic adsorption ± desorption of natural gas as a multi-

component gas mixture in MOF-based storage systems

proceeding from requirements to ANG systems, which

specify that 80% of the tank should be filled in *5 min

and the loss of the specific capacity over 100 adsorption ±

desorption cycles should be not higher than 5%.306

Zhang et al.307 considered a theoretical model of an

ANG tank under isothermal conditions. This model

was used to calculate the adsorption isotherms of a

methane+ethane+propane mixture (natural gas model) in

terms of the ideal adsorbed solution theory 308 and the data

for separate components of the mixture. As adsorbents for

the model adsorber, the authors chose five metal-organic

framework systems possessing high deliverable volumetric

capacity for methane: HKUST-1, IRMOF-1, NU-111,

NU-125 and NU-800. For each MOF, they calculated the

so-called deliverable volumetric energy (measured in

MJ m73), that is, the energy equivalent of the Vd value for

methane and methane+ethane+propane mixture (Fig. 43).

It can be seen that none of the systems complies with the

DOE requirements.19 The storage systems for model natural

gas possess a lower deliverable energy than the storage

systems for pure methane. The adsorbent ± adsorbate inter-

action energy is much higher for C2+ alkanes than for

methane; therefore, they are desorbed much less efficiently

than methane under the same conditions. This results in

blocking of adsorbent pores by molecules of heavy hydro-

carbons after several sorption ± desorption cycles and, as a

consequence, in a decrease in the methane specific capacity

of the system.

In addition, while modelling the adsorption of a mixture

of hydrocarbon gases in MOFs, Zhang et al.307 obtained an

unexpected result. They found that the HKUST-1 adsorb-

ent, which is most promising according to many authors

(e.g., Refs 26, 85, 268) rapidly loses the specific character-

istics during cyclic operation, by 32% over 200 sorption ±

desorption cycles, due to irreversible blocking of pores with

efficient size of 0.4 ± 1.0 nm, which constitute almost a half

of the MOF pore space, by propane molecules (see Fig. 9).

Screening of 120 MOFs identified MOF-143 [Cu3(BTB)2] as

the best adsorbent for natural gas,309 which can provide the

highest deliverable volumetric energy of the system of

5.43 MJ m73 on the 200th cycle of operation of the ANG

system. Meanwhile, note that MOF-143 has moderate

specific capacities for methane: Vf= 208 m3(STP) m73,

Vd= 182 m3(STP) m73 (Ref. 309). The authors 307 empha-

sized that there is still no reliable method to remove the

solvent molecules without destroying the crystal structure of

MOF-143.

While considering the ways of increasing the perform-

ance of the ANG system, the authors 307 quantitatively

estimated the effect of the tank space free from the MOF

adsorbent on the deliverable volumetric energy of the

adsorption storage system for two MOFs, NU-125 and

MOF-143. The dependences of the deliverable volumetric

energy on the degree of packing of the ANG tank space

with the MOF adsorbents are shown in Fig. 44. It can be

seen that the deliverable volumetric energy for both struc-

tures depends linearly on the fraction of the tank packed by

MOF (100% in the abscissa corresponds to complete pack-

ing of the tank with MOF monolith). This linear depend-

ence can be used to predict specific characteristics of the

system depending on the degree of tank packing.

Other key factors determining the efficiency of the

storage system are the method and characteristics of filling.

In particular, an important process during filling of the

adsorption storage system with natural gas is the transfer

(or dissipation) of the heat released to the environment

upon adsorption. It is known that fast methane filling of an

ANG system containing activated carbon leads to temper-

ature rise inside the tank by 808C, which retards the

adsorption. In turn, at high rates of gas delivery to the

consumer, the temperature decreases by 37 8C and, hence,

the efficiency of the system decreases by 25% with respect to

that under isothermal conditions.310

Arnold et al.305 reported modelling of three types of a

MOF-based ANG system: without cooling, with external

cooling and with both external and internal cooling. They

intended to study heat and mass transfer processes and
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determine the optimal cooling conditions for an ANG

system to ensure fast gas filling and to maximize the storage

capacity. The ambient temperature was taken to be 300 K

and the adsorption tanks were filled with natural gas up to a

pressure of 9.0 MPa. The authors demonstrated that com-

bining the external and internal cooling circuits provided

filling of the system to 90% of the maximum uptake in

30 min, whereas with external cooling and without cooling,

filling took 53 and 412 min, respectively. Thermal calcula-

tions also showed that after filling, the adsorber is cooled

down to 303 K in 79, 112 and 609 min with external and

internal cooling, only external cooling and in the absence of

cooling, respectively.

Thus, an important aspect of the design of adsorption

methane storage systems based on MOFs is engineering

analysis of the tank configuration and techniques of cool-

ing, the lack of which puts in question the success of system

application. Similar studies of an ANG system with

HKUST-1 carried out by computer simulation also demon-

strated the inefficiency of using only an external cooling

circuit for the tank because of low heat conductivity of

MOFs [0.3 W (m K)71].311

Reviews 54, 148 describe technological solutions for the

problems caused by the heat of gas filling ± delivery proc-

esses in MOF-based systems. These solutions are based on

mathematical models 312 and engineering approaches that

were used previously for activated carbon-based systems,

including the geometry and material of the tank.311, 313 In

the design of real storage systems, it is necessary to take into

account heat capacity and heat conductivity of MOF

adsorbents by appropriate selection of precursors, condi-

tions of synthesis, functionalization and shaping in the

presence of dopants (e.g., graphite).297, 314

Policicchio et al.315 reported evaluation of vehicular

adsorption storage systems with highly efficient activated

carbon adsorbents, Maxsorb-III (from oil coke) and

Nuchar-SA (from wood), and the metal-organic framework

HKUST-1, a promising methane adsorbent (Table 11).

It is noteworthy that the carbon adsorbent Maxsorb-III

with the highest as(BET) has the highest gravimetric

capacity. However, the optimal relationship between the

density, porosity and the concentration of adsorption sites

in HKUST-1 (see Section 3.1.3) provides a considerable

advantage in the volumetric capacity and, as a consequence,

ensures high mileages.

Considering the use of HKUST-1 as the adsorbent in an

adsorption vehicle fueling system, mention should be made

of the EcoFuel Asia Tour project in which a car with the

fuel tank filled with HKUST-1 adsorbent pellets

(Basolite2 C300) travelled through 14 countries. A *30%

increase in the tank capacity in comparison with the CNG

system and a *20% increase in the distance without

refueling were reported.23 Nevertheless, because of large

weight and volume of the system, limited service life and

high cost of MOFs, broad commercialization of these

materials cannot be expected in the near future.

6. Conclusion

Metal-organic frameworks represent a new class of porous

materials, the structure and morphology of which are

formed via direct assembly of the major components,

metal clusters and rigid organic linkers, into 3D frameworks

with extensive porosity. The MOF parameters depend on

the type of the initial components and conditions of syn-

thesis. The virtually unlimited diversity and variability of

MOFs that can be constructed from the mentioned compo-

nents and the use of various synthetic procedures make

these materials, along with activated carbons and zeolites,

lead candidate adsorbents for separation and storage of

gases, including natural gas (methane).

Currently, solvothermal synthesis is the most popular

method for the preparation of MOFs. However, this

method is costly in terms of the energy expenditure, cost

of reactants and duration of the process and gives low yields

of the final product. Optimization of known and develop-

ment of new synthetic procedures allow partial (or com-

plete) elimination of these drawbacks, in particular, the

product yield can be increased and the cost can be

decreased. For example, electrochemical and mechano-

chemical methods are already widely used. In addition,

methods for MOF functionalization and modification dur-

ing and after the synthesis are being actively developed; this

allows tuning of physicochemical properties, morphology

and pore structure towards a particular application.

A notable feature is the diversity of spatial geometry and

numerous options of MOF construction; therefore, MOFs

can be selected in terms of their functional properties for

particular applications, including those involving sorption

technologies. Using high-throughput screening of hypothet-

ical MOFs generated by various combinations of hundreds

of secondary building units in terms of compliance with

structural parameters of real compounds, characteristics of

real structures that meet the efficiency requirements

for methane adsorbents were determined to be

Vf5 230 m3(STP) m73 at 3.5 MPa and 298 K. The optimal

pore structure parameters were found, namely

Ð pore size of 0.4 and 0.8 nm accommodating one or

two methane molecules, respectively, and 1.1 nm corre-

sponding to the highest density of adsorbed molecules;

Ð specific surface area equal to 2500 ± 3000 m2 g71;

Table 11. Characteristics of a model on-board vehicle adsorption
methane storage system filled with carbon adsorbents Maxsorb-III
and Nuchar-SA and the metal-organic framework HKUST-1.315

Characteristics Maxsorb-III Nuchar-SA HKUST-1

For the adsorbent

Density /kg m73 0.156 0.34 0.88

as(BET) /m2 g71 3140 1600 1850

Wt /cm3 g71 0.179 1.15 0.82

(pore size<100 nm)

For the adsorption fuel supply system

Gravimetric capacity 408 a 262 a 130 a

/g(CH4) (kg of the adsorbent)71

at 3.5 MPa

Vf /m3 m73 at 3.5 MPa 60 52 160

Methane weight in 3.2 4.5 5.7

the tank /kg

Volume of the tank /m3 0.05 0.05 0.05

Weight of the tank /kg 30 30 30

Adsorbent weight /kg 7.8 17 44

Total weight of the system /kg 41 51.5 74

Methane consumption 20 20 20

/km kg71

Running distance /km 64 90 114

aCalculated using empirical equations proposed byPolicicchio et al.315
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Ð fraction of the free volume equal to 0.8;

Ð crystal density 0.6< dcr<0.953 kg m73.

Comparison of the results of computer modelling of

methane adsorption in hypothetical MOFs with the results

of analysis of pore structure parameters, crystal density and

heats of adsorption of real materials provided practically

important results. It was found that for maximizing the

total and deliverable capacities under particular thermody-

namic conditions, a balance between the framework poros-

ity (specific surface area and pore volume) and density is

required.

The most challenging goal is to simultaneously attain

the required volumetric and gravimetric capacities of a

storage system taking account of the adsorber weight. It is

evident that high total and deliverable gravimetric capaci-

ties are associated with extensive porosity, in particular,

with relatively high specific surface areas, e.g., as observed

for Al-soc-MOF-1 and DUT-49. Meanwhile, extensive pore

structure implies decreasing packing density of the material,

which leads to lower volumetric capacity characteristics of

the system.

In terms of the relationship between the total and

deliverable volumetric and gravimetric capacities,

HKUST-1, MAF-38, UTSA-76, NJU-Bai-43, ZJU-5 and

UTSA-110 were established to be the optimal adsorbents

providing the highest capacity at the minimized weight of

the adsorbent packed into the system. From the standpoint

of thermodynamics of methane adsorption in MOFs, the

range of isosteric heats of adsorption optimal for methane

storage was established to be 14 to 22 kJ mol71.

It is known that in the early period of filling, the

adsorption of gas molecules is determined by the adsorb-

ent ± adsorbate interactions, which directly depend on the

content of high-energy adsorption sites. High concentration

of open adsorption sites at metal ions unambiguously

dictates high methane uptake, but hampers the desorption.

Therefore, the optimal concentration of the adsorption sites

is a condition for attaining not only high total capacity for

methane storage, but also, what is more important, the

deliverable capacity of the adsorbent. The synthetic strategy

towards a framework with the optimal ratio of the concen-

trations of open metal sites and pores accessible for gas

sorption implies the use of ligands with different config-

urations (branching) and length, rigidity and functionality.

The incorporation of additional functional groups into

polyaromatic carboxylate and heterocyclic ligands makes it

possible to increase the concentration of adsorption sites

linking methane molecules to the framework via van der

Waals forces. Polar pyrimidine and amide groups contain-

ing a donor nitrogen atom proved to be most efficient.

A series of MOFs with high performance characteristics

for methane adsorption were obtained using two or three

types of ligands with different lengths and different func-

tionality. High methane deliverable capacity was also

attained for frameworks formed by flexible heterocyclic

ligands that undergo phase transitions upon the adsorption

and desorption of methane. Heats that accompany the

structural transformations of MOFs may suppress the

temperature oscillations in the adsorption system during

adsorption and desorption.

In parallel with the efforts directed towards the synthesis

of new MOFs, the industrial production processes for the

already known MOFs are being developed in laboratory.

Currently, companies such as MOF Technologies, NuMat,

BASF and MOFapps manufacture more than a hundred

various sorts of MOFs, the best known among them being

HKUST-1, ZIF-8, MOF-5, MIL-101 and MOF-177. The

potential scope of applicability of these MOFs includes the

adsorption-based technologies. A large-scale manufacture

of a MOF as a crystalline powder has been developed;

however, processes for the design of composites and proc-

essing of MOFs to various shapes are also important for

commercialization of ANG systems.

The design of composites consisting of MOFs, possessing

regular porosity and high crystallinity, and high-strength and

hydrophobic carbon adsorbents can serve as an example of

synergistic combination providing a high adsorption capacity

and enhanced service characteristics (strength, stability, hard-

ness and resistance to external impact). The most promising

composites were obtained on the basis of MOFs and carbon

materials (activated carbons and carbon nanotubes); this gave

not only increasing specific capacity for methane storage, but

also increasing hydrophobicity and stability to mechanical

and thermal treatment.

Higher methane uptakes of MOFs in ANG systems can

be attained by increasing the packing density via minimizing

the space between the adsorbent grains in the adsorber. As a

rule, metal-organic frameworks are obtained as polycrystal-

line powders of various degrees of dispersion with low

density and mechanical properties. These problems can be

solved by technological compression. However, the increase

in the MOF strength and stability to mechanical impacts

upon compression (or granulation) is accompanied by the

loss of crystallinity and porosity and, hence, by deteriora-

tion of the adsorption properties. The presence of solvent in

the pores during compression may help to preserve the

structure and adsorption properties of MOFs. The use of

binders also affects, most often, the porosity and accessi-

bility of the adsorption sites of MOFs. The most popular

binders include poly(vinyl alcohol), cellulose esters and

graphite. It was shown that introduction of up to 3% PVA

virtually does not affect the specific surface area of the

composite. In any case, compression parameters, including

pressure, type of binder, degree of dispersion of the adsorb-

ent and the size and shape should be optimized for each

MOF-based composite.

The use of MOFs as monoliths obtained by extrusion

increases the density and resistance to mechanical impacts;

in this case, it is necessary to select the optimal pressure and

solvent in such a way that the inevitable change in the

porous structure does not affect the methane uptake. The

uniform and long-term drying of the dense MOF gel

afforded a monolith with a homogeneous phase composi-

tion and with adsorption properties being close to the DOE

requirements to methane storage and transportation sys-

tems.

Although the target total and deliverable capacities of

MOFs for methane at the temperature and pressure speci-

fied by DOE have not been attained, nevertheless, in view of

high total volumetric densities of stored methane [up to

220 m3(STP) m73], high methane deliverable capacity [up

to 170 m3(STP) m73], optimal energy characteristics and

relatively high gravimetric storage characteristics (up to

0.25 g(CH4) g(adsorbent)71), MOFs can be considered as

promising adsorbents for ANG systems. However, despite

the excellent methane adsorption, for efficient use of MOFs

as adsorption systems for natural gas storage, a number of
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issues related to physicochemical properties of MOFs

should be solved in the near future.

Transition to large-scale use of MOFs in storage systems

implies systematic studies of cyclic adsorption ± desorption

of natural gas as a multicomponent mixture in MOF-based

systems in terms of requirements to ANG systems, which

specify that 80% of the tank volume should be filled in

*5 min and the loss of the specific capacity over 100

adsorption ± desorption cycles should be <5%. Computer

modelling of the adsorption of natural gas as a multi-

component mixture can help to identify the optimal frame-

work that is able to retain the deliverable energy after 200

adsorption ± desorption cycles under conditions of predom-

inant adsorption of heavier hydrocarbons. Analysis of heat

and mass transfer processes makes it possible to determine

the optimal conditions of cooling of ANG systems to ensure

fast filling and the highest capacity of the storage system;

this implies a combination of external and internal cooling

circuits for the adsorbers, providing the highest filling and

cooling rates for the system.

In the design of real storage systems, it is necessary to

take into account the heat capacity and heat conductivity of

MOF adsorbents, which are determined by appropriate

selection of precursors, conditions of synthesis, functional-

ization and shaping with binders.

Thus, the development of industrial processes for the

synthesis, functionalization and shaping for large-scale

regular manufacture of MOFs would make it possible to

obtain sufficient amounts of efficient adsorbents for meth-

ane storage and thus actively implement the adsorption

storage of natural gas into practice.

Figures 2, 5, 6, 34, 38, 40 are courtesy of Wiley publish-

ers; Figures 9 b, 18, 33, 35, 36, 39 are courtesy of Elsevier;

Figures 9 a, 19, 43 are courtesy of the Royal Society of

Chemistry; Figures 29, 42 are courtesy of Springer Nature.
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