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a  b  s  t  r  a  c  t

Metal-organic  frameworks  (MOFs)  are  one  of the  widely  investigated  materials  of  21st  century  due  to
their unique  properties  such  as  structural  tailorability,  controlled  porosity,  and  crystallinity.  These excep-
tional  properties  make  them promising  candidates  for various  applications  including  gas  adsorption  and
storage,  separation,  and  catalysis.  However,  commercial  applications  of  MOFs  produced  by  conventional
methods  including  solvothermal  or hydrothermal  synthesis  are  rather  limited  or  restricted  because  they
often produce  fine  powders.  The  use  of MOF  powders  for industrial  applications  often  results  in pressure
drop  problems  similar  to the  case  with  zeolites  and  limited  robustness  against  water.  To realize  these
materials  for  practical  applications,  densification  of  MOFs  (by  increasing  pellet  density)  is routinely
employed  to form  pellets,  extrudates  or beads  to improve  the  overall  density,  volumetric  adsorption,
mechanical  and  thermal  properties.  However,  the  improvements  come  with  some  drawbacks  such  as
reduction  in  overall  porosity,  surface  area,  and  gravimetric  adsorption  capacity.  Thus,  optimizing  the
properties  of  densified  MOF’s  by  tuning  the  pellet  density  is very  crucial  for realizing  these  materials  for
industrial  applications.  Methods  that  increase  the  packing  density  in  MOFs  (for  example  by intentional
interpenetration,  etc.),  which  is  different  from  pellet  density,  is  not  the scope  of  this  review.  In  this
review,  the  properties  and  applications  of densified  MOFs  with  different  metal  clusters  and  organic
linkers  are  discussed.

© 2016  Elsevier  B.V.  All  rights  reserved.
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1. Introduction

Metal-organic frameworks (MOFs); also known as porous coor-
dination polymers (PCP) are one of the most interesting class of
porous materials with extremely high porosity (50–90% free vol-
ume), very high surface area (1000–8000 m2/g), and a high degree
of crystallinity [1–5]. In MOFs, inorganic building blocks (metal
clusters) are connected by organic linkers with strong bonding;
relating two separate disciplines in chemistry; organic and inor-
ganic to create a wide range of porous materials with unique
properties including chemical and structural tunability [1,4]. The
diverse nature of MOFs due to the variability of metal clusters,
judicious choice of structurally tailorable organic linkers, synthe-
sis methods, structure, size, and functionalities resulted in the
ever rising number of MOFs, which were highly published and
cited in the last decade [1,6,7]. Thus, the various functionalities of
MOFs led to a wide range of applications including gas adsorption
and storage [8–13], separation [14–16], chemical sensing [17,18],
nanofluids [19,20] catalysis [21–24], water adsorption [25], toxic
gas removal [26], and energy storage [27]. Colloidal nano-sized
MOFs exhibit significantly improved adsorption kinetics compared
to bulk crystals due to decrease in diffusion path lengths and poten-
tial preference of crystal plane interactions [28].

However, using conventional synthesis strategies, MOFs have
been often synthesized in powder form with low density, which are
technically not suitable for certain industrial applications. Specif-
ically, hydrogen storage; one of the most important applications
of MOFs requires high volumetric hydrogen storage density, high
thermal conductivity, and better stability in humid and reactive
environments, which are lacking in loose powder materials [29,30].
A similar drawback of low volumetric adsorption capacity was
observed when MOF  powders were used for carbon dioxide (CO2)
and methane (CH4) storage [31,32]. Moreover, MOFs (for e.g. MOF-
5, etc.) in powder form do not exhibit high mechanical strength,
or good thermal and chemical stability at high temperatures under
reactive conditions, which are required for the industrial applica-
tions in catalysis and gas separation [33]. The powder materials are
also difficult to handle in commercial applications and can cause
possible contamination in gas storage tanks [34]. Thus, there is an
ongoing effort for densification of MOFs to improve the overall per-
formance and overcome those engineering drawbacks and make
them suitable for commercial applications. Densification of MOFs
can be achieved in the forms of pellets, beads, monoliths, or thin
film coatings by mechanical pressing, granulation, extrusion, tem-
plating, casting, coating, and thin film processing [35–37]. Recent
reviews on these shaping and processing techniques can be found
elsewhere [29,30,35,37]. However, the effects of densification on
the properties and applications of MOFs have not been reviewed
up to date, which will be extensively discussed in this review.
Researchers in MOF  community have briefly focused to maximize
the packing density (by intentional interpenetration) for improved
hydrogen storage [38]. Strategies that increase the packing density
of MOFs for enhanced gas storage and separation applications are
out of the scope of this review.

The most common method in densification of MOFs is making
cylindrical pellets with flat ends and desired diameter and thick-
ness by mechanical or hydraulic pressing [30]. The pelletization
can be done with or without a binder; but in the former method
the adsorption capacity of MOFs may  be reduced due to the
poor adsorption properties of the added binder. Binders typically
improve mechanical strength and thermal conductivity of MOFs
[39]. Methods such as chemical activation and hot pressing have
been employed to limit the use of binders or in some cases avoid
binders completely that resulted in densified MOFs without any
loss in adsorption capacities [30]. Therefore, binder-less pellets or
monoliths of MOFs are highly recommended as shaped structures

in large applications. In extrusion, a MOF-binder composite is
pushed through a die with the shape of the structure under the
heating and the cooled structure can be cut into desired lengths for
suitable applications [30]. The extrusion produces higher volumes
of the sample in contrast to mechanical compaction. Templating
can also be utilized to obtain MOFs with desired shapes using
solid or emulsions templates [30]. Solid templating is the most
common method which uses silica monoliths, resorcinol, or zeolite
membranes as templates to synthesize MOFs with certain shapes
and ordered morphology [30]. The emulsion template techniques
utilize a continuous structured phase obtained by sol–gel or
polymerization methods and an internal phase emulsion, which is
subsequently removed to obtain a porous replica of the emulsion
[40]. Spherical beads of MOF  with a reasonable micro-porosity
have been prepared by emulsion-template technique [41]. Thin
film coatings of MOFs are also considered as a densified form
of MOFs, which have been reviewed by Fischer et al. [37,42,43].
Betard and Fischer discussed the fundamentals and applications
of MOF  thin films [42]. Fisher’s group has also critically reviewed
the status and future applications of thin film coatings of MOFs
[37,43]. Thus, MOF  thin films will not be a subject of this review.
We will mainly focus on the densified MOFs in the forms of pellets
of various materials for specific applications.

2. Properties and applications of densified MOFs

The crystal structures and specific applications of various den-
sified MOFs (in the forms of pellets or monoliths) are illustrated
in Table 1. MOF-5 has emerged as one of the next generation
hydrogen (H2) storage materials due to its extremely high gravi-
metric H2 adsorption capacity [11]. However, low volumetric H2
adsorption capacity, structural decomposition in humid and reac-
tive environments, low density, and poor thermal conductivity of
MOF-5 powder materials seriously limit its industrial applications
including hydrogen storage [44]. Thus, a collaborative effort has
been made by Ford, Baden Aniline and Soda Factory (BASF), and
University of Michigan in densifying MOF-5 to improve the adsorp-
tion capacities, thermal conductivity, and kinetic stability [45–50].
As a result of their efforts on densification of MOF-5, over 350%
increase in volumetric H2 storage has been achieved for MOF-5
pellets with a density of 0.5 g/cm3 compared with powder (esti-
mated density of 0.13 g/cm3) [49]. They also recognized several
other MOFs such as MOF-177, IRMOF-8, ZIF-8, and Cu3(BTC)2 as
promising candidates for H2 storage [51]. The major goal of their
effort was to identify the densifying and processing conditions
for MOFs to improve their adaptability in commercial H2 storage
and enhance the driving range of a hydrogen powered automobile
above 300 miles [51]. In addition to MOF-5, densified MOF-177 and
MIL-101(Cr) have shown increased volumetric H2 storage capac-
ities in another effort to achieve the United States Department
of Energy’s (DOE) targets for hydrogen storage [34,52–55]. Densi-
fied MOFs including Cu3(BTC)2, MIL-101(Cr), and UiO-66 have also
showed improved volumetric CO2 adsorption capacities compared
with powder materials [32,56,57]. Densified MIL-53 with flexible
organic linkers has mostly utilized for CO2/CH4 separation, which
showed higher CH4/CO2 separation factors [39,58–60] compared
with MOF  powders. To this end, ZIF-8 pellets and monoliths have
also been tested for various applications in catalysis, H2S and N2
adsorptions, iodine storage, and separation of hexane isomers and
bioalcohols [33,61–65]. In all the above discussed cases, densified
MOFs exhibited improved volumetric adsorption capacities or sep-
aration properties.

Despite the volumetric adsorption capacity enhancement in
densified MOFs, in some cases densification resulted in consider-
able reduction in the surface area and porosity due to the collapsing
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