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Abstract: An increased lack of access to potable fresh water and sanitation has been witnessed in recent years and is
damaging communities, particularly in underprivileged countries. Innovative nanostructured materials are essential to
reducing the separation process's capital & operational costs and energy intensity. Metal-organic frameworks (MOF's) are
emerging and promising adsorbents with notable attributes such as easy uptake and release of water at moderate
temperatures and low relative pressures, along with improved working capacities. This study is focused on the
characteristics and potential applications of MOFs in water desalination. According to the results, desalination covers a
wide range of inflection points which is 0.15 < o < 0.5. The MOF:s falling in this range (ideal for desalination) are Al-
fumarate and MIL-101(Cr). Finally, the adsorption uptake capacities are evaluated for further development depending on

their suitability for desalination systems.

Keywords: Metal-organic frameworks (MOFs); adsorption/desorption; adsorption characteristics; desalination, adsorption

desalination.

1. INTRODUCTION

Around seven hundred million people worldwide suffer
from water scarcity. By 2025, 1.8 billion people will be
living in places with absolute water shortages [1].
Unfortunately, this scenario is projected to become worse.
In order to alleviate the water shortage and related water
contamination issues, desalination techniques have
provided an innovative alternative in the recent decade.
The common methods employed for water desalination
include humidification - dehumidification desalination
(HDH), multiple-effect distillation (MED), solar
distillation (SD), multi-stage flash distillation (MSF),
and vapor compression distillation (MVC), including
technologies such as nanofiltration (NF), electro-dialysis
(ED), reverse osmosis (RO) and forward osmosis (FO).
Some of the significant advantages of desalination
systems include utilizing waste heat, reduced
maintenance cost, reduced electricity utilization, and
cogeneration ability with cooling and freshwater
production. However, owing to the significant emissions
from current desalination processes and their impact on
global warming - advanced systems with reduced energy
utilization and CO; emissions are required. Therefore,
various researchers have made investigations to improve
the conventional desalination methods. Consequently,
the adsorption desalination (AD) technique has recently
gained colossal consideration and interest due to its
significant benefits and low evaporation temperature,
lowering the fouling effect [2]. A brief comparison of
various desalination technologies is presented in Table 1.
Researchers evaluated the AD systems, as shown in Error!
Reference source not found.. Scheele (1774) and Fontana
(1777) reported the adsorption phenomena [3], and de
Saussure observed that heat developed during the cycle,
and the porosity of the solid material was the principal
cause of adsorption. Since then, adsorption has
proliferated in numerous investigative studies [4].
Various researches are conducted to analyze the
performance of adsorbent-adsorbate pairs employed in
the desalination systems. The typical commercially
accepted adsorbents are silica gel, zeolites, activated
carbon, and zeolite-like materials [5]. In addition, recent
researches have thoroughly evaluated the employment of
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metallic-organic ~ frameworks for water
treatment and gas separation.

MOFs’ distinct porous structures, added with various
secondary building units (SBUs), chemical functions,
high-specific surfaces, and particle structures, make them
more preferable to conventional materials [6]. In addition,
the MOF-integrated membranes show improved material
compatibility with rigid frameworks, which often cause
membrane porosity and segregation to block [7]. Water
stability is one of the essential characteristics of MOFs
used in water treatment [8]. These can function as
nanofillers that can be integrated into membranes of
some specific types. Therefore, MOFs can be produced
in their pure state, and their synthesis has made them
more stable materials.

(MOFs)

Table 1. An overview of desalination technology’s GHG
emissions and energy use.

Electric | Thermal | CO2 Cost | Ref
al energy emiss | ($ m
energy | consump | ions -3
consum | tion (kg
ption (kWh m=3)
(kWh m=3)
m~3)
MSF | 69.44- | 69.44— 20.4— | 1.07 |[9]
83.33 83.33 25.0
MED | 1.5-5 41.67— 11.8- | 0.83 | [9]
61.11 17.6
RO 4-8 0 279 ]0.76 | [10]
[11]
Adso | 1.38 39.8 112 |03 [12]
rptio
n

