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ABSTRACT: The steep stepwise uptake of water vapor and easy release at low relative
pressures and moderate temperatures together with high working capacities make metal−
organic frameworks (MOFs) attractive, promising materials for energy efficient applications
in adsorption devices for humidity control (evaporation and condensation processes) and
heat reallocation (heating and cooling) by utilizing water as benign sorptive and low-grade
renewable or waste heat. Emerging MOF-based process applications covered are desiccation,
heat pumps/chillers, water harvesting, air conditioning, and desalination. Governing
parameters of the intrinsic sorption properties and stability under humid conditions and
cyclic operation are identified. Transport of mass and heat in MOF structures, at least as
important, is still an underexposed topic. Essential engineering elements of operation and
implementation are presented. An update on stability of MOFs in water vapor and liquid
systems is provided, and a suite of 18 MOFs are identified for selective use in heat pumps
and chillers, while several can be used for air conditioning, water harvesting, and desalination. Most applications with MOFs are still
in an exploratory state. An outlook is given for further R&D to realize these applications, providing essential kinetic parameters,
performing smart engineering in the design of systems, and conceptual process designs to benchmark them against existing
technologies. A concerted effort bridging chemistry, materials science, and engineering is required.
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1. INTRODUCTION

Life on our planet exists by virtue of the presence of water and
incoming solar radiation. Water is a benign solvent and does
not harm the environment, however, fresh water is unevenly
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available over the planet and measures are needed to secure its
safe and sufficient supply. Pollution and the increase of arid
areas by climate change put the supply of fresh water under
pressure.
Water is used by mankind for various purposes in daily life

as drinking water, in food preparation, indoor air conditioning,
agriculture/farming, and in industry. In most cases, primary
energy is used for the associated heating/cooling, evaporation/
condensation, and transportation, generated from fossil
resources. Over 70% of the global primary energy is lost, of
which over 60% arise at temperatures below 100 °C as low-
grade waste heat,1 mostly released by industry, transportation,
and power plants into the environment. For the USA, this was
estimated (2011) at ∼33 EJ/year, of which 14.3 EJ/year could
potentially be used through waste heat recovery, reducing the
primary energy demand by 12%.2 Increased CO2 levels in the
atmosphere, thermal pollution, and associated climate changes
urge the increased utilization of renewable and recovered waste
energy, simultaneously reducing CO2 emissions. This heat
integration can be realized in many ways,3 one of them
utilizing adsorption of water on specific sorbents.
Metal−organic frameworks (MOFs) have a role to play here,

combining phase transformations in water utilization and the
efficient use of renewable (solar) or waste energy. This
manuscript reviews the current status of several potential
applications and identifies specific MOFs that seem fit.
Why MOFs (see elsewhere in this issue)?
Unlike most porous sorbents, certain MOFs exhibit a

peculiar steep water uptake, sometimes like a Heavyside step
function, at or around a specific relative water vapor pressure
p/po, much lower than 1 (Figure 1). The location of this step
depends on the specific MOF and the temperature and is
associated with the arrangement and interaction strength of
water molecules with the MOF. A presence and magnitude of
an adsorption−desorption hysteresis is also MOF dependent,
and several MOFs hardly manifest any. This step implies that
only a small change in relative pressure or temperature is
needed to induce an uptake or release of water, resulting in an
easily obtained high working capacity in comparison with other
sorbents for such a small change in conditions. Following
Polanyi4 and Dubinin,5 defining an adsorption potential A(p/
p0, T) (eq 1), the temperature and relative pressure
dependency of the water uptake W(p/p0, T) can conveniently

be captured by only one parameter. Often, the Dubinin−
Astakhov relation is used,6 whereby all isotherms collapse onto
a single characteristic curve with a step located at a MOF-
specific characteristic energy of adsorption E.
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While water adsorption on MOFs occurs around ambient
temperatures, regeneration can often be realized at driving
temperatures in the range of ∼55−85 °C, levels easily reached
by solar panel heating or available as low-grade waste heat,
opening up applications for MOFs. Although the local
availability of renewable and waste energy may often not
match the need, temporary thermochemical energy storage
could certainly provide much opportunity.7

The specific water sorption and associated heat effects open
up the use of MOFs in adsorption-based processes, like
reallocation of heat, desiccation, water harvesting, desalination,
and air conditioning. This review covers the utilization
potential of MOFs in such operations. It gives a timely status
update regarding earlier reviews with new developments
regarding materials and applications.7−13 In literature, most
focus has been given on the development of MOFs and
improvement of their intrinsic properties related to water
adsorption, which, apart from stability, include the adsorption
isotherm, heat of adsorption, and working capacity, all
thermodynamically determined. Although essential, these
properties only are not sufficient in describing their perform-
ance. Therefore, relevant engineering basics are introduced
first (operation, psychrometric chart, transport phenomena),
followed by the discussion and selection of MOFs based on the
stability under humid conditions,8 and their adsorption
characteristics. The manuscript concludes with an evaluation
regarding prospects of introduction of MOFs in these
applications and needs to reach these goals.

Figure 1. Characteristic example of stepwise water adsorption isotherms on a MOF. Water uptake as a function of the relative water vapor pressure
at different temperatures (left), and as a function of the adsorption potential after variable transformation (right). Most MOFs exhibit some slight
uptake before and after the step. Uptake given per unit volume of MOF.
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2. ENGINEERING ASPECTS

2.1. Operation

The water adsorption-based applications all share a similar
structure featuring two coupled basic units, a water−MOF
contactor and a water processing unit, operated in a cyclic way.
One distinguishes “closed” systems, where only energy
exchange with the surroundings takes place, and “open”
systems in which also water is supplied or removed.14 Figure 2
shows schematically their adsorption and regeneration stages.
The detailed coupling and operation modes and conditions
determine the type and efficiency of application. For
reallocation of heat, power density and productivity are
important, while in water harvesting, rate and productivity
are targeted.
In both subunits, the water vapor−liquid phase interaction

dependency on partial pressure and temperature guides the
operation, captured in a psychrometric chart.15,16 Through
adsorption, the presence of a MOF alters these characteristics
in the water−MOF contactor. Further, in all applications, the
transport of water and energy has to be considered as well.
These aspects are presented first.

2.2. Psychrometric Chart

The psychrometric chart guides the design of processes in
which water evaporation or condensation and humidity

control, often in combination with energy management, is
essential. The introduction of a MOF sorbent presents specific
changes, utilized in the applications described later.
The psychrometric chart for air/water systems (Figure 3)

illustrates the role of MOFs in humidity control.
The chart background is the Gibbs phase rule, specifying

that for a humid air system with two components and one
phase, three intensive variables (degrees of freedom) have to
be specified to fix all system properties. At a pressure of one
atmosphere, then a 2D graph, the psychrometric chart, can
represent all intrinsic system properties. Often the absolute
humidity or moisture content (kg H2O/kg dry air) is given as a
function of the temperature (“dry bulb” temperature) (Figure
3).18 When liquid water is also present, the degrees of freedom
reduce by one and one variable fixes the whole system, the
saturation line where water is in equilibrium with its saturated
vapor (100% relative humidity, RH). Using the relation for A
for the data of a few selected MOFs and SAPO-34, their
saturation step curves are included in Figure 3.7,17 SAPO-34 is
one of the few zeotype sorbents also exhibiting a step-type
water uptake.19,20 At conditions above these curves, the MOF
is saturated with water, while below these curves, water is
released, so small changes in temperature or humidity can
trigger the MOF’s state. These saturation step curves are
located at lower relative humidities (RH) than the water
saturation line (100% RH), so water is adsorbed before liquid

Figure 2. Schematic configuration of a “closed” (a) and an “open” (b) application in adsorption (I) and regeneration (II) mode. Key: Red arrows,
energy flow; green arrows, water flow direction. Color intensities suggest temperature and concentration levels.

Figure 3. Psychrometric chart of the water/air system at 1 atm and superimposed for selected sorbents the loci where they exhibit a stepwise
uptake of water. The dashed curve exemplifies the desorption hysteresis shift for MIL-101. Chart drawn based on literature data.7,17,18
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is formed at a certain temperature. The MOF saturation curve
can even be considered as a phase change line, although due to
some adsorption before and after the step uptake, this is fuzzier
than a saturation line, as schematically indicated for Al-
fumarate. When adsorption−desorption hysteresis is present,
like for MIL-101(Cr), the curve shifts and higher temperatures
or lower relative humidities are needed for desorption. All
materials have their own characteristics, their curves run
slightly steeper than the RH curves because their heats of water
adsorption are ∼5−15 kJ/mol larger than the condensation
heat of pure water vapor (∼40.7 kJ/mol). These heats of
adsorption are generally lower than those of classical sorbents
such as zeolites, contributing to the lower desorption
temperatures in the range of ∼55−85 °C.
2.3. Engineering Aspects

In any application, the water has to be supplied and contacted
with the MOF and the adsorption heat released removed from
the MOF, all transport-related phenomena. Thermodynamics
and kinetics of adsorption are scale independent phenomena,
while mass (water) and energy (heat) transport are scale (size)
dependent. The challenge lies in optimally balancing these in a
combination (“marrying”) for the purpose of an energy
efficient operation. For the water−MOF contacting unit in
any application, the following factors influence the perform-
ance (see Figure 4):

• Adsorption isotherms: thermodynamics control, scale
independent
(1) adsorption, desorption, equilibration

(2) loading W as a function of the adsorption
potential A(p/po, T)

• Mass transport water: kinetic control, scale dependent

(1) convection, e.g., by fans or free-convection via
spaces between sorbent packings or coatings or
channels

(2) diffusion in interparticle spaces (between particles
in packed bed) and intraparticle space (coating,
particles)

• Energy transport: Kinetic control, scale dependent
(1) convection, through heat capacity of the humid air
(2) effective conduction in packed beds or in coating

layer.
(3) transfer to/from packing or coating to heating/

cooling surface
(4) transfer from metal surface to heating/cooling

fluid.
Depending on the kinetics, the slowest process will

determine the adsorbed concentration and temperature
profiles in the packed bed (axial and radial direction) and in
the coating or particle (Figure 4). These may vary from a
(preferred) uniform change in these variables during operation
(adsorption rate limiting) or the development of temperature
or concentration fronts (transport rate limiting, often the case),
and determine the overall performance. Because of the thermal
effects of ad- and desorption, concentration and temperature
profiles are strongly coupled.21 As an example, in Figure 4, the
energy transport is assumed to be faster than mass transport,
and the latter is slower than the adsorption uptake, resulting in
steep temporal moving concentration front development.
Simultaneously, the liberated water adsorption heat has to be
removed sufficiently, otherwise temperature may increase such
that desorption may occur.
Heat transport in a packed bed mainly occurs via the

interparticle contacts and especially at the particle−heat
exchange surface, the void space is even higher, resulting in
poor heat transfer.22 The good thermal conductivity of the heat
exchange wall may further even out temperature gradients.
Therefore, improving heat transport by particle binding or
direct coating of the MOF on the heat exchange surfaces is
being explored.21,23−27 Although heat transport can be
improved by 2 orders of magnitude,28 the total MOF loading
in a coated device will generally be lower than in a packed bed,

Figure 4. Contacting geometries of units for water−MOF applications, transport directions of heat (transparent red), mass (transparent green),
temperature (red), and concentration (blue) profiles in the water adsorption stage. Straight green arrows indicate convective transport, segmented
arrow diffusional transport. (a) Three levels of porosity structure, (b) packed bed between heat exchange fins, (c) MOF coating on heat exchange
surface, (d) porous MOF particle used in packed bed, (e) temporal development (assumed, see text) of concentration (adsorbed water) and
temperature in axial direction of packed bed in (b), (f) temporal development of concentration and temperature in radial direction of particle. In
(e) and (f), temperature profiles outside the MOF are also sketched.
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resulting in a faster response but a lower output per adsorption
cycle.23 The specific application will dictate the choice for
implementation.
To regenerate the loaded MOF temperature can be raised

and/or the water partial pressure be reduced by evacuation or
flushing with flowing air with a relative humidity (RH) below
the step uptake in the isotherm. Transport directions in Figure
4 are then reversed.
In open system applications (harvesting, desalination, air-

conditioning), depending on the humidity level, huge volumes
have to be contacted with the MOF (Figure 5) by convective

transport with minimum energy penalty. Open structures are
proposed with very low pressure drop29 such as the so-called
“three-levels-of-porosity”30 reactor with regularly arranged
spatially packed beds (Figure 4a) or internally finned
monolithic structures31 that may have a higher solid inventory.
Regenerative process operations like the applications dealt

with here are well-known in practice and include adsorptive
purification32 and separation,33 recovery of heat,34,35 and
combinations36,37 thereof (e.g., chemical looping) but are
basically discontinuous. Dual-bed swing operations and rotary
systems allow for continuous operation. Here, segments of a
rotating wheel (coated structure or packed beds) move
alternating through sections that operate in the different
modes of adsorption, desorption, heating, and cooling.15,19,29,38

Rotation speed and segment sizes are adjusted to fit the
application.15,16

3. WATER STABILITY AND ADSORPTION
MECHANISMS

3.1. Stability of MOFs in Water Systems

The stability of MOFs upon exposure to a humid or aqueous
liquid environment is of utmost importance for real-life
application. Degradation under prolonged exposure to water
is unacceptable. MOFs, since their discovery, have moved from
the realm of “water sensitive” (e.g., MOF-5(Zn)39 and
HKUST-1(Cu)40) to “water stable” (e.g., ZIF-8(Zn)41 and
MIL-101(Cr)42) and now “routinely designable to withstand
harsh industrial conditions” (e.g., UiO-66(Zr)43). In this
section, the MOF stability, especially under harsh conditions in

water (Table 1, 238 MOF samples), is comprehensively
overviewed, aiming to recommend qualified materials for
applications in water adsorption and heat transformation.
Recently, a stable covalent organic framework COF-432 was
also reported to exhibit a step in water uptake.44 Although
water is in its vapor phase for the applications listed in section
4, the MOF stability in liquid water environments (neutral,
acidic, saline, alkaline) is also discussed here because contact
with liquid water is inevitable during storage and delivery in
MOF devices by overloading, mal-operation, or aerosol
containing feed. Furthermore, insight in the degradation
mechanism in liquid water environments provides design
concepts for stable MOFs.
The stability of MOFs can be determined by multiple factors

such as metal ions and their valencies, linkers, strength, and
geometry of coordination bond of metal-linker, hydrophobicity
of linkers, steric hindrance effect of framework, porosity, and
operating environments. However, these factors can be
rationalized into two classes affecting the MOF stability,
namely based on thermodynamic and on kinetic aspects.8,45

The thermodynamic stability can be quantified from the free
Gibbs energy (ΔG) of the degradation reaction (Figure 6),
although it is practically challenging to perform such
calculations.46,47 Beyond linkers hydrolysis in H2O, some
MOFs collapse during water activation by the intermolecular
forces.48 The kinetic inertness is related to the activation
energy (Ea) to destroy the MOF structure as depicted in Figure
6. A MOF for which hydrolysis or linker exchange in water is
thermodynamically favorable can be stable in a water system if
it is kinetically inert.

3.1.1. Experimental Techniques Used in Assessing
MOF Stability. In theory, the key criterion to determine if a
MOF structure remains intact in the water stability test is
through the comparison of the typical physicochemical
characteristics between postexposure and pristine samples. As
a rule of thumb, the powder X-ray diffraction (PXRD) pattern
and gas adsorption capacity could well suggest whether the
MOF loses its crystallinity or structural porosity, which were
judged in Table 1. Not surprisingly, structural changes were
detected by the aid of scanning electron microscopy
(SEM),49,50 Fourier-transform infrared spectroscopy
(FTIR),51,52 positronium annihilation lifetime spectroscopy
(PALS),53 nuclear magnetic resonance (NMR),54,55 etc.
Furthermore, MOF degradation can take place with partial
dissolution of the material, and mass determination before and
after water exposure is undoubtedly a quantified method. The
release of metal ions and linkers can be confirmed by
conducting ultraviolet−visible (UV−vis)56−59 spectroscopy
and inductively coupled plasma optical emission spectrometry
(ICP-OES)56,60 analysis on the spent water solutions. Addi-
tionally, an adequate amount of water solution should be used
because the stability of some MOFs is concentration-
dependent.50 Furthermore, to test the acid and base stability,
the pH values should be measured before and after the
addition of MOFs and after filtrating MOFs to ensure accurate
conclusion on the stable pH range.

3.1.2. In Neutral Water. Generally, the coordination
bonds formed by the metal ions and linkers are susceptible to
the attack by water molecules via linker displacement, leading
to phase changes and structural decomposition. A water stable
MOF structure must be strong enough to withstand the attack
of water molecules on the coordination bonds, preventing the
consequent losses in overall porosity and crystallinity.

Figure 5. Ratio of the volume of humid air per volume of a packed
bed of MOF particles needed to saturate the MOF as a function of the
relative humidity (RH) at 25 and 40 °C to produce 1 kg H2O.
Assumed data: Atmospheric pressure, working capacity MOF 0.35 kg
H2O/kg MOF, crystal density MOF 1.2 g/mL, particle porosity 0.3,
bed void 0.35, so volume packed bed 5.2 L.
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From the thermodynamic side, the strength of metal−linker
bond is the decisive factor. Pearson’s hard/soft acid/base
(HSAB) principle61 provides some guidelines on designing
strong metal−linker bonds. The carboxylate-linkers can be
regarded as hard bases, while high-valent metal ions (Cr(III),
Fe(III), Al(III), Zr(IV), Ti(IV), etc.) are hard acids.
Pioneering work on high-valent metal based MOFs was
established by Feŕey and co-workers,62−64 who developed
MIL-53(Cr) (in 2002),65 MIL-100(Cr),66 and MIL-101-
(Cr),42 which are prototypical trivalent metal based MOFs.
Subsequently, CAU MOFs (e.g., CAU-1(Al)67 and CAU-
10(Al)68) were reported. In 2008, Lillerud et al.43 unveiled the
earliest Zr(IV)-MOFs including the well-known UiO-66(Zr).
Given by their outstanding stability, the field of Zr(IV)-MOFs
has been flourishing in the last 10 years.9,69 Examples like
PCN-222(Zr),70 NU-1000(Zr),71 MIL-140(Zr),72 MOF-801-
(Zr),73−76 and MOF-808(Zr)75,77 have been extensively
studied. The first Ti(IV)-carboxylate MOF MIL-12578 was
reported in 2009, one year after the discovery of Zr(IV)-
MOFs, although Ti(IV)-phosphonate MOFs were reported
earlier.79,80

Consistent with the HSAB principle, the metal−linker bond
strengths with a given linker are negatively correlated to the
ionic radius and positively correlated to charges of the metal
cations. The effects of radius and charge can be combined into
the concept of charge density. When the linkers and the
coordination environment remain identical, high-valent metal
ions with high charge densities can form stronger coordination
bonds and thus a stronger framework. Recently, highly charged
U(VI) was successfully employed to construct MOFs81−83 that
exhibited good water stability. Future improvements are
expected, discovering robust MOFs via engineering metal-
linker bonds with novel high-valent cations (e.g., V(V),
Mo(VI), and W(VI)).
According to the HSAB principle, soft azolate linkers (such

as imidazolates, pyrazolates, triazolates, and tetrazolates) and
soft divalent metal ions (such as Zn(II), Cu(II), Ni(II),
Co(II), and Mn(II)) can also yield stable MOFs. The most
studied examples are the zeolitic imidazolate frameworks
(ZIFs) reported by Yaghi et al.41 Besides, Long and co-workers
developed triazole-based Cu-BTTri84 and pyrazolate-based

MOFs Ni3(BTP)2,
85 while Zhou’s group developed PCN-

601(Ni).59 Stable Co-azolate frameworks (e.g., MAF-
X27(Co)-Cl86 and Co2Cl2(BTDD)

87) were unveiled by
Chen’s and Dinca’̆s teams.
From a kinetic aspect, inert metal ions, hydrophobic and

bulky linkers, high connectivity of secondary building units
(SBUs), and penetration of frameworks could prevent the
metal−linker coordination bonds from water attack.
A comparative study of the MIL-53(Al, Cr) and MIL-47(V)

structures revealed that the relative chemical stability of these
frameworks (Cr > Al > V) increases with the inertness of the
metal ions instead of the average metal−oxygen bond
strength.88 The exceptionally high stability of MIL-53(Cr)
originates from a large energy difference in the frontier orbitals
of chromium and water,8 which lowers the linker exchange
rate.47 As predicted by this concept, Rh-based MOFs89 were
reported with exceptionally high chemical stabilities.
The access of water to the coordination bonds can be

blocked by appending linkers with hydrophobic fluorinated or
alkyl functional groups. Trifluoromethyl groups were incorpo-
rated into UiO-67(Zr)90 and Mn2L1(Mn)91 to improve their
water stability. The robustness of ZIF-302(Zn),92 MAF-
69(Mo, W),93 MAF-6(Zn),94 and CALF-25(Ba)95 in a water
system was confirmed by decorating phenyl, ethyl, ethyl and
ethyl ester groups on their linkers, respectively. Besides, many
ZIFs such as ZIF-8(Zn)96 and ZIF-412(Zn)97 display strong
hydrophobicity assigned to the combination of the small pore
opening and the lack of polar centers. It is worth noting that
incorporating hydrophobic linkers into MOFs will compromise
their capability for water adsorption, especially negative for
water adsorption at relative low pressures.
A prominent example of MOFs with high connectivity is

UiO-66(Zr),43 constructed from 12-connected Zr6O4(OH)4
secondary building units (SBUs) stitched together by
carboxylate linkers, forming a framework with cubic close
packed structure. The high connectivity provides for steric
shielding of the SBU and renders UiO-66(Zr) with high
stability toward water. MIL-125(Ti)78 is another example with
12-connected SBUs. MOFs built from infinite, rod-like SBUs,
like MIL-53(Cr),65 CAU-10(Al),68 Al-fumarate,98 CAU-23-
(Al),99 MIL-160(Al),100 and MOF-303(Al),74 are often water
stable, relying on the steric shielding from the binding groups.
Framework interpenetration is beneficial for boosting water

stability when steric hindrance against water is favorable.
NENU-500(Zn)101 has a 2-fold interpenetrated ctn topology
which could stabilize its framework in water conditions. MOFs
with similar interpenetrated structures were described with
satisfying performance in water systems, including SIFSIX-2-
Cu-i(Cu),102 IISERP-MOF2(Ni),103 BUT-66(Zr),104 and
Zn(1,3-BDP).105

3.1.3. In Saline Water. The metal ions or linkers from
MOFs will be replaced if cations or anions with a stronger
affinity are present in the aqueous solution, which is a principle
used in obtaining mixed metal or linker MOFs.106 To
overcome the issues of decomposition, the metal ions and
linkers for constructing MOFs should form stronger
coordinating bonds than the competing species. The concept
has been exemplified by UiO-66(Zr),107 MIL-121(Al),108 and
PCN-602(Ni)109 (Table 1). Both the crystalline structure and
the porosity of UiO-66(Zr) were maintained after immersion
in 0.2 wt % NaCl, CaCl2, MgCl2, and AlCl3 solutions for 100
days, as the tetravalent Zr has a stronger affinity with
carboxylate linkers than lower valent metal ions (Na+, Ca2+,

Figure 6. Reaction coordinate diagram illustrating the degradation of
MOFs in a water system. The thermodynamic stability is predicted by
the Gibbs’ free energy (ΔG). The cross symbol on the topmost curve
indicates that this route is unfeasible. The kinetic stability depends on
the activation energy (Ea) required to reach the transition state. The
figure is plotted referring to ref 8.
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Mg2+, and Al3+).110 The same reasoning can be used to
interpret the integrity of MIL-121(Al) in NaCl solution. PCN-
602(Ni) demonstrated excellent stability in aqueous solutions
of 1 M KF, K3PO4, and Na2CO3 as corroborated by N2
sorption isotherms and PXRD patterns. This is indeed because
the soft metal ion Ni has a stronger interaction with soft
azolate linkers than with hard linkers (F−, PO4

3−, and CO3
2−),

although the inertness of Ni2+111 and the high framework
connectivity109 are other factors to strengthen its structure.
3.1.4. In Acidic Water. After a thorough survey (Table 1),

we conclude that MOFs constructed from high-valent metal
ions and carboxylate-based linkers exhibit excellent robustness
in acids but with moderate resistance in alkaline media. In
principle, the degradation in acid of MOFs that are stable in
neutral water can be rationalized by the competition between
proton and metal ion for the coordinating linkers. Not
surprisingly, the low pKa values of carboxylic acids endow these
MOFs with excellent stability in acids. However, owing to the
high affinity between high-valency metal ions and OH−, this
type of MOFs will easily decompose in a basic solution.112

Trivalent Cr, Al, and Fe-carboxylate MOFs could stand
normal acid solutions. For instance, the crystallinity of MIL-
53(Cr, Al) was well-retained in HCl solutions (pH ∼ 2).88,113

MIL-101(Cr) was unaltered in a more acid solution with pH ∼
1.114 After 1 day treatment in 10 M H2SO4 or concentrated
HCl, the structure of BUT-8A(Cr) was still intact.115

Furthermore, the stability of trivalent In-,116−118 and Sm-
carboxylate MOFs119 was described in acid solutions and the
framework hydrophobicity may be a possible reason for the
latter case.
Apart from the aforementioned trivalent metal−carboxylate

MOFs, tetravalent Zr, Ti, and Hf-carboxylate frameworks with
a much greater number and variety of stable MOFs have
become accessible. UiO-66(Zr) together with its broad range
of analogues has extensively been studied. Concentrated HCl,
pH = 12 alkaline, and 5% H2O2 are conditions that UiO-
66(Zr) can stand.113,114 Missing linkers and clusters defects are
always found in zirconium MOFs, such as UiO-66, when
modulated synthesis is adopted.120 Strikingly, the chemical
stability of UiO-66 is not compromised by these defects.113

PCN-222(Fe)(Zr,Fe),70 MOF-808(Zr),113 DUT-67(Zr),121

DUT-68(Zr),121 BUT-12(Zr),122 BUT-13(Zr),122 MIP-200-
(Zr),123 spiro-1(Zr),124 and MIL-177-LT(Ti)125 are compel-
ling examples that could maintain their framework integrity in
concentrated HCl or H2SO4 or H3NO3 or aqua regia or
H3PO4. More strikingly, the porosity of PCN-222(Fe)-
(Zr,Fe),70 MOF-808(Zr),126 MIP-200(Zr),123 spiro-1(Zr),124

and MIL-177-LT(Ti)125 was well-retained after acid treatment.
Moreover, some acid-tolerant bivalent Zn101,127 and Cu56-

carboxylate MOFs were documented by virtue of the
hydrophobicity,127 interpenetration,101 and buffer environ-
ment56 of frameworks. Besides carboxylate-linkers, MOFs

constructed by other linkers are rarely known on standing
strong acid. BUT-83(Co)128 and SZ-3(Zr)129 linked by azolate
and phosphonate linkers, respectively, are among the few
examples benefiting from their compact structure128 and strong
coordinative bond.129

3.1.5. In Alkaline Water. As indicated in Table 1, MOFs
composed of low-valency metal ions and azolate-based linkers
display great stability in alkaline solutions but moderate
tolerance in acids. The high stability in alkaline solutions can
be attributed to the strong bonds between the low-valency
metals and azolate linkers and the weak interaction of the low-
valency metals with hydroxyls, even if the framework
hydrophobicity sometimes is probably another reason. The
relatively high pKa values of azoles denote a strong affinity
between azolate linkers and protons and consequently the
related MOFs are labile in acidic solutions.112

Bivalent Zn, Co, and Ni-azolate MOFs are representative
samples that are robust under very basic conditions. ZIF-8(Zn)
is the pioneering base-resistant MOF studied in 8 M NaOH at
373 K.41 Besides, MAF-X27-Cl(Co) could well maintain its
crystalline structure after treating with 1.0 M KOH for 7
days.86 Furthermore, both the structure and porosity of
Ni3(BTP)2(Ni)

85 and PCN-601(Ni)59 were not affected
after immersing in pH ∼ 14 and saturated NaOH solutions,
respectively. Strong base-resistant MOFs are hardly found
beyond this family. On account of the hydrophobicity, trivalent
La-carboxylate MOF La(BTB)130 is an exception, which could
stand pH ∼ 14 NaOH solution at 373 K for 3 days.
In general, given by the continuous efforts of the scientific

community, dozens of MOFs are available that survive in water
under harsh conditions. This mitigates the concerns of MOF
applications in water systems. However, the MOF durability in
the devices for the specific applications discussed below is only
reported or addressed for a few samples. The corrosion issue
among MOFs, substrates (for example, aluminum fins),24

binders (for example, polysiloxane),24 and additives (for
example, graphite)74 is one of the future directions to
implement. For example, the color of MOF coatings changed
from white to brown after a few days cooling test runs, caused
by the diffusion of iron oxide from the steel substrate.24

3.2. Adsorption Mechanisms

The water adsorption properties in MOFs have been
extensively studied since Chang’s pioneering work in
2006.190−193 Three categories of mechanisms were distin-
guished for water adsorption in MOFs:10 (a) chemisorption on
open metal sites, (b) capillary condensation (physisorption),
and (c) layer/cluster adsorption (physisorption). Water cluster
adsorption is prevalent over layer formation because most of
the studied MOFs are comprised of hydrophobic aromatic
linkers. Water clusters can be formed following the water
nucleation on hydrophilic sites in MOFs, including open metal

Table 2. continued

aThe rows are arranged in order of decreasing mass specific values of qmax (from highest to lowest). The rows of the selected MOFs are colored
with pink background. bInflection point of water uptake step, the relative pressure for which capacity is 50% of qmax.

cMaximum capacity, measured
at 298 K unless otherwise stated. dHeat of adsorption (isosteric or average of isosteric heat). Note that values below the water heat of condensation
(∼40.7 kJ/mol) seem physically unrealistic. ePore volume, from N2 adsorption at 77 K.
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sites and μ-OH groups on SBUs, defects, and hydrophilic
functional groups on linkers.
Six criteria have been outlined to determine suitable MOFs

for water adsorption-related applications:7,75,194

1. hydrothermal stability

2. a steep uptake isotherm at a specific relative pressure for
pore filling or condensation

3. a large water working capacity for the requisite
maximum delivery of water or energy effect

4. minimal or no hysteresis in desorption (indoor humidity
control is an exception)195

5. high cycling durability

6. facile adsorption−desorption, fast mass and heat kinetics
for the desired energy efficiency

The water adsorption properties of 383 MOF samples
(Table 2) have been systemically evaluated in this section
according to these criteria, resulting in 18 types of MOFs that
stand out complying with the above criteria. The rows of the
selected MOFs are colored with pink background in Table 2,
and their water adsorption/desorption isotherms are replotted
in Figure 7 and Figure 8 based on their literature data. Both
mass specific (g/gMOF) and volume specific (g/cm3

MOF)
isotherms are presented. The former are mostly presented in
literature, while the latter, corrected for crystal density, are
more relevant for application by specifying the occupied
sample volume for a certain water capacity. High mass specific
capacities are not synonymous with a preferred material, and
relative differences between MOFs change considerably by this
transformation.7

The structure and water adsorption properties of these 18
selected MOFs are discussed below according to the type of
adsorption mechanism and the types of linkers and metal
valencies. The categories of some adsorption isotherms are
designated referring to the IUPAC definition.206

3.2.1. Chemisorption on Open Metal Sites. The UiO-
66(Zr)43,107 framework consists of Zr6O4(OH)4 cores bridged
by BDC linkers forming a face-centered cubic lattice ( fcu
topology). The diameters of the tetrahedral and octahedral
cavities are ∼0.9 and ∼1.1 nm, respectively, connected by
triangular apertures (diameter ∼ 0.6 nm). The zirconium is
initially eight-coordinated and turned into seven-coordinated
after dehydration (523−573 K). The structural transformation
was evidenced by PXRD, EXAFS,43,207 pair distribution
function (PDF),208 and neutron powder diffraction209 analyses
together with DFT computation. Strikingly, the chemisorption
of water in the SBU is fully reversible.

3.2.2. Capillary Condensation. For pores with diameters
larger than a critical value Dc, water is adsorbed because of
capillary condensation and preceded by cluster adsorption. A
hysteresis loop is always found between adsorption and
desorption branches because the adsorption branch does not
reach thermodynamic equilibrium.206 The equation to
calculate the Dc is expressed as follows:

σ
=

−
D

T
T T

4
c

c

c (2)

Here, σ represents the Van der Waals diameter of water (0.28
nm), Tc is the critical temperature (647 K) for water, and T is
the actual temperature. So, at room temperature, the value of
Dc is determined to be around 2.0 nm. Pores larger than 2.0

Figure 7.Water adsorption (filled symbols) and desorption (empty symbols) isotherms of M(III)-carboxylate MOFs mostly discussed in this work,
presented in gravimetric (a,c) and volumetric (b,d) uptake at 298 K. Samples and data used for MIL-101(Cr),7,196 MIL-100(Fe),197 MIL-53(Al)-
OH,198 Y-shp-MOF-5,195 Cr-soc-MOF-1,194 Al-fumarate,199 CAU-10(Al)-H,200 CAU-23(Al),99 MIL-160(Al)(@303K),100 and MOF-303(Al).74

The crystal density of MOFs is taken from Table 3. Lines are shown to guide the eye.
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nm are predicted to exhibit capillary condensation behavior
and adsorption−desorption hysteresis.
MIL-101(Cr)42 has two types of mesoporous cages present

in a ratio of 2:1 with internal free diameters of 2.9 and 3.4 nm,
respectively. The smaller cages possess pentagonal aperture
with a diameter of 1.2 nm, while the larger cages have both
pentagonal and hexagonal (1.47 nm and 1.6 nm) apertures.
The high framework porosity endows MIL-101(Cr) with a
large water capacity (up to 1.73 g/g).7,196 Moreover, a good
cycling durability210−212 is guaranteed by its high hydrothermal
stability. So, MIL-101(Cr) has received significant attention for
applications in water adsorption.197 Its adsorption isotherm
displays two distinct steps (Figure 77,196). An initial low uptake
is recorded at relative pressures below p/p0 = 0.39, assigned to
water nucleation and cluster growth. The high heat of
adsorption (∼80 kJ mol−1) in this stage reflects the possible
chemisorption on coordinated unsaturated metal sites.210 The
first steep step at around p/p0 = 0.39 and the second at around
p/p0 = 0.44 correspond to the pore filling of the smaller and
larger cages, respectively.210,213 The heat of adsorption (44.5
kJ/mol) in these two steps is close to the evaporation enthalpy
of water (40.7 kJ/mol), supporting that most of these water
molecules are physisorbed.210 As capillary condensation
happens in the mesoporous cages, the strong hysteresis loop
can be well explained.
MIL-100 (Cr)66 has the same MTN zeotype architecture as

MIL-101(Cr), but with a different linker (BTC and BDC for
MIL-100(Cr) and MIL-101(Cr), respectively), smaller meso-
porous cages (diameters of 2.5 and 2.9 nm), and apertures
(0.48 nm × 0.58 nm and 0.86 nm × 0.86 nm for pentagonal
and hexagonal windows, respectively). The water adsorption

behavior is marginally influenced when chromium was replaced
with iron.197,214−216 The latter is not harmful to the human
body.212 So, MIL-100(Fe) features basically isotherms of
similar shape as MIL-101(Cr), a lower capacity (up to 0.87 g/
g)210 and a lower inflection point (α = ∼0.35, where α = ∼0.4
for MIL-101(Cr)) (Figure 7).197 2000 adsorption cycles were
conducted without capacity loss, which highlights its brilliant
durability.214

Mesopores (∼3.0 nm) are also found in NU-1000(Zr).71

However, the MOF framework undergoes pore collapse during
water desorption because of capillary forces.217 Metal node
functionalization is utilized to afford a recyclable modified NU-
1000(Zr) (SALI-5(Zr) and SALI-9(Zr)).217

3.2.3. Cluster Adsorption. MIL-53 (M = Cr, Fe, Al,
Ga)65 is constructed by infinite rod-like SBUs linked by BDC
linkers to build 1D channels. It shows a pronounced breathing
effect triggered by water molecules, as exemplified by
functionalized MIL-53(Al)-OH.198 At saturated vapor pres-
sure, only one water molecule is adsorbed on each metal unit
in initial MIL-53(Al), which is in its narrow pore
configuration.198 The introduction of OH groups on the
BDC linkers makes the breathing possible at a relative pressure
around p/p0 = 0.75.198 Pore filling happens, and finally five
water molecules are adsorbed per metal unit in the large pore
phase (free dimensions of 1.7 nm × 1.2 nm) MIL-53(Al)-OH.
The structure returns to the narrow pore phase (free
dimensions of 1.9 nm × 0.8 nm) at a relative pressure around
p/p0 = 0.47 in the desorption branch, leaving a large hysteresis
loop attributed to the breathing behavior (Figure 7).
Al-fumarate,98,218 also named as MIL-53(Al)-FA and the

commercial Basolite A-520, is built up from rod-like SBUs

Figure 8.Water adsorption (filled symbols) and desorption (empty symbols) isotherms of M(IV)-carboxylate (a,b) and M(II)-azolate (c,d) MOFs
mostly discussed in this work, presented in gravimetric (a,c) and volumetric (b,d) uptake at 298 K. Samples and data used for UiO-66(Zr),201

MOF-801(Zr),75 MOF-841(Zr),75 MIP-200(Zr)(@303 K),123 MIL-125(Ti)-NH2,
202 Co2Cl2(BTDD),

203 AlFFIVE-1-Ni (@308 K),204 and Co-
CUK-1 (@303 K).205 The crystal density of MOFs is taken from Table 3. Lines are shown to guide the eye.
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linked together by FA linkers to form lozenge-shaped 1D
channels with free dimensions of 0.57 nm × 0.60 nm. It is an
analogue of the MIL-53(Al) but with a more rigid framework.
The water adsorption shows a type V isotherm with a favorable
S-shape (Figure 7).199 The linker hydrophobicity is reflected
by an initial low uptake. Steep uptake happens in a narrow
relative pressure range (p/p0 = 0.2−0.3), and further loading
follows in a gentle slope above p/p0 = 0.3. The hysteresis is
fairly narrow, designated to the reversible and continuous pore
filling. A qualified hydrothermal stability is corroborated by
4500 adsorption cycles.199

CAU-10(Al)-H68 has cis-connected corner-sharing rod-like
SBUs in its structure linked by 1,3-BDC linkers to form square
shaped, sinusoidal channels with a diameter around 0.7 nm.
The material shows a beneficial S-shaped adsorption isotherm
(Figure 7), with the main loading lift at p/p0 = 0.16 and no
hysteresis.200 The capacity is around 0.37 g/g, with an average
isosteric heat about 54 kJ/mol pointing at a moderate guest−
host interaction. The CAU-10(Al)-H exhibits fantastic
recyclability over 10000 water adsorption cycles.219

CAU-23(Al)99 has rod-like SBUs in its chiral structure
which is coordinated by hydrophilic TDC linkers (150°
opening angle) to form 1D square channels (side length of
0.76 nm) along the b-axis. The SBUs are built from alternating
units of four consecutive trans (as observed in MIL-53 series)
and cis corner-sharing AlO6 polyhedra, as observed in CAU-
10(Al)-H. The measurements indicate an S-shaped isotherm
with a steep uptake at p/p0 = 0.27 (Figure 7). The adsorption
mechanism is simulated by GCMC simulations.99 The
formation of hydrogen bonding between the adsorbed water
and the μ-OH groups on the SBUs provides a driving force and
initiates the adsorption process. Subsequently, pore filling
happens and leads to a sudden increase in water content. To
this end, for a single adsorbed water molecule, the average
number of hydrogen bond connections is ∼3.65, which is very
close to that of bulk water, interpreting the moderate
adsorption heat (48 kJ/mol) and easy achievement of
desorption. Long-term stability is confirmed by 5000
consistent adsorption cycles.
MIL-160(Al)100 is isostructural to CAU-10, which is built

from cis corner-sharing rod-like SBUs linked by FDC linkers,
leading to a 3D framework delimiting square-shaped sinusoidal
1D channels with a diameter around 0.5 nm. It adsorbs water
at a low inflection point (α = 0.09) and without any hysteresis
(Figure 7). The inflection point α is the relative pressure at
50% of qmax. The adsorption mechanism is intensively studied
by GCMC simulation, adsorption enthalpy calculation coupled
with solid-state 1H MAS NMR measurements. The adsorbed
water molecules preferentially interact with the OH groups
from the SBUs and then the pore wall, probably the O atoms
from the FDC linkers and the water molecules already present
in the pore. Because of the hydrophilic nature of FDC linkers,
the inflection point of water adsorption on MIL-160(Al) (α =
0.09) is lower than on CAU-10(Al)-H (p/p0 = 0.16).200 The
MIL-160(Al) is recyclable as evidenced by 10 water adsorption
cycles and stable in boiling water for three days.
MOF-303(Al)74 is built up from infinite rod-like aluminum

SBUs coordinated with PDC linkers to form 1D hydrophilic
channels with a diameter around 0.6 nm. The water adsorption
displays a type IV isotherm with a low inflection point at α =
0.13 and a plateau commencing at p/p0 = 0.3 (Figure 7),17,74

and features minimal hysteresis, moderate constant isosteric

heat of adsorption (∼52 kJ/mol), and excellent durability,
demonstrated by 150 repeatable adsorption cycles.74

Y-shp-MOF-5195 structure is composed of 12-coordinated
nonanuclear SBUs coordinated with 12 BTEB linkers to give
triangular 1D channels with an opening of 1.2 nm. The type-
IV-like, S-shaped adsorption and desorption isotherms display
inflection points at p/p0 = ∼0.63 and p/p0 = ∼0.45,
respectively (Figure 7). On the basis of SCXRD measurements
and Dubinin−Serpinsky theory,220 the characteristic adsorp-
tion behavior is interpreted as follows. The initial low uptake
below 10% RH is due to the water affinity on the open metal
sites and hydroxyl groups from SBUs. At 50% RH, a steep
uptake is manifested because the dispersive energy of clusters
of at least five water molecules220 is enough to be sustained
inside the pores. The wide hysteresis loop is explained by the
appearance of water superclusters, and a driving force is
required to break the superclusters into smaller ones before
escaping from the pore. The Y-shp-MOF-5 maintains its
uptake over more than 1000 adsorption cycles between 25%
and 85% RH at room temperature.195

Cr-soc-MOF-1194 features well-defined 1D infinite channels
with an estimated diameter of 1.7 nm (just below the Dc of
water) and cubic-shaped cages with six HTPC linkers on the
faces and 8 SBUs on the vertices. As depicted in Figure 7, the
isotherms have an S-shape with significant hysteresis between
the adsorption−desorption branches. On the basis of the
crystal structure analysis of hydrated Cr-soc-MOF-1, the initial
adsorption is promoted by the water nucleation located at the
vertices of the cubic cages, which corroborates the stated
energy barrier, followed by the formation of water clusters, i.e.,
the steep uptake of water between 60% and 75% RH. The
hysteresis is understandable because the energy barrier for
dissociating the hosted water hydrogen-bonded network must
be surmounted.194 The high porosity (2.1 cm3/g) affords Cr-
soc-MOF-1 with a water capacity of 1.95 g/g, surpassing
carbons, inorganic materials, and all other MOFs. Accounting
for the nearly three times lower density (Table 3), however,
arranges it among other MOFs on the basis of volume specific
capacity, although still high (Figure 7). The water uptake
remained unaltered over 100 adsorption cycles between 25%
and 85% RH at 298 K.
The structure information of UiO-66 is reviewed in sections

3.1.2 and 3.2.1. UiO-66 exhibits an initial low water uptake till
around 25% RH, corresponding to the hydrophobicity of the
phenol rings from the BDC linkers (Figure 8). Pore filling
takes place between 30% and 50% RH and the uptake levels off
around 0.37 g g−1.201 A hysteresis loop is observed, which
could possibly arise from the water−linker interaction and the
different pore sizes and the presence of defects in the UiO-66
structure.202 Given by the outstanding structural stability, the
water capacity was well-retained in repeated cy-
cling.75,201,211,221,222

MOF-801(Zr),75 also named as Zr-fumarate,223 is isostruc-
tural with UiO-66 with the shorter FA as linker. So, smaller
apertures (0.33−0.46 nm)224 and tetrahedral (0.56 and 0.48
nm) and octahedral (0.74 nm) cavities are formed in its
structure. The adsorbed amount of water smoothly increases
with pressure up to p/p0 = 0.05, followed by a steep uptake in
the relative pressure range from p/p0 = 0.05 to 0.1, and a final
capacity of 0.36 g/g is reached at p/p0 = 0.9 (Figure 8). The
relative pressure of the step is much lower than that of UiO-66,
highlighting a higher hydrophilicity for this material.
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MIP-200(Zr)123 has typical eight-coordinated SBUs linked
with eight carboxylate groups from two MDIP linkers and four
formate groups, which constitute a 3D Kagome-type frame-
work with 1D triangular (0.68 nm) and hexagonal channels
(1.3 nm) along the c-axis. The water adsorption isotherm has
two regions with almost no hysteresis on the desorption
branch above p/p0 = 0.05 (Figure 8). As supported by the 1H
MAS NMR spectra and GCMC simulations,123 the initial steep
uptake is driven by the strong affinity between the water
molecules and the hydroxyl groups and the water molecules
originally coordinated to the SBUs. A heat of adsorption up to
70 kJ/mol is reached in the first stage, followed by relative low
values (55−45 kJ/mol) in the pore filling process above p/p0 =
0.1. The cyclability of MIP-200(Zr) is deduced from repeated
40 adsorption cycles between 70% RH at 303 K and 9.5% RH
at 343 K.
The combination of eight-coordinated zirconium SBUs with

tetrahedral MTB linkers constitutes the 3D MOF-841(Zr)75

framework with f lu topology. This structure has only one cage
type, with an internal diameter of around 1.2 nm. The isotherm
of MOF-841 can be categorized as type V. The adsorption
steeply increases at p/p0 = 0.2 and begins to level off at p/p0 =
0.3 with a final capacity of around 0.5 g/g (Figure 8). Hardly
any desorption hysteresis is identified. The adsorption
durability was examined by five repeated cycles, after which a
slight capacity loss (∼7%) is observed.
MIL-125(Ti)78 has a 3D interconnected porosity built with

octahedral (diameter ∼ 1.3 nm) and tetrahedral (diameter ∼
0.6 nm) cages connected by triangular apertures (diameter in
the range 0.5−0.7 nm). To afford a more hydrophilic and
robuster222,225−227 framework, the isostructural MIL-125(Ti)-
NH2

228 with narrower apertures (diameter in the range 0.34−
0.42 nm) was deliberately prepared by decorating NH2 groups
on the BDC linkers. The MIL-125(Ti)-NH2 exhibits a type V
isotherm with a characteristic S-shape (Figure 8),202 which can
be explained by the hierarchical pore structure where narrow
necks acting as pore gates for large internal voids.161,225 A steep
loading occurs at a low relative pressure p/p0 = 0.2, benefiting
from the framework hydrophilicity, and desorption hysteresis is
absent.
Co2Cl2(BTDD)

87 features 1D mesoporous channels with a
diameter of 2.2 nm. After the initial adsorption on the open
metal sites, the pore diameter is reduced to slightly below the
Dc of water (∼2.0 nm at room temperature), allowing water
uptake and release without hysteresis due to capillary
condensation.203 The MOF displays a large and steep uptake
step at p/p0 = 0.29 and a capacity of 0.97 g/g is reached at 298
K (Figure 8). The initial capacity is well maintained when the
MOF is cycled at a constant water vapor pressure of 1.7 kPa
(p0 = 3.2 kPa at 298 K) between 298 and 393 K, with a decline
of 6.3 wt.% after 30 cycles.203

AlFFIVE-1-Ni (KAUST-8)204 structure results from pillaring
of layers of Ni(II)-pyrazine 2-periodic square-grids with
[AlF5(H2O)]

2− pillars, which adopts tetragonal space groups
with primitive cubic topology and 1D channel. The water
adsorption has a type I isotherm, and a saturated uptake of
0.22 g/g is reached at a very low relative pressure (p/p0 = 0.05)
(Figure 8). The water adsorption heat is correspondingly
higher, 63 kJ/mol as quantified by TG-DSC. A good
recyclability is realized between 298 and 378 K.
M-CUK-1 (M = Co, Mg, Ni)205,229,230 has an infinite 1D

square grid channel system (wall-to-wall distance around 1.1
nm) supported by highly connected PDC linkers that areT
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arranged in orthogonal fashion around rod-like, edge- and
vertex-sharing SBUs. The water sorption isotherms of Co-
CUK-1 feature an S-shape with a very steep uptake at p/p0 =
∼0.12 for Ni and Co and at p/p0 = ∼0.25 for Mg, indicative of
the presence of a uniform micropore (Figure 8).205 The
isosteric heat of adsorption is moderate (∼47 kJ/mol) below
the water uptake of 0.22 g/g at 303 K. The water capacity is
around 0.3 g/g with good cycling stability, and the adsorption
is fully reversible with almost no hysteresis. The initial low
uptake is assigned to the framework hydrophobicity as
simulated by GCMC. At low coverage, the water molecules
tend to preferentially adsorb on the hydrophilic sites, i.e., μ-
OH groups from the SBUs, followed by water cluster
formation (4−7 molecules) filling the pore.
On the basis of the above literature overview, differences in

the adsorption isotherms shapes, the step location, steepness,
leading adsorption, and hysteresis originate from the MOF
structure and hydrophilicity or hydrophobicity of the building
blocks. It is striking that 12 of these 18 selected MOFs present
a 1D pore system, and with pore sizes close to ∼0.7 nm, very
steep uptakes are observed, and also for the MOFs with a 3D
pore structure. Apparently, the size of the pores or cavities and
interaction with water molecules create a favorable situation
for the formation of well-defined water cluster structures at low
relative pressures. The observed uptake step and absence of
hysteresis could even be considered as a phase change. For
CAU-10-H, this ordering appears as new reflections in the
XRD pattern, suggesting a very regular and immobile
fashion.200 Indeed, entropic analysis of the adsorbed phase
show a much lower mobility than in liquid water (∼58 vs 70 J
mol−1 K−1), although still somewhat higher than in ice (45 J
mol−1 K−1). XRD refinement suggests that water molecules are
preferentially located close to the oxygens of the aluminum
hydroxide chains of the framework, serving as the primary
interaction sites for the polar water, followed by a regular
cluster formation. Similar regular cluster formation has been
revealed by SCXRD for MOF-801.231 Molecular modeling of
the adsorption in Al-fumarate (0.6 nm pore) also suggests a
regular ordening of water molecules.232 Considering the
structural similarity of the other 1D porous MOFs this picture
applies to most of these. The location of the step for
isostructural MOFs is strongly related to the polarity of the
linker and the interaction with water, e.g., compare CAU-10-H,
CAU-23, and MIL-160 (Table 2). Also modifying the MOF by
functionalization of the linker with hydrophilic groups moves
the step to lower relative pressures, while with hydrophobic
groups it moves upward.231 Even changing the metal in CUK-1
from Ni or Co to Mg increases hydrophobicity, attributed to a
different effect on the local electron density distribution,
moving the step from p/p0 = 0.12 to 0.25. The leading uptake
at low relative pressures is generally ascribed to the nucleation
of water at hydrophilic locations, but also defects can play a
role and can explain uptake differences in this region for the
same MOF. A reduced pore size due to this (strong)
adsorption may explain the absence of hysteresis for MOFs
with larger pore sizes (MIL-125(Ti)-NH2, MOF-841(Zr), Co-
CUK-1, MIP-200(Zr)). The highly hydrophobic COF-432
(1D, pore size 0.75 nm, water uptake step at p/p0 = ∼0.33, no
hysteresis (Table 3)44) shows virtually no leading uptake,
confirming the role of polarity. MIL-101 and MIL-100 exhibit
two distinct steps, clearly related to the presence of two
different sized cavities. The steepness of the step decreases
with increasing distribution of pore dimensions (pore, cage,

windows, defects), where the clustering of water molecules
becomes less defined. The origins of hysteresis are (i) capillary
condensation in pores above the critical size (∼2 nm), (ii) the
formation in smaller pores of superclusters that require more
energy to be broken down, and (iii) flexible frameworks. These
insights in the parameters that affect the adsorption
mechanism and how they modify the adsorption, serve the
development of new or fine-tuning existing MOFs.

4. APPLICATIONS AND PERFORMANCE ASSESSMENT
The aforementioned adsorption properties and isotherms
endow MOFs with various applications. Five important types
are studied in this work which are classified on the inflection
points in the isotherm steps (Figure 9). Very low inflection

points (α < 0.05) indicate a strong interaction between water
and the MOF framework, which can provide the capability for
selective removal of water molecules from other species (e.g.,
CO2 and CH4 for natural gas dehydration). Inflection points
located in the α-range between 0.1 and 0.3 represent a facile
desorption and a proper relative pressure range for being used
as heat pumps/chillers and water harvesters. Inflection points
around α = 0.65 for adsorption branches (and around 0.45 for
desorption branches) could perfectly match with the humidity
range of healthy indoor environments. The associated heat
effects can be utilized simultaneously in air conditioning.
Desalination covers a broader range and is connected to the
operation conditions, also here cooling can be cogenerated.
The MOFs evaluated for these specific applications are
discussed in this section.
4.1. Desiccation

Desiccation is meant here for deep water removal, although
this term is also used in air conditioning in combination with
cooling (vide infra).25,38 The MOFs with appreciable water

Figure 9. Relative pressure ranges of water adsorption (filled
symbols) and desorption (open symbols) isotherms (assuming
room temperature) and corresponding selected MOFs compatible
with the various applications reviewed in this work.
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uptake capacity at low H2O partial pressures would be an
attractive alternative to solid desiccants (Figure 9). Besides the
cycling capacity, the remaining challenge is the cost of MOFs
sorbents.327 Cadiau et al.204 reported hydrolytically stable
fluorinated metal−organic frameworks, AlFFIVE-1-Ni
(KAUST-8) and FeFFIVE-1-Ni (KAUST-9), selectively
removed trace water vapor from natural gas (e.g., p/p0 =
0.05). The complete desorption of the adsorbed water
molecules requires a relatively moderate temperature (∼105
°C) and about half the energy input for commonly used
desiccants such as zeolites 4A (heating to ∼250 °C).12,328

Silica gel desiccants can be recycled at moderate temperature
but have only a nominal water adsorption uptake at relatively
low water vapor partial pressures. The fcu-MOFs based on
rare-earth metals (e.g., Tb and Y) and heterofunctional linkers
feature high localized charge density and contracted one-
dimensional channels, thus give enhanced sorption ener-
getics.329 To reduce the cost, the cheaper combination of
tetrazolate linkers and zinc cations was demonstrated to yield
fcu-MOFs, kag-MOF-1, which shows steep water vapor
adsorption isotherm and could be used for the dehydration
of gas streams.168 Interestingly, the performance of CO2
adsorption is not affected by the presence of water vapor
because of the different adsorption sites for H2O and CO2,

330

demonstrating kag-MOF-1 can be used to adsorb water vapor
and acid gas simultaneously.
It is speculated here that the limited effect of water vapor in

gas adsorption processes may be related to the water
adsorption step.331 As long as the relative pressure is below

the onset of the step, water will hardly tend to adsorb (unless
secondary effects like interaction with adsorbed species
occur),332 keeping the capacity for the other components
intact.
Another example where MOFs are used as selective

adsorbents is the organic solvent dehydration.326 The water
uptake of MIL-101(Cr) was 7−8.5 times higher than those
commercial 3A and 4A zeolite for 2-dimethyl amino ethyl azide
dehydration.233 Together with the hydrothermal stability,
MIL-101 was easily regenerated at 343 K in contrast to the
zeolite regenerated at 573 K.233

4.2. Heat Pump/Chiller

Reallocation of heat and cold through ad- and desorption is
conveniently realized in heat pumps.7,235,289 The heat pump
cycle is briefly described in the Clausius−Clapeyron diagram,
wherein the x-axis and y-axis are typically shown as (−1/T)
and (ln p) (Figure 10). In this case, the isosteric lines are
straight and the lowest transport temperature is at the left of
the figure. For a given working pair (i.e., water and specified
MOFs in this review), the operational conditions are fully fixed
when evaporator (Tev), adsorption (T1 = Tcon), and desorption
(Tdes) temperature are chosen. Generally, this cycle can be
used for heating or cooling, wherein the process is evaluated by
the coefficient of performance (COP) for heating (the ratio of
energy output and energy input, <2.0) or cooling (the ratio of
cooling energy extracted and energy input, <1.0), the specific
energy capacity and power. More details on the thermody-
namic model and thermodynamic properties were described in

Figure 10. (a) Principle of operation of an adsorption-driven heat cycle with the adsorption stage and the desorption stage.227 (b) Isosteric cycle
diagram of an adsorption heat pump cycle, including the vapor pressure of water, minimum and maximum isosteres, lines of equal loading, Wmin
and Wmax, temperature and pressure of the evaporator and condenser, desorption temperature, and intermediate cycle temperatures. (a) Reprinted
with permission from ref 227. Copyright 2013 Royal Chemical Society.

Figure 11. Characteristic curves determined using eq 1, using adsorption isotherms from various literature sources. The optimal adsorption
potential for refrig-1 cooling (purple), refrig-2 cooling (blue), and heat pump heating (pink) is indicated by the dashed lines. (a) MOFs suited only
for refrig-1 cooling: MOF-841,75 CAU-23,99 Basolite A520,337 Alfum,337 MIL-125-NH2 (Ti),

161 MIL-100 (Fe),215 and Co2Cl2(BTDD).
203 (b)

MOFs that can be used for both cooling and heating: AlPO-LTA,338 MIP-200,123 CUK-1,205 CAU-10,280 MIL-160,100 MOF-303.74
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our previous review paper,7 where four cases were
distinguished to compare various MOFs (Table 5). Here
only a status update is given.
A promising adsorbent material should exhibit a large

working capacity (ΔW) between the isosteric heating (I−II)
and isosteric cooling (III−IV), as ΔW = Wmax − Wmin (Figure
10). The COP approaches its maximum value already at ΔW >
(0.1−0.15) mL/gsorbent for water adsorption and is no longer
dependent on ΔW for larger values.333 To increase the energy
capacity, especially for heat storage,333 the working capacity
ΔW must be maximized. The characteristic curve (eq 1 and
Figure 11), obtained after transformation of the relative
pressure and temperature dependency of the adsorption data
to the adsorption potential A, is conveniently used for
modeling of cycle performance,7,334,335 although also other
relations for the uptake can be applied.7,336

Adsorptive heating is considered as a single case, while
cooling is subdivided into three different applications depend-
ing on the desired temperature.7 The optimal adsorbents
should have a maximum water uptake (Wmax) at A = 3.12 kJ
mol−1 for cooling in refrig-1 region (cooling to 283 K), at A =
3.99 kJ mol−1 for cooling in refrig-2 region (cooling to 278 K),
and at A = 4.56 kJ mol−1 for heating region (318 K) (Figure
11). Thus, the adsorbent optimal for cooling should have
higher affinity toward water than that for heating. In the case of
ice making (refrig-3), alternatives for water, such as
methanol,339−342 ethanol,340 ammonia,343,344 saline water,345

or fluorocarbon,242,346 are needed, this is outside the scope of
this review.347

In choosing a sorbent, a balance must be found between a
high affinity for water vapor and the energy required for
desorption. A material that binds water more strongly will
function at lower RH, but more energy will be required to
release and then collect the water. If the evaporation
temperature and adsorption temperature are fixed for the
heating and cooling (e.g. Tev = 283 K and T1 = Tcon = 303 K
for refrig-1 cooling7), the minimal desorption temperature
(Tdes,min) can be estimated by equating the adsorption
potential for the isosteric heating and isosteric cooling. This
value is equal to that calculated by simple Trouton’s rule
within an accuracy of ±1 K.333 Evidently, if the available
temperature of desorption Tdes is lower than Tdes,min, the cycle
cannot be realized at all. The temperature lift during the
adsorption half-cycle can be defined as the difference between
Tcon and Tev.

7 During desorption, this is the difference between
Tdes and Tcon.

7 A large temperature lift can be obtained only if
the adsorbent has a high regeneration temperature Tdes and a
strong affinity to the adsorptive. However, an increase in COP
is often observed at lower Tdes (Figure 12).
For the realization of an efficient adsorption heat pump or

chiller, the MOF has to meet more requirements than a high
working capacity and a high COP. Most importantly, the MOF
must be thermally coupled to the water sorption circuit as
efficiently as possible, as the adsorption kinetics, the specific
power and power density directly depend on the mass
transport of sorbate to/from and heat transfer of adsorption/
desorption energy away/toward the adsorption site.24 This can
be realized by using packed beds with heat exchange plates in
between or using packed metal foams, or coating MOFs
directly on heat exchange surfaces. A comparison of such a
packed bed performance of MIL-101(Cr) and NH2-MIL-
53(Al) shows that mass and heat transport are slow in these
systems, resulting in lower efficiency and power density than a

silica gel.336 Betke et al. improved the heat transportation of
CAU-10 (0.08 W m−1 K−1 for compacted pellet) by
intergrowth with reticulated open-cellular alumina foams
(0.9−1.78 W m−1 K−1).349 Heat exchangers coated with the
adsorbent are by far superior to packed beds, similar as for
catalytic reactors,28 in terms of power delivered per mass of
adsorbent.200,278,280 The optimum coating thickness repre-
sented the cases where, as the coating thickness increased, the
opposite effects of the increase in adsorbent mass (capacity)
and slower transport phenomena (so increasing cycle
duration) were most favorable and led to the maximization
of power.23,350 The optimum thickness for triazolyl phoshpo-
nate MOF was established as 150 μm.350 Furthermore, such
coating has to be mechanically and chemically stable toward

Figure 12. COP as a function of desorption temperature (a) for heat
pump heating, (b) for cooling in refrig-1 region, and (c) for cooling in
refrig-2 region. The water isotherms used for COP calculation is from
various literature sources: CAU-10-H,200 CAU-23,99 MIL-160,100

MOF-841,75 CUK-1,205 MOF-801,334 AlPO-LTA,338 and Al-
Fum.265,348
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thermal stress during cyclic operation, mechanical shocks, and
vibration, for example, due to transportation. These issues are
addressed in the literature by the development and evaluation
of several routes to obtain thick and sturdy binder-based or
binder-free coatings of CAU-10-H,200,278,280 HKUST-1,351,352

MIL-125-NH2,
353 Basolite A520,24 MOF-801,334 and MIL-

101(Cr).352 Kummer et al.24 fabricated a functional full-scale
heat exchanger coated with commercial aluminum fumarate
(Basolite A520) for adsorption heat transformation (Figure
13). The heat exchanger was evaluated resulting in a gross

cooling power of 2900 W (at the beginning of the adsorption
cycle) or, respectively, an average cooling power of 690 W (up
to a limit of 90% equilibrium loading in 7 min) under the
working conditions of a realistic adsorption chiller of 90 °C/30
°C/18 °C (temperature level of heat source, heat rejection/
condenser, and evaporator) (Figure 13). The capacity of the
coating remained at 95% after 360 cycles.24 Another
application of adsorptive cooling concerns the production of
cooling water for heat removal in a data center.354 It shows
how IT waste heat can be used effectively to cool the storage
racks of a large high-performance computing system. The
adsorption chiller setup is more than three times as efficient at
generating cold than the mechanical chiller supported cold
water infrastructure.

An overview of literature learns that several MOF materials
have been identified for the reallocation of heat but
predominantly on the basis on high working capacity and
maximum COP. For real applications, the mass and heat
transport properties are essential. The highly porous MOFs are
in themselves poor heat conducting materials, while mass
transport is comparable with that encountered in adsorption/
separation and catalytic processes. Thermal and mass
diffusivities in MOFs are to be determined to provide a basis
for better comparative modeling and smart ways to improve
transport phenomena are to be designed.21,336,355 In view of
the intimate contact between MOF and heat exchange surface
coatings seem preferred for higher power delivery (rapid
cycling), but system capacities are lower due to the lower
sorbent to metal mass ratio.23 If speed or cycle times are less
important (e.g., in seasonal heat storage), then packed beds
can be an option.
Considering seasonal storage for, e.g., providing domestical

heating, it must be realized that for a family house, ∼8 GJ
(∼2225 kWh) is needed in wintertime (The Netherlands).
This corresponds to a required MOF volume of 8−10 m3,
excluding the equipment and water supply. The geographic
location, period, and housing size strongly affect this
quantity.356 Clearly, MOF availability and cost are impeding
such an application at present.
This paragraph only considered single stage heating devices,

but low temperature−high temperature (LT-HT) cascaded
systems are also considered for MOFs.264 However, for the HT
stage, much higher regeneration temperatures are required
than available from waste heat, and the advantage of low
temperature regeneration is lost and classical materials could
be used as well. High-throughput computational screening
suggest the use of wide pore COFs (1−2 nm) for the LT stage,
and more narrow pore MOFs (0.5−1 nm) for the HT stage.357

Next to the extensive library of MOFs the first studies with
COFs for water adsorption are reported.44,358,359 They exhibit
similar isotherm characteristics as MOFs and may become
alternatives without metals.

4.3. Water Harvesting

Water scarcity is a critical challenge in desert and arid regions,
which are landlocked and have limited infrastructure. Mature

Figure 13. A state-of-the-art water/air finned heat exchanger with
aluminum fins pressed onto copper tubes before (a) and after (b)
coating with Basolite A520. (c) Gross cooling power Pcool and heat of
evaporation Qint,evap. The green line indicates Pcool = 1000 W for a half
cycle time of t = 74 s. Reproduced with permission from ref 24.
Copyright 2017 American Chemical Society.

Figure 14. (a) Water adsorption (298 K) and desorption (358 K) isotherms of MOF-801(Zr). The data points are taken from literature,376 and the
desorption branch is built from its adsorption branch at 358 K.376 (b) Adsorption-based atmospheric water harvesting (AAWH) cycle illustrated
with psychrometric chart (atmospheric pressure) using MOF-801(Zr) as an example. Lines are shown to guide the eye.
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water purification technologies including reverse osmosis and
multistage flash are impractical to implement. Atmospheric
water harvesting (AWH)374,375 is a potential alternative which
can utilize renewable or waste energy from ambient
surroundings, for instance, solar and wind energy. State-of-
the-art AWH technology captures water using direct cooling.
However, a decreasing humidity causes a dramatic increase of
energy penalty because larger quantity of air has to be cooled
down and the dew point of water can be hardly reached above
273 K. One way to revitalize AWH technology is exploring
adsorp t ion -based a tmospher i c wate r ha rves t ing
(AAWH),231,376 where water vapor from arid atmosphere is
first enriched in an adsorbent, followed by desorption and
condensation. Hygroscopic salts play an important role in such
water sorption technology, but leakage of salt solution is an
issue. Considering the adsorption−desorption characteristics
of water on MOFs it was merely a matter of time before these
were considered for this application. In 2012, the first public
example of fresh water production is given in supplementary
info using MIL-100(Fe),210 and in 2014, Yaghi et al.75

proposed MOFs as adequate adsorbents for AAWH in arid
atmospheres. A few MOF samples, e.g., UiO-66(Zr),377 MIL-
53(Al),377 Basolite F300 (Fe),377 MOF-801(Zr),73,74,76 MOF-
303(Al),74 and Al-fumarate74 have been investigated. Here, we
take MOF-801(Zr) as an example to illustrate the working
principle of AAWH.
Figure 14 shows water adsorption and desorption isotherms

at 298 and 358 K, respectively. First, 0.26 g water (per gram
MOF-801(Zr)) is adsorbed at 298 K (@0.96 kPa and 30%
RH, setting as the typical arid condition in this work), and then

almost all water (0.25 g g−1) is released at 358 K (3.2 kPa and
5.5% RH). A schematic psychrometric chart (Figure 14)
illustrates the AAWH process. Adsorption of water vapor from
the atmosphere is the first step (@30% RH, 0.96 kPa, 298 K),
concentrating water in the adsorbent (exothermal process).
Subsequently, water desorption (@358 K, 5.5% RH, 3.2 kPa)
is induced by heating and the absolute humidity is increased
(endothermal process). Finally, the dew point is reached by
cooling, and condensation (@100% RH, 3.2 kPa, 298 K) takes
place (exothermal process). Pressurization increases the water
yield but at an additional energy penalty.
The minimum energy for evaporating water is 40.7 kJ/mol,

but in practice more energy is needed as the ideal process
design can be hardly realized. From an energy-saving point, the
temperature for condensation is set identical to that of
adsorption and the sensible heat removal for cooling can be
supplied by the environment. The final water vapor pressure at
the desorption stage is higher or equal to the saturated vapor
pressure at the temperature of condensation. This desorption
temperature should be as low as possible to minimize the
sensible energy for heating the sample but must be high
enough to stay below the steep step of the desorption branch
(see Figure 3). The latter is identical to the adsorption uptake
step if hysteresis is absent.
Several following parameters are defined to evaluate the

performance of one capture cycle:
Gravimetric productivity per cycle (Pc

g)

=P
m
m nc

g collected

MOF c (3)

Table 4. MOFs for Water-Adsorption-Driven Chillers (ADCs)

material Tevp Tads Tdes SCPc Cp,MOF
i COPC ΔW g g−1n ⟨−ΔadsH⟩ kJ mol−1 ref

MOF Powder
Al-fumarate 25 25 60 922 1.05−1.35 0.32 49.8 199,257,265
Al-fumarate (formic acid modulated) 25 25 60 1732 0.36 49.9 265
CAU-23 (Al) 10 30 60 858.9d 1.2 0.78 0.35 48.2 99
Co-CUK-1 5 30 70 624.96d NA 0.83 0.24 205
MIP-200 5 30 63 423.72d NA 0.78 0.35 123
Co2Cl2(BTDD) 10 30 55 1654d 1k 0.885 0.65 45.8 203
Ni2Cl2(BBTA) 5 30 127 820d 1k 0.70 0.36 55−50 264
MIL-160 5 30 80 780d 1k 0.74 0.26 54 100
MWCNT/MIL-100(Fe) 13.5 31.5 100 NA 455 1.25 0.65 372

material
d (thickness)

μm Tevp Tads Tdes tads s VHX
a/VSCPb SCPc Cp,MOF

i COPC

ΔW
g g−1n ref

MOF Coating
CAU-10(Al)-Hm 229 NA NA 337d,g NA NA 0.14 349
NH2-MIL-125m 400−500 10 30 70−90 200f NA 3200 0.89−1.18 0.77−0.80 NA 226,353
MOF-801 400−500 5 30 85 100f NA 2550 0.76 NA 0.21 73,334
triazolyl phosphonate MOF 150 2 20 110 NA NA 66700 NA NA NA 350

material d (μm) Tevp Tads Tdes tads (s) VHX
a/VSCPb SCPc Cp,MOF

i COPC ref

MOF Coating on Full Heat Exchanger
Al fumarate (Basolite A520)l 300−330 18 30 90 630e 0.68/101e 1394e 1.20 0.61 24
CAU-10(Al)-Hl 550 10 30 70 483e 0.94/201e 1204e 1.20j NA 280
CAU-10(Al)-Hl 550 14 34 70 430e 0.94/229e 1369e 1.21j NA 280
SAPO-34 100 15 25 90 300h 0.81/93h 675h NA 0.24 373
TiAPSO SCT-323 212 10 35 90 288e 1.43/220e 2128e NA 23
TiAPSO SCT-323 165 4 39 110 310e 1.43/66e 1854e NA 23

aVolume of heat exchanger, L. bVolumetric specific cooling power, W·L−1. cMass specific cooling power, W·kgads
−1; only the mass of MOF was

accounted for. dEnergy capacity, kJ·kgads
−1. eCalculation based on the adsorption 0−90% RH. fCalculation based on the 0.8 uptake. gCalculation

based on the adsorption 0−75% RH. hCalculation based on the adsorption time. iSpecific heat capacity, J·K−1·g−1. jTemperature dependent by
linear regression of 0.87 + 0.0011 × T [J·K−1·g−1]. kAssumption. lCoating with binder. mPure MOF, without binder. nDelivery capacity in g g−1.

Chemical Reviews pubs.acs.org/CR Review

https://dx.doi.org/10.1021/acs.chemrev.9b00746
Chem. Rev. 2020, 120, 8303−8377

8357

pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.9b00746?ref=pdf


where mcollected, mMOF, and nc are the mass of water collected,
mass of MOF adsorbents, and the number capture cycles. Pc

g is
converted into volumetric productivity (Pc

v) using crystal
density (ρc):

ρ=P Pc
v

c c
g

(4)

Similarly, daily productivities can be defined using the number
of cycles per day (24 h).
Energy taken up (minimum to be provided) per unit mass

water released in desorption

= −Δ

+
+ −

Q H

m c m c T T

m

( )( )
d ads

captured p,water MOF p,MOF des ads

released
(5)

and energy released (minimum to be removed) per unit mass
water collected in condensation:

= Δ

+
+ −

Q H

m c m c T T

m

( )( )
c vap

captured p,water MOF p,MOF des con

collected
(6)

where ΔvapH is the enthalpy of water evaporation; mcaptured and
mreleased are the mass of water captured in adsorption and
released in desorption, respectively; cp,water and cp,MOF represent
the heat capacity of water and MOFs, respectively. The values
of cp,MOF are taken from Table 4 or assumed to 1 J/(g·K), if

unavailable. Tads, Tdes, and Tcon are the temperatures for
adsorption, desorption, and condensation, respectively. Fur-
ther, it is assumed that mcollected = mreleased and Tads = Tcon. The
material properties for both reported and potential MOFs for
AAWH are summarized in Table 6 together with the calculated
parameters.

To quantify the minimum energy required for a water
capture cycle, we assume the heat released in adsorption and
condensation processes can be removed by the surrounding
cool air at night, and Qd is selected for comparison, although it
can partially be supplied by the ambient hot air during
daytime. Alternatively, application of electricity from PV panels
can be considered. Ideal MOFs for AAWH should have a high
Pc

v while keeping Qd as low as possible (Figure 15). On the

basis of the eqs 3−5, the following properties are the rational
criteria for selecting MOFs: high volumetric working capacity,
low adsorption heat (i.e., −ΔadsH), low heat capacity (cp,MOF),
and low desorption temperature (Tdes). A low inflection point
of the uptake step (for instance 0.09 for MOF-801(Zr)75,376

and MIL-160(Al)100) is mandatory in the case of a very arid
atmosphere (e.g., RH < 15%). As indicated in Figure 15,
Co2Cl2(BTDD)

203 delivers the highest Pc
v (0.51 g mL−1 c−1)

and Co-CUK-1205 requires the lowest Qd (54.0 kJ mol−1). It is
noted that, for the aforementioned calculation, the crystal
density is used instead of a particle or coating density and the
energy for heating the construction23 and air are not
considered. Nevertheless, in a real case, the overall consumed
energy (i.e., the operating cost) is always several times higher,
as exemplified for the MOF-303(Zr) based water harvester
calculated with the device power.17 The thermal efficiency is
around 14%,76 so 6 times more energy must be provided.

Table 5. Operational Temperatures of Heat Pump for
Heating and Cooling

heat pump refrig-1 refrig-2 refrig-3a

Tev (K) 288 283 278 268
Tcon (K)

b 318 303 303 298
aWater cannot be employed as working fluid. bTads = Tcon.

7

Table 6. MOF Properties for Adsorption-Based Atmospheric Water Harvesting

MOFs α [−]a
qwater

[g g−1]b
Tdes
[K]c

RHdes
[−]d

pdes
[kPa]e

Pc
g

[g g−1c−1]
Pc

v

[g mL−1c−1]f
Pd
g

[g g−1d−1]
Pd

v

[g mL−1d−1]g
−ΔadsH

[kJ mol−1]
Qd

[kJ mol−1]
Qc

[kJ mol−1]

MOF-801(Zr)75,376 0.09 0.26 358 5.5% 3.2 0.25h 0.42 0.1i 0.168i 58.475 66.4 52.1

MOF-303(Al)74 0.13 0.37 358 5.5% 3.2 0.33h 0.38 1.3j, 0.7k 1.5j, 0.8k 49 60.0 55.1

Al-fumarate199 0.27 0.33 333 16% 3.2 0.31 0.38 0.55j 0.68j 50 56.5 50.6

Co2Cl2(BTDD)
203 0.29 0.87 328 20% 3.2 0.74 0.51 45.8 55.9 54.1

MIL-125(Ti)-NH2
202 0.2 0.36 333 16% 3.2 0.30l 0.24 50.5226 56.8 50.4

MIP-200(Zr) 123 0.18 0.40m 333 16% 3.2 0.23 0.27 55 61.8 50.9

CAU-23(Al) 99 0.27 0.35 333 16% 3.2 0.32 0.34 48.2 54.9 50.8

MIL-160(Al) 100 0.09 0.35 353 6.8% 3.2 0.30285 0.32 52 61.8 53.9

CAU-10(Al)-H200 0.16 0.31 333 16% 3.2 0.29284 0.33 53.5 59.8 50.4

Co-CUK-1205 0.12 0.28m 343 10% 3.2 0.26n 0.38 46.9 54.0 51.2

aInflection point, the relative pressure for which capacity is 50% of qmax.
bWater uptake at 298 K, 30% RH (0.96 kPa). cDesorption temperature.

dDesorption relative humidity (RH). eDesorption vapor pressure. fPc
g is converted using crystal density from Table 3. gProductivity for 24 h.

hEquilibrium uptake in desorption is taken from adsorption branch. iDesert of Arizona.74 jIndoor environment.17 kMojave Desert.17 lEquilibrium
uptake in desorption taken from adsorption branch at 3.7 kPa.226 m303 K. nEquilibrium uptake in desorption taken at 4.2 kPa.

Figure 15. Volumetric productivity per cycle (Pc
v) versus energy

taken up per mol water released in desorption (Qd). The data points
are taken from Table 6.
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In addition to the volumetric productivity per cycle (Pc
v)

and energy required for desorption Qd, the capture rate is
another vital parameter for evaluating the performance of
AAWH, which can be reflected by the volumetric productivity
per day (Pd

v) converted from the mass productivity (Pd
g) with

the crystal density (ρc):

=P
m
m nd

g collected

MOF d (7)

ρ=P Pd
v

c d
g

(8)

Also here the intra/intercrystalline mass and heat transport
properties dictate the capture rate, which determines the
footprint and the capital cost of AAWH systems. A framework
for optimizing the AAWH systems on adsorption kinetics was
recently discussed by Wang et al.,376 which is not repeated
here.
A systematic experimental study on the adsorption kinetics

was conducted by Yaghi et al.17 using MOF-303(Al), Al-
fumarate, zeolite SAPO-34, and 13X as probe adsorbents. At
20% RH, the zeolite 13X is the fastest for adsorbing water
while MOF-303(Al) has the most favorable kinetics at higher
RH (Figure 16). In desorption, Al-fumarate responds faster
than MOF-303(Al). Both zeolites exhibit relatively slow
kinetics and the trapped water in zeolite 13X could not be
desorbed within 10 h even at 393 K. These results recommend
MOF-303(Al) and Al-fumarate as superior adsorbents over the
zeolites. The Pd

v value of MOF-303(Al) (1.5 g mLMOF
−1d−1) is

more than 2 times of Al-fumarate (0.68 g mLMOF
−1 d−1) due to

the different uptake kinetics and confirmed by the further
indoor experiment (Table 6), highlighting the primary
importance of adsorption kinetics. The feasibility of the
MOF-303(Al) harvester in practice was examined in the
extremely dry Mojave Desert (Figure 17),17 employing a

construction similar as the so-called “three-levels-of-porosity”
(TLP) catalytic reactor.30 The Pd

v value is 0.8 g mL−1 d−1 in a
continuous 3 day run.

MOF AAWH is still in its infancy stage. Until now, only
MOF-801(Zr) and MOF-303(Al) have been tested under
practical conditions (Table 6). The following points require
further attention: (1) More potential MOFs are to be tested
under practical conditions, identifying their optimal applic-
ability range of conditions. (2) The quality of the harvested
water should be reported. Water produced by systems with
MOFs based on certain transition metals may not stand the
hygiene tests for human consumption.378 (3) Combination
and comparison with mature harvesting technology (e.g., direct
cooling) should be evaluated to broaden the range of climates.

Figure 16. Water adsorption (a, 303 K) and desorption (b, 0% RH) profiles on MOFs (MOF-303(Al) and Al-fumarate) and zeolites (SAPO-34
and 13X). The dashed lines are the monoexponential curve fits. Prior to adsorption (desorption), the adsorbents were fully activated (saturated at
303 K under 40% RH). Reproduced with permission from ref 17. Copyright 2019 American Chemical Society.

Figure 17. (a) MOF-303(Al) harvester unit in the Mojave Desert, (b)
MOF adsorber, and (c) water container. Reproduced with permission
from ref 17. Copyright 2019 American Chemical Society.
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Further optimization of the whole AAWH system seems
realistic. (4) How to realize the large continuous supply of air
in arid regions and the effect on the capital and operating
expenses.

4.4. Humidity Control

As advised by the American Society of Heating, Refrigerating,
and Air-Conditioning Engineers (ASHRAE), the proper
indoor relative humidity (RH) for comfortable and healthy
environment for human beings falls in the range from 45% to
65%.195 MOF adsorbents could well regulate the humidity
level210 if these materials sharply adsorb water vapor when the
RH is above 65% and swiftly release vapor as RH is below 45%
(Figure 18). Such an adsorptive humidity control avoids the
classical cooling−dew pointing−reheating cycle resulting in a
better energy efficiency.

As reported by Eddaoudi et al., Y-shp-MOF-5195 shows type
IV water adsorption/desorption isotherms with inflection
points at 63% (adsorption) and 37% RH (desorption) (Figure
7), which perfectly matches the recommended working range
(45−65%) for the indoor humidity level control. Not
surprisingly, under the cycling conditions (45−65% RH), Y-
shp-MOF-5 retains its performance with a working capacity of
nearly 33 wt % and outperforms mesoporous MCM-41 by
virtue of its good stability. Furthermore, another candidate, Cr-
soc-MOF-1194 developed by the same team, exhibits out-
standing working capacity under various indoor humidity
levels. It outperforms both Y-shp-MOF-5 and MCM-41 by its
excellent capacity, even on a volume basis (Figure 7).
For air-conditioning and drying, other MOFs with lower

inflection points (Figure 7, 8, and 9) can also be utilized for
dehumidification together with process optimization,12,210,327

which potentially consume less energy compared to the dew-
pointing step. This is well summarized in previous reviews.12,25

In these open systems, coadsorption of volatile organic
compounds (VOCs) and moisture can occur, beneficial to
improving indoor air quality, but unwanted release of harmful
VOCs is undesired. Controlled release and degradation of
VOCs into nontoxic products12,379,380 could possibly mitigate
this issue, e.g., by incorporating a catalytic function on the
MOF.381,382

More applications of humidity control are for industrial
cooling and drying,383 in combined cooling−heating and
power cogeneration (CCHP), and in data centers.354 Clearly

other specific MOF characteristics may apply, not only
regarding application but also on the geographical location.354

A home appliance for dishwashing has been successfully
commercialized with a zeolitic material.384 An energy
reduction of ∼1 kWh and an excellent drying performance is
achieved.385,386 The low regeneration temperature suggests
MOFs as extremely interesting alternative sorbents.

4.5. Desalination

Various commercial desalination technologies exist to produce
fresh water from brackish or seawater.387,388 A relatively new,
emerging technology is the adsorption desalination (AD).389 It
is based on a combination of adsorption−desorption cycles
integrated with low-grade heat utilization, providing high
quality water and cooling.
The adsorption desalination system basically consists of an

evaporator, a packed bed adsorber, and a condenser operated
at reduced pressure. In one half-cycle, evaporated water is
adsorbed in a cold bed, and in the next half-cycle, the sorbent
is regenerated with a low temperature heat source, typically
50−85 °C. Heat exchange is integrated in all units. Chilled
water is produced in the evaporator and used to cool the
condenser. The sorbent is often packed in a tube-fin heat
exchanger. Cooling water is used to remove the adsorption
heat during loading. After saturation, the adsorber is
regenerated with low-grade heat and the desorbed water
vapor is liquified and collected in the cold condenser.
The use of a pair of parallel beds allows a more continuous

swing operation, one in adsorption and one in regeneration
mode, and in various designs several bed pairs are used,
thereby increasing the specific daily water production (SDWP)
and changing cycle times.
The thermodynamic cycle is similar as for a heat pump

(Figure 10),390 but now as an open system with the focus on
water production, although in cogeneration, cooling effects can
also be achieved by a lower temperature in the evaporator
relative to the adsorber and condenser. An equal or higher
temperature restricts the operation to desalination only.
The development of the AD technology is demonstrated for

traditional silica gel391 and used in benchmarking other
materials. Pilot plants (Figure 19) have been demonstrated
at academia, the National University of Singapore and the King
Abdullah University of Science and Technology.392 Reported
SDWP values range up to 10 m3/(tonnesilica day) for a two-bed
system. The performance ratio (PR), the ratio between the
energy used for evaporation of the produced water and the
heat used for regeneration of the bed, increases with decreasing
regeneration temperature (0.6−0.75). In cogeneration the
specific cooling power (SCP), the amount of cooling per mass
of sorbent is another assessment parameter.393

Here the use of MOFs become interesting for their peculiar
adsorption and regeneration properties.
Using CPO-27(Ni), also reported as MOF-74(Ni), an

SDWP of 22.8 m3/(tonneMOF day) and an SCP of 750 W/
kgMOF could be realized in a one-bed system at evaporation−
condenser−desorption temperatures of 40, 5, and 95 °C,
respectively, highlighting the potential of MOFs in AD.394 A
comparative study with CPO-27(Ni), Al-fumarate, and MIL-
101(Cr) demonstrated the use of MOFs in AD. At
evaporation−adsorption−condenser temperatures of 20, 25,
and 25 °C, SDWP values of 4.6, 6.3, and 11 m3/(tonneMOF
day) were reached, respectively, but at a high regeneration
temperature of 150 °C. Although on a mass basis this was the

Figure 18. Recommended relative humidity window for a healthy
indoor atmosphere and the achievable control window by using
MOFs. Adapted with permission from ref 195. Copyright 2017
American Chemical Society.
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highest for MIL-101,232 correcting for the density (Table 3)
shows that Al-fumarate stands out per unit volume sorbent by
∼40%. Lower regeneration temperatures down to 70 °C did
not affect its SDWP but strongly impacted the other MOFs’
performances due to the desorption hysteresis of MIL-101
(Figure 7) or to the strong adsorption in CPO-27. Al-fumarate
hardly exhibits hysteresis and can therefore be regenerated at
lower temperatures (see Figures 3 and 7). A recent study of the
same team with a two-bed system confirmed that Al-fumarate
outperformed both silica and CPO-27(Ni) depending on the
operation temperatures and the operation mode (pure
desalination or cogeneration).395 The water (SDWP up to
14 m3/(tonneMOF day)) has a high distilled water quality, is
produced at a low thermal and electricity consumption, and at
the lowest cost (0.3 $/m3) in comparison with other standard
operations (reversed osmosis, multieffect distillation, and
multistage flash).395 The reported AD productivities are an
order of magnitude large than in water harvesting. Apart from
the technology development level, this is importantly due to
the wider range of humidities in AD.
These data exemplify the potential of MOFs in AD. The step

location in the MOF isotherm and absence of hysteresis
determine the operation temperatures window in the system.
Not many MOFs have been explored yet for this application,
but the demonstrated low regeneration temperature for Al-
fumarate is especially attractive for an energy efficient
operation.

5. EVALUATION AND OUTLOOK
MOFs exhibit a characteristic uptake step of water, easy water
release and high mass specific capacities, distinguishing them
from most other porous sorbents, and making them attractive
for various applications and processes where humidity control,

water production, and evaporation and energy reallocation
using water as benign component is the essential basis. In this
review, specifically desiccation, heating/cooling, water harvest-
ing, humidity control, and desalination, have been presented as
those are the most advanced, although other applications, such
as drying and storage, can be thought of.
The steep water adsorption/desorption step much below

100% RH allows energy efficient operation over a small
temperature and relative humidity window, without formation
or presence of liquid water, interesting in, e.g., food
preservation. This eliminates growth of microorganisms and
avoids water condensation−evaporation energy management
in humidity control. The “ultralow” driving temperature range
of ∼55−85 °C for water desorption allows the use of low-grade
waste heat or renewable energy from solar panel heating,
increasing energy utilization from renewable sources, and
decreasing the consumption of primary fossil sources, thereby
reducing the impact on the environment.7

Apart from the essential hydrothermal stability of the MOFs
under long-term cyclic operation, in most lab-scale studies
predominantly only basic characterization parameters for a
certain application are determined. These include the location
(relative pressure) of the adsorption and desorption step, the
working capacity, and COP’s depending on the applied
operating temperatures. Although most uptake capacities are
given on a mass basis (gH2O/gMOF), reporting in volumetric
units (gH2O/mLMOF) is essential for judging the system volume
needed, moderating the high mass specific working capacities
of low-density MOFs, and placing them in better perspective.
From an extensive suite, 18 interesting MOFs have been
identified for adsorptive heat reallocation, many possessing 1D
channels. Several MOFs are also suited for water harvesting,
air-conditioning, and desalination, although R&D with MOFs
in these latter cases is still limited and more materials should
be evaluated.
On the basis of the many MOFs that have been explored,

the insight in the factors affecting the shape of the water
isotherm, location, and steepness of the adsorption step and
presence or absence of hysteresis (hydrophobicity/hydro-
philicity, pore size, and pore structure) can be used for further
development of dedicated MOFs. Even COFs appear at the
horizon with similar characteristics as MOFs.
As stated in the introduction, for the application mass and

heat transport kinetics are essential and appear to have an
adverse effect on the expected performance based on the
thermodynamically determined basic parameters. MOFs are
highly porous and consequently are poor heat conductors, with
similar low thermal conductivities (λ ∼ 0.2−1.2 W·m−1·K−1)
and heat capacities (Cp = ∼0.5−1 J·g−1·K−1) as zeolites.99,231

In packed beds, this transport mainly occurs through the
porous particle contact points, lowering at least 1 order of
magnitude the pristine (crystal) MOF values.396,397 The use of
binders and coatings is used to alleviate this drawback.280,336

Because not only conduction plays a role but also the heat
capacity of the materials, a better parameter to characterize the
thermal transport is the thermal diffusivity a = λ/(ρ·cp) [m2

s−1] that describes how fast temperature profiles move in the
system (see Figure 2). The low heat capacity is positive in this
sense, but particle and bed porosity and conductive support
structures have an adverse effect.
Mass transport occurs by pore diffusion,336 strongly coupled

with adsorption and heat release, phenomena having a strong
impact on the response time of the application.17,73,280 As in

Figure 19. Pictures of adsorption desalination test facilities at NUS
(top, middle) and KAUST (bottom). Reproduced with permission
from ref 392. Copyright 2013 Elsevier.
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heterogeneous catalytic processes, one has to combine
intensive (scale independent) and extensive (scale dependent)
variables. Structuring of the system on the micro-, meso-, and
macro level can to a certain extent decouple these phenomena,
leaving more degrees of design freedom.398,399 Coatings versus
packed beds have opposite effects regarding heat and mass
transport, and optimization is required by smart engineering,
where additive manufacturing opens new opportunities.400

Determination of water diffusivity and heat conductivity of
MOFs in the systems under study is still limited and requires
more attention to evaluate if promising properties of a MOF
can be successfully translated into an application.
Most applications are stationary systems in which the cyclic

swing operation is engineered into semicontinuous or
continuous mode by multibed or rotating wheel use, where
cycle times of tens of minutes to hours are acceptable. Small-
scale mobile applications, e.g., vehicle air conditioning or
personal water harvesting in dry areas require continuous
operation with shorter cycle times. In the absence of waste heat
sources, an alternative such as electricity is obvious.
Regarding applications, more factors than performance play

a role, like availability, economics, and acceptability. For test
systems, more than lab-scale amounts of MOFs are needed,
and their availability and cost evaluation should be
considered.280 Production scale-up developments will improve
availability and may cut the lab-scale cost price (e.g., CAU-10-
H ∼ 60 €/kg)280 to levels that the MOF-based application can
compete with those using benchmark materials.401 Conceptual
process designs and sensitivity analyses are essential to provide
the insight to what extent and at what price MOF-based
systems outperform those based on classical sorbents, similarly
as, e.g., done for CO2 capture.

402

Concerning acceptability, the type of MOF used will be
subjected to scrutiny regarding toxicity of the used building
blocks, linker, and metal, and regarding the application, being
an open or closed system.378,403 In water harvesting, no
harmful species may end up in the produced drinking water
and unsuspected MOF building blocks should be used, or even
metal-free COF alternatives can be considered. On the other
hand, in long-term cyclic operations around ambient
conditions, microorganism growth should be avoided and
some metal nodes (Ag+, Cu2+, and Ni2+) can have an
antibacterial function.193 Addition of a catalytic function can
be considered.
In all cases, applications should be compared against

competing systems and their developments. Utilizing renew-
able energy to drive MOF applications also holds for these
competitors. Renewable electricity may become increasingly
available and cheaper, changing the operating cost picture in
comparative analyses.
Considering all these elements needed to develop MOFs

toward adsorption-based applications, a collaborative effort of
chemists, materials scientists, and engineers is required.

6. CONCLUSIONS
Metal−organic frameworks have an exciting potential for
application in water adsorption-based applications for humidity
control and reallocation of heat, like heat pumps, energy
storage, drying, air-conditioning, and emerging technologies of
water harvesting and desalination. The characteristic uptake
step at defined relative pressure allows energy efficient
operation over a small temperature and relative humidity
window with a large working capacity, unlike classical sorbents.

Regeneration can be achieved at ultralow driving temperature
levels of low-grade heat (∼55−85 °C), allowing the use of the
abundantly available industrial waste heat and renewable
energy from solar panel heating. The insight in the factors that
determine the shape of the isotherm, the location of the step,
and the presence of a hysteresis allows the further development
or fine-tuning of MOFs for a specific application.
For heat reallocation, 18 MOFs have been identified from an

extensive suite that combine an excellent hydrothermal
stability under humid conditions with good working capacity
at optimal relative humidities. Several MOFs have been
operated for thousands of adsorption−regeneration cycles
without deterioration. Some of these MOFs are also suited for
water harvesting and air-conditioning, although R&D in the
latter cases is still limited and more materials should be
evaluated.
Apart from the intrinsic adsorption and stability qualities,

scale-dependent heat and mass transport in MOFs and
packings are often rate controlling in the application. This
topic needs more R&D. Structuring the MOFs on different
levels can improve a lot, e.g., by coatings and additive
manufacturing.
It is recommended further that the working capacity of

MOFs is given and compared on a volume basis to account for
the large differences in density, after all in practice volume
counts. For heat transport, the thermal diffusivity should be
used, as it accounts for both the thermal conductivity and the
heat capacity of the MOF system under study.
Next to performance, availability, economics, and accept-

ability of MOFs for the specific applications have to be
considered. Sufficient amounts are required and at acceptable
cost, while conceptual process designs (CPD) and life cycle
analyses (LCA) can guide essential further R&D directions.
This requires a concerted effort bridging chemistry, materials
science, and engineering.
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ABBREVIATIONS

Symbols

A = adsorption potential, kJ·mol−1

α = relative pressure at inflection point adsorption step
Cp,water = specific heat capacity of water, J· K−1·g−1

Cp,MOF = specific heat capacity of MOF, J· K−1·g−1

COP = coefficient of performance
d = coating thickness, μm
dpore = size of MOF cage or cage, Å
dwindow = size of MOF aperture or cage window, Å
Dc = critical diameter for capillary condensation, nm
E = characteristic adsorption energy, kJ·mol−1

Ea = activation energy, kJ·mol−1

ΔG = free Gibbs energy change, kJ·mol−1

(−ΔadsH) = heat of adsorption, kJ·mol−1

ΔvapH = enthalpy of evaporation, kJ·mol−1

λ = thermal conductivity, W·m−1·K−1

mcaptured = mass of water captured, g

mcollected = mass of water collected, g
mMOF = mass of MOF adsorbents, g
mreleased = mass of water released, g
n = fit parameter in DA equation
nc = number of capture cycles
p = partial pressure of water vapor, kPa
p0 = saturated pressure of water vapor, kPa
(p/p0) = relative vapor pressure
Pc
g = gravimetric water productivity per cycle, g gMOF

−1 c−1

Pc
v = volumetric water productivity per cycle, g mLMOF

−1 c−1

Pd
g = gravimetric water productivity per day, g gMOF

−1 d−1

Pd
v = volumetric water productivity per day, g mLMOF

−1 d−1

PR = performance ratio, energy water evaporation/bed
regeneration
qmax = maximum water uptake capacity, g·gMOF

−1

qwater = water uptake at specific conditions, g·gMOF
−1

Δq = working capacity, g·gMOF
−1

Qc = energy released per unit mass water collected in
condensation, kJ·mol−1

Qd = energy taken up per unit mass water released in
desorption, kJ·mol−1

R = universal gas constant, J·mol−1·K−1

RH = relative humidity, %
SBET = BET area, m2·g−1

SCP = mass specific cooling power, W·kgads
−1

SDWP = specific daily water production, often given in
(m3/(tonneMOF day)), L kg−1 d−1

tads = adsorption time, s
Tads = adsorption temperature K, °C
Tb = dry bulb temperature K, °C
Tc = critical temperature K
Tcon = condensation temperature K, °C
Tdes = desorption temperature K, °C
Tev = evaporator temperature K, °C
Tw = wet bulb temperature K, °C
VHX = volume of heat exchanger, L
VSCP = volumetric specific cooling power, W·L−1

Vp = pore volume, cm3·g−1

σ = Van der Waals diameter, nm
ρc = crystal density, g·mL−1

Wsat = saturation water uptake, g·mLMOF
−1

Wmax = maximum water uptake, g·mLMOF
−1

Wmin = minimum water uptake, g·mLMOF
−1

ΔW = working capacity, g·mLMOF
−1

MOF Acronyms

BUT = Beijing University of Technology
CALF = Calgary Framework
CAU = Christian Albrechts University
COF = covalent organic framework
CUK = Cambridge-University-KRICT
DUT = Dresden University of Technology
HKUST = Hong-Kong University of Science and Technol-
ogy
IISERP = Indian Institute of Science Education and
Research, Pune
JUC = Jilin University, Changchun
KAUST = King Abdullah University of Science and
Technology
MAF = metal azolate framework
MIL = Mateŕiel Institut Lavoisier
MIP = Materials of the Institute of Porous Materials from
Paris
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MOF = metal−organic framework
NENU = Northeast Normal University
NU = Northwestern University
PCN = Porous Coordination Network
UiO = University of Oslo
ZIF = zeolitic imidazolate framework
ZJNU = Zhejiang Normal University

Other

AAWH = adsorption-based atmospheric water harvesting
ADC = adsorption-driven chiller
AD = adsorptive desalination
ASHRAE = American Society of Heating, Refrigerating, and
Air-Conditioning Engineers
AWH = atmospheric water harvesting
CCHP = combined cooling-heat and power
CPD = conceptual process design
DA = Dubinin−Astakhov
EHS = environment, health, and safety
FTIR = Fourier-transform infrared
HSAB = hard/soft acid/base principle
ICP-OES = inductively coupled plasma optical emission
spectrometry
LCA = life cycle analysis
NMR = nuclear magnetic resonance
PALS = positronium annihilation lifetime spectroscopy
PDF = pair distribution function
PXRD = powder X-ray diffraction
SBU = secondary building unit
SCXRD = single crystal X-ray diffraction
SEM = scanning electron microscopy
TLP = three levels of porosity
UV−vis = ultraviolet−visible
VOC = volatile organic compound

Linkers

ABDC = 4,4′-azobenzenedicarboxylate
ABTA = 1-(4-aminobenzyl)-1,2,4-triazolate
ADC = 9,10-anthracenedicarboxylate
ALA = alanine
AT = aldrithiol
AZPY = azopyridine
BA = benzoate
BBTA = 1H,5H-benzo(1,2-d:4,5-d′)bistriazolate
BDA = 2,2′-biphenyl dicarboxylate
BDB = 4,4′-(benzene-1,3-diyl)dibenzoate
BDC = 1,4-benzene dicarboxylate (TPA)
BDP = 1,4-benzenedi(4-pyrazolyl)
BDPO = 2,4-bis(3,5-dicarboxyphenylamino)-6-oltriazine
BDTT = bis(1,2,3-triazolo[4,5-b],[40,50-i])dibenzo[1,4]-
dioxin)
BFBPDC = 2,2′-bistrifluoromethyl-biphenyl-4,4′-dicarbox-
ylate
BIM = benzimidazolate
BIPY = 2,2′-bipyridine-5,5′-dicarboxylate
BNDCA = 1,1′-binaphthyl-4,4′-dicarboxylate
BPA = 1,2-bis-(4-pyridyl)acetylene)2
BPANCH = 9,10-bis(4-pyridyl)anthracene
BPDC = 4,4′-biphenyldicarboxylate
BPE = trans-1,2-bis(4-pyridyl)ethylene
BPT = [1,1′-biphenyl]-3,4′,5-tricarboxylate
BPTC = 4,4′-bipyridine-2,6,2′,6′-tetracarboxylate
BPY = 2,2′-dipyridyl
BPYBC = 1,1′-bis(4-carboxybenzyl)-4,4′-bipyridine

BTBbenzene = benzenetribenzoate
BTBA = 4,4′,4″-(1H-benzo[d]imidazole-2,4,7-triyl)-
tribenzoate
BTC = 1,3,5-benzene tricarboxylate
BTDD = bis(1H-1,2,3-triazolo[4,5-b],[4′,5′-i])dibenzo-
[1,4]dioxin
BTEB = 1,2,4,5-tetrakis(4-carboxyphenyl)benzene
BTEC = pyromellitate
BTP = 1,3,5-tris(1H-pyrazol-4-yl)benzene
BTRE = 1,2-bis(1,2,4-triazol-4-yl)ethane
BTN = 1,3,5-tri(6-hydroxycarbonylnaphthalen-2-yl)benzene
BTTA = 1H,5H-benzo-(1,2-d:4,5-d′)bistriazolate
BTTB = 4,4′,4″,4″-benzene-1,2,4,5-tetrayltetrabenzoate
CDC = trans-1,4-cyclohexane dicarboxylate
(R)-2-Cl-man = (R)-2-chloromandelate
(R)-3-Cl-man = (R)-3-chloromandelate
(R)-4-Cl-man = (R)-4-chloromandelate
CPP = (S or R)-3,3′-di-tert-butyl-5,5′-dicarboxyphenyl-6,6′-
dimethylbiphenyl-2,2′-diyl hydrogen phosphate
CTTA = 5′-(4-carboxyphenyl)-2′ ,4′ ,6′-trimethyl-
[1,1′:3′,1″-terphenyl]-4,4″-dicarboxylate
DAB = 1,4-diamino-butane
DABCO = 1,4-diazabicyclo[2.2.2]octane (TED)
DCBP = 4,4′-dicarboxy-2,2′-bipyridine
DCDPP = 5,15-di(4-carboxylphenyl)-10,20-di(4-pyridyl)-
porphyrin
DCDPS = 4,4′-dicarboxydiphenyl sulfone
DCI = 4,5-dicyanoimidazolate
DCIM = dichloroimidazolate
DCPBA = 3,5-di(4′-carboxylphenyl) benzoate
DOBDC = 2,5-dihydroxyterephthalate
DMBPY = 2,2′-dimethyl 4,4′-bipyridine
DMCAPZ = 3,5-dimethyl-4-carboxypyrazolate
DPE = 1,2-di(4-pyridyl)ethylene
DTTDC = dithieno[3,2-b;20,30-d]-thiophene-2,6-dicarbox-
ylate
EDDA = 5,5′-(ethane-1,2-diylbis(oxy))diisophthalate
FA = fumarate
FCP1 = (R)-6,6’-dimethyl-3,3′-di(3,5-bis(trifluoromethyl))-
phenyl-5,5′-di(3,5-bis(methoxycarb -onyl))phenyl-1,1’-bi-
phenyl-2,2’-hydrogen phosphate
FCP3 = (R)-6,6’-dimethyl-3,3′-di(3,5-difluoro)phenyl-5,5′-
di(3,5-bis(methoxycarbonyl))pheny -l-1,1’-biphenyl-2,2’-hy-
drogen phosphate
FDA = 1,3,6,8-tetrakis(p-benzoate)pyrene
FDC = 2,5-furandicarboxylate
Gd-H-DOTA-4AmP = Gd(III)-1,4,7,10-tetraazacyclodode-
cane-1,4,7,10-tetraacetamidomethylene phosphonate
HBTT = 5,5′,10,10′,15,15′-hexabutyltruxene-2,7,12-tricar-
boxylate
HDTT = 5,5′,10,10′,15,15′-hexadecyltruxene-2,7,12-tricar-
boxylate
HETT = 5,5′,10,10′,15,15′-hexaethyltruxene-2,7,12-tricar-
boxylate
HHTT = 5,5′,10,10′,15,15′-hexahexyltruxene-2,7,12-tricar-
boxylate
HMTT = 5,5′,10,10′,15,15′-hexamethyltruxene-2,7,12-tri-
carboxylate
HOTT = 5,5′,10,10′,15,15′-hexaoctyltruxene-2,7,12-tricar-
boxylate
ICA = imidazole-2-carboxaldehyde
IDC = 4,5-imidazoledicarboxylate
IM = imidzolate

Chemical Reviews pubs.acs.org/CR Review

https://dx.doi.org/10.1021/acs.chemrev.9b00746
Chem. Rev. 2020, 120, 8303−8377

8364

pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.9b00746?ref=pdf


IPA = isopthalate
L = N-(4-carboxyphenyl)isonicotinamide 1-oxide for
[PbL2]·2DMF·6H2O
L1 = structural formula, see ref 124 for spiro-1
L1 = 1H-pyrazole-4-carboxylate for Ni8(L1)6
L2 = structural formula, see ref 124 for spiro-2
L2 = 4-(1H-pyrazole-4-yl)benzoic acid for Ni8(L2)6
L3 = 4,4′-benzene-1,4-diylbis(1H-pyrazole)
L4 = 4,4′-buta-1,3-diyne-1,4-diylbis(1H-pyrazole)
L5 = 4,4′-(benzene-1,4-diyldiethyne-2,1-diyl)bis(1H-pyra-
zole)
L6 = 3,5-di(pyridine-4-yl)benzoate
L7 = 5-(4-pyridyl)-isophthalate
L22 = structural formula, see ref 137
L′1 = 2-((pyridin-4-yl)methylamino)-4-methylpentanoate
L′2 = 2-(pyridin-4-yl)methylamino)-3-hydroxypropanoate
L′3 = 2-((pyridin-4-yl)methylamino)-3-hydroxybutanoate
LA

1 = structural formula, see ref 234
LA

2 = structural formula, see ref 234
LA

3 = structural formula, see ref 234
LB

1 = structural formula, see ref 234
LB

2 = structural formula, see ref 234
LB

3 = structural formula, see ref 234
LC

1 = structural formula, see ref 234
LC

2 = structural formula, see ref 234
LC

3 = structural formula, see ref 234
(S)-man = (S)-mandelate
MCP = (R)-6,6′-dimethyl-3,3′-di(3,5-dimethyl)phenyl-5,5′-
di(3,5-bis(methoxycarbonyl))phenyl-1,1′-biphenyl-2,2′-hy-
drogen phosphate
MDIP = 3,3′,5,5′-tetracarboxydiphenylmethane
(R)-4-Me-man = (R)-4-methylmandelate
MIM = 2-methylimidazolate
MIMCA = 4-methylimidazolate-5-carbaldehyde
MPA = dimethyl 5-ethoxy isophthalate
MTB = 4,4′,4″,4‴-methanetetrayltetrabenzoate
MTPM = tetrakis(m-pyridyloxymethylene)methane
MTZ = 3-methyl-1,2,4-triazolate
NDB = 4,4′-(naphthalene-2,7-diyl)dibenzoate
NDC = naphthalene-2,6-dicarboxylate
NDI-H = structural formula, see ref 261
NDI-SEt = structural formula, see ref 261
NDI-SOEt = structural formula, see ref 261
NDI-SO2Et = structural formula, see ref 261
NIM = nitroimidazolate
OAA = oxalate (OX)
OBA = 4,4′-oxybis(benzoate)
OPD = o-phthalate
PA = phytate
PAIP = 5-(1H-pyrazol-4-yl)-isophthalate
PCIH = 4-pyridinecarboxaldehyde hydrazine
PDA = 1,2-diaminopropane
PDAD = 5,5′-(pyridine-3,5-dicarbonyl)bis(azanediyl)-
diisophthalate
PDC = pyridine-2,4-dicarboxylate for Co-CUK-1
PDC = 3,5-pyrazoledicarboxylate for MOF-303(Al)
PEDB-(OMe)2 = 4,4′-[(2,5-dimethoxy-1,4-phenylene)bis-
(ethyne-2,1-diyl)]dibenzoate
PHEN = 1,10-phenanthroline
PM = pyromellitate
PMPA = N,N′-piperazinebis(methylenephosphonate)
PMPMD = N,N′-bis(4-pyridylmethyl)phenyldiimide
PYC = 4-pyridine carboxylate

PYTPH = tetraethyl-1,3,6,8-pyrenetetraphosphonate
PYZ = pyrazine
PYZDC = pyrazine-2,5-dicarboxylate
PZDC = 2,3-pyrazinedicarboxylate for Cu2(pzdc)2bpy
PZDC = 1H-pyrazole-3,5-dicarboxylate for MOF-802(Zr)
Q = hydroquinone
RABL = resorcin[4]arene-based linker
SDB = 4,4′-sulfonyldibenzoic carboxylate
TAIP = 5-(1H-1,2,3-triazol-4-yl)isophthalate
TAPP = 4-(4H-1,2,4-triazol-4-yl)-phenyl phosphonate
TATB = 4,4′,4″-s-triazine-2,4,6-triyl-tribenzoate
TBAPY = 4,4′,4″,4‴-(pyrene-1,3,6,8-tetrayl)tetrabenzoate
TBPP = 4′,4‴,4⁗′,4″′′′′′-(porphyrin-5,10,15,20-tetrayl)-
tetrakis([1,10-biphenyl]-4-carboxylate)
TCBPTA = 2,4,6-tris-(4-carboxyphenoxy)-1,3,5-triazine
TCS = tetrakis(4-oxycarbonylphenyl)silane)
TCP-2 = structural formula, see ref 156
TCP-3 = structural formula, see ref 156
TCPP = tetrakis(4-carboxyphenyl)porphyrin
TCPT = 3,3″,5,5′′-tetrakis(4-carboxyphenyl)-p-terphenyl
TCTPA = 4,4′,4′′-tricarboxyltriphenylamine
TCYM = 2,4,6-tris[1-(3-carboxylphenoxy)ylmethyl]-
mesitylene
TDC = 2,5-thiophenedicarboxylate
TDHB = 3,3′ ,5,5′-tetrakis(3,5-dicarboxyphenyl)-
2,2′,4,4′,6,6′-hexamethylbiphenyl)
THIPC = (S)-4,5,6,7-tetrahydro-1H-imidazo[4,5-c]-
pyridine-6-carboxylate
THR = 2-(pyridin-4-yl)methylamino-3-hydroxybutanoate
TIB = 1,3,5-tris(1-imidazolyl)benzene
TMBDC = 2,3,5,6-tetramethyl-1,4-benzenedicarboxylate
TPADPA = 5,5′-(triphenylamine-4,4′-diyl)diisophthalate
TPDC-o-2CF3 = 3,3″-bis(trifluoromethyl)-[1,1′:4′,1′′-ter-
phenyl]-4,4′′-dicarboxylate
TPHB = 4,4′,4″,4‴,4″″,4″‴-(triphenylene-2,3,6,7,10,11-
hexayl)hexabenzoate
TPO = tris(paracarboxylphenyl) phosphine oxide
TPP = 5,10,15,20-tetra(1H-pyrazol-4-yl)-porphyrin
TPPA = 1,3,5,7-tetrakis(4-phosphonophenyl)adamantine
TPPM = tetrakis[4-(dihyroxyphosphoryl)phenyl]methane
TPPP = 5,10,15,20-tetrakis(4-(1H-pyrazol-4-yl)-phenyl)-
porphyrin
TPT = 2,4,6-tris(4-pyridyl)-1,3,5-triazine
TRZ = 1,2,4-triazolate
TTFTB = tetrathiafulvalene tetrabenzoate
TTNA = 6,6′,6″-(2,4,6-trimethylbenzene-1,3,5-triyl)tris(2-
naphthoate)
TTTA = (2E,2′E,2″E)-3,3′,3″-(2,4,6-trimethylbenzene-
1,3,5-triyl)-triacrylate
TZBPDC = 4′-(1H-tetrazol-5-yl)-[1,1′-biphenyl]-3,5-dicar-
boxylate
TZE = tetrazole-5-ethylester
TZG = 5,5′-(1,2,4,5-tetrazine-3,6-diyl)bis(benzene-1,2,3-
triol)
VAL = 3-methyl-2-(pyridine-4-ylmethylamino) butanoate
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(62) Feŕey, G.; Serre, C. Large breathing effects in three-dimensional
porous hybrid matter: Facts, analyses, rules and consequences. Chem.
Soc. Rev. 2009, 38, 1380−1399.
(63) Devic, T.; Serre, C. High valence 3p and transition metal based
MOFs. Chem. Soc. Rev. 2014, 43, 6097−6115.
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Maurin, G.; Feŕey, G.; Vittadini, A.; Gross, S.; Serre, C. A series of
isoreticular, highly stable, porous zirconium oxide based metal−
organic frameworks. Angew. Chem., Int. Ed. 2012, 51, 9267−9271.
(73) Kim, H.; Yang, S.; Rao, S. R.; Narayanan, S.; Kapustin, E. A.;
Furukawa, H.; Umans, A. S.; Yaghi, O. M.; Wang, E. N. Water
harvesting from air with metal-organic frameworks powered by
natural sunlight. Science 2017, 356, 430−434.
(74) Fathieh, F.; Kalmutzki, M. J.; Kapustin, E. A.; Waller, P. J.;
Yang, J.; Yaghi, O. M. Practical water production from desert air. Sci.
Adv. 2018, 4, eaat3198.
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(277) Aríñez-Soriano, J.; Albalad, J.; Vila-Parrondo, C.; Peŕez-
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catalytic properties of MIL-100(Fe), an iron(III) carboxylate with
large pores. Chem. Commun. 2007, 2820−2822.
(363) Wahiduzzaman, M.; Lenzen, D.; Maurin, G.; Stock, N.;
Wharmby, M. T. Rietveld refinement of MIL-160 and its structural
flexibility upon H2O and N2 adsorption. Eur. J. Inorg. Chem. 2018,
2018, 3626−3632.
(364) Bon, V.; Senkovska, I.; Evans, J. D.; Wöllner, M.; Hölzel, M.;
Kaskel, S. Insights into the water adsorption mechanism in the
chemically stable zirconium-based MOF DUT-67 − A prospective
material for adsorption-driven heat transformations. J. Mater. Chem. A
2019, 7, 12681−12690.
(365) Lee, J. Y.; Olson, D. H.; Pan, L.; Emge, T. J.; Li, J.
Microporous metal−organic frameworks with high gas sorption and
separation capacity. Adv. Funct. Mater. 2007, 17, 1255−1262.
(366) Dybtsev, D. N.; Chun, H.; Kim, K. Rigid and flexible: A highly
porous metal−organic framework with unusual guest-dependent
dynamic behavior. Angew. Chem., Int. Ed. 2004, 43, 5033−5036.
(367) Database of Zeolite Structures; International Zeolite Associa-
tion. 2017; http://www.iza-structure.org/databases/ (accessed 2020-
03-07).
(368) Mora, A. J.; Fitch, A. N.; Cole, M.; Goyal, R.; Jones, R. H.;
Jobic, H.; Carr, S. W. The structure of the calcined aluminophosphate

ALPO4-5 determined by high-resolution X-ray and neutron powder
diffraction. J. Mater. Chem. 1996, 6, 1831−1835.
(369) Wragg, D. S.; Johnsen, R. E.; Norby, P.; Fjellvåg, H. The
adsorption of methanol and water on SAPO-34: in situ and ex situ X-
ray diffraction studies. Microporous Mesoporous Mater. 2010, 134,
210−215.
(370) Yeh, R. L.; Ghosh, T. K.; Hines, A. L. Effects of regeneration
conditions on the characteristics of water vapor adsorption on silica
gel. J. Chem. Eng. Data 1992, 37, 259−261.
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