This paper investigates and provides an update on the
MOFs’  adsorption/desorption  characteristics and
stability in liquid systems. First, the study constructed a
database of 383 MOF samples reported in the literature
to evaluate their water adsorption properties. Then,
according to the criteria, a suite of 18 MOFs is
recognized for selective specific applications. By
utilizing this water adsorption database of MOFs, the
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adsorption and desorption isotherms are replotted to
evaluate and compare systematically. Based on this study,
It was shown that the MOF structure and hydrophilicity
or hydrophobicity of the building blocks are responsible
for the adsorption isotherm shapes, hysteresis, steepness,
step location, and leading adsorption. Finally, the
analysis defines the characteristics and potential of
various MOFs for practical applications in desalination,
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Fig. 1 Conventional adsorption system.

Most MOF applications are still in a phase of exploration.
For these applications, the design features of systems and
conceptual process designs are therefore taken as a
precedent for further R&D against current adsorbents.

2. METHODOLOGY

The water adsorption isotherms of MOFs were initially
collected from the literature. The water adsorption
features of 383 MOF samples were assessed
systematically in this work, based on the six criteria,
which resulted in 18 kinds of MOFs (shown in Table 2),
which meet the requirements mentioned below.
Appropriate MOFs for water adsorption uses have been
described by following six criteria [13]:

1. Hydrothermal stability

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

3. an ample 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)

5. High cycling durability

6. Facile adsorption—desorption, heat kinetics, and fast
mass for the desired energy efficiency.

The chosen MOFs were first to be assessed. The
isotherms of the chosen MOF were then traced for water
adsorption/desorption, based on published data as shown
in Fig. 2 and Fig. 3. The isotherms are in the units of
volume-specific (g/cm® MOF) as they are common in the
application by specifying the sample volume being
occupied for a specific water capacity. The relative
pressure and temperature dependence for water uptake W
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(p/po, T) may be easily represented after Polanyi [14] and
Dubinin [15], which defines an adsorbent potential (p/po,
T) in equation (i) and equation (ii). The connection
between Dubinin—Astakhov is commonly used, with all
isotherms breaking down to a single feature curve with a
step at MOF-specific adsorbent characteristic energy, E.

W(pB,T) = W(A)

0 N Q)
o]
A= —RTIn (%) (i)

Similarly, the water adsorption/desorption properties and
mechanism of some of these 18 selected MOFs are
presented further based on the types of metal valencies,
linkers, and the type of adsorption mechanism. Finally,
the classification of some of the adsorption isotherms is
made based on the IUPAC definition [16].

a. Water Adsorption process

The water adsorption applications comprise a
comparable construction with two interconnected
essential components, a water processing unit, and a
water-MOF contactor, having a cyclic manner of
operation. Since Chang's presented a study in 2006, water
adsorption characteristics in MOFs are widely
investigated [17]. Water cluster adsorption is widespread
in the formation of layers since most investigated.
Aromatic hydrophobic linkers are part of MOFs. On
hydrophilic sites in MOFs, water clusters can be formed
after water nucleation. The open and closed systems can
be differentiated as - "closed" systems that exchange
energy with the environment or surroundings, and "open"
systems are those which also supply or remove water
along with the exchange of energy with the surroundings
[18]. The type and efficiency of application are
determined by precise connection and operational
methods and conditions. Power density and productivity
are crucial to the reallocation of heat, while water
collection, rate, and productivity are sought.

The dependence on partial temperature and pressure in
both subunits directs the functioning of the water vapor-
liquid phase interaction, recorded on psychrometric
charts. The inclusion of MOF in the water-MOF
contactor changes these properties through sorption. In
addition, water and energy transit must also be accounted
for in all applications [19].

Table 2. Crystalline structure and physical properties of the
identified MOFs.

Ma | a | Qmax| Vp Stability | Crystalline R
teri | [—]1 [gg™] [cm3 g7 structure e
al f.
Cr- |0. |19 |21 No loss ‘gl [
soc |69 |5 in 9 2
- Aq over 0
M 100 1
OF adsorpti
-1 on

cycles/

with

signific
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ant MI | 0. |04 |0.40 6% loss [
hysteres P- 18 |5 in  Aq 2
is 200 over 1- 9
(zr 10 1
) adsorpti
on
MI |0 |17 |- - [ cycles
L- |4 |3 2 and no
101 1 loss in
(Cr [ Aq over
) 2 10-40
2 adsorpti
1 on
Co, [ 0. |09 |- 6.3% [ cycles
Cl, |29 |7 loss in 2 CA | 0. [04 |048 | No loss | Fe=gige [
(B Aq over 3 U- |27 |2 in  Aq {é é @ 3
'IE')I;) 33 _ ] 23( over ?»*{!\“ﬁ 0
adsorpti e Al) 5000 g & 2]
on adsorpti &&‘:’&
cycles on
MI |0. |07 |082 |- Lo a [ cycles
L- |35 ]9 2 MI [0 [04 |- - [
100 4 L- 75 |0 4 3
(Fe ] 53( 1
) Al) ]
M 0. |05 | 053 7% loss [ -
OF |22 |1 iN Qmax 2 OH
- after 5 S MI | 0. |03 | 040 | No loss [
841 adsorpti | € 65 1 L- |09 |8 in  Aq 3
(Zr on 160 over 10 2
) cycles (Al adsorpti ]
Y- |0. |04 | 063 |9% loss ‘ [ ) on
shp | 63 | 8 iN qmax 2 cycles
- after 5 6 CA [0. |03 |- No loss [
M 1000 1 U- |16 |7 in  Aq 3
OF adsorpti 10( over 9 3
-5 on Al) adsorpti ]
cycles -H on
/\_Nith_ cycles
signific Ui [0. |03 |035 | No loss [
ant o- 317 iN Qo 3
hysteres 66( over 2 4
IS _ zr) adsorpti ]
M |0 |04 |054 |No loss ?«r@{r [ on
OF |13 |5 iN Qmax o 1k cycles
- over 5 =y 1] M [0 |03 [045 | Stable “;iﬁr* [
303 adsorpti | & % : OF |09 |6 over 5 Mﬁﬁi {“M 2
(Al on o - adsorpti r&fﬁfi 5
?vn 0. [04 [051 s * ?' [ 2 oy Ik
. . . - Wk VL - il Zr cycles
L- |2 |5 H’Jy* 2 § ’
125 7 T Co- | 0. |03 |0.26 [
(T) ] CU |12 |0 3
- K-1 5
NH adsorpti 1
2 on
Al- | 0. |04 |0.48 No loss A | ] cycles
fu |27 |5 in  Aq <>' 2 Al 0. [02 |01 |No loss -
mar over K FFI |02 | 4 in  Aq b= 5
ate 4300 ; ] VE over 14 f; ’:’ 6
adasorpt -1- adsorpti i ’
on Ni on P L= :»} ]
cycles cycles
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3. RESULTS AND DISCUSSION

The physical properties of 383 MOFs were assessed at
specific operational conditions provided in the literature.
The 18 MOFs were found to be in accordance with the
criteria defined for their suitability and application in
water adsorption systems.

3.1 Chemisorption on Open Metal Sites

The Ui0O-66(Zr) [34] framework or zirconium is linked
by BDC linkers having an eight-coordinated structure
after dehydration is converted into a seven-coordinated
face-centered cubic lattice. A triangular aperture of a
diameter of 0.6 nm links the tetrahedral cavity with a
diameter of around 0.9 nm and the octahedral cavity
having a diameter of around 1.1 nm. The DFT
computation with pair distribution function, PXRD,
neutron powder diffraction, and EXAFS analysis was
employed to witness the structural transformation of
UiO-66(Zr). Surprisingly, the SBU's ability to chemisorb
water is entirely reversible.

3.2 Capillary Condensation

Capillary condensation and cluster adsorption precede
the adsorption of water in pores greater than the critical
diameter Dc. As the adsorption branch is unable to attain
the thermodynamic equilibrium, a hysteresis loop is
observed among the adsorption-desorption branches. An
equation for D¢ calculation is presented as:

40T,

¢ T.—-T (iii)

where o, T, and T are the Van der Waals diameter of
water, critical temperature, and actual temperature for
which the values are 0.28nm, 647 K, and room
temperature, respectively. Therefore, the critical
diameter is found to be about 2.0 nm. Hence, it is
predicted that the pores having D. greater than 2.0 nm
presents adsorption—desorption hysteresis and capillary
condensation behavior.

MIL-101(Cr) [21][22] comprises two mesoporous cages
in the ratio of 2:1, having 2.9 and 3.4 nm as internal free
diameters, respectively. MIL-101(Cr) has a high water
capacity because of its high framework porosity.
Furthermore, its high hydrothermal stability ensures
significant cycling durability. Due to this reason, the
MOF has numerous applications in the adsorption of
water [24]. The MIL-101(Cr)’s adsorption isotherm
exhibits two separate steps, as shown in Fig. 2. First, the
cluster growth and water nucleation are caused at a p/po=
0.39 relative pressure, when initially low uptake is
witnessed. On unsaturated metal sites, the 80 kJ mol™
(high) heat of adsorption represents the probability of
chemisorption. The smaller cage’s pore filling occurs at
p/po= 0.39, which is the first steep step and the pore
filling of the larger cage occurs at p/po= 0.44, which is
the second round. A maximum number of water
molecules are physisorbed, validated by the fact that in
both of the steps, the heat of adsorption was closer to
evaporation enthalpy. A solid hysteresis loop can be fully
described as capillary condensation that occurs in
Mesoporous cages.

MIL-100 (Cr) and MIL-101(Cr) have the same MTN
zeotype architecture but have different linkers. In MIL-
100(Fe), as the iron takes the place of chromium, water
adsorption behavior is significantly affected, as iron is

not damaging to humans [37]. Therefore, MIL-100(Fe)
encompasses those isotherms that have shapes identical
to MIL-101(Cr), having a lower inflection point and a
lower capacity (Fig. 2). Without the loss of capacity,
2000 adsorption cycles were carried out, showing their
outstanding endurance [38].

~8-MIL-101(Cr) 0~ Cr-soc-MOF-1  —A—MIL-53(Al)-oh
—£—MIL-100(Fe) @ Y-shp-MOF-5 - Al-fumarate
—-MOF-303(Al)  —&—CAU-23(Al) ——CAU-10(Al)-H
—o—MIL-160(Al) o MOF-801(Zr)  —e—MIP-200(Zr)
©-Ui0-66(Zr) -0-MOF-841(Zr)  —#-MIL-125(Ti)-NH2

O-Co2CI2(BTDD) -&—Co-CUK-1 ~O—AIFFIVE-1-Ni

UPTAKE / g/fmL
=]
th

0.3
0.2

01 |

of

1
P/Po1-

Fig. 2 Water adsorption isotherms of M(I11)-carboxylate
MOFs, M(IV)-carboxylate and M(Il)-azolate. Samples
and data used for MOF-841(Zr)[25], MIL-100(Fe)[24],
MIL-53(Al)-OH [31], Y-shp-MOF-5[26], Cr-soc-MOF-
1 [20], Co:Clx(BTDD)[23], Al-fumarate[28], CAU-
10(Al)-H [33], MIL-160(Al)(@303K)[32], MOF-303(Al)
[4], UiO-66(zr)[34], MOF-801(zZr)[25], MIP-
200(Zr)(@303 K)[29], MIL-101(Cn)[21][22], MIL-
125(Ti)-NH[27], AIFFIVE-1-Ni (@308 K)[36], and
Co- CUK-1 (@303 K)[35], CAU-23(AI[30].

—&—MIL-101(Cr) O Cr-s0c-MOF-1  —&—MIL-53(Al)-oh
——MIL-100(F¢) @ Y-shp-MOF-5 - Al-fumarate
—e—MOF-303(Al)  —e—CAU-23(Al) —&— CAU-10(Al)-H
—e—MIL-160(Al) o-MOF-801(Zr)  —e—MIP-200(Zr)
©-Ui0-66(Zr) —O-MOF-841(Zr) & MIL-125(Ti)-NH2

0—-Co2CI2(BTDD) —&—Co-CUK-1 —O— AIFFIVE-1-Ni

UPTAKE / g/mL
=3
&

=]
z

0.1 0.2 0.3 04 0.5 0.6 0.7 08 0.8 1

Fig. 3 Water desorption isotherms of M(I11)-carboxylate
MOFs, M(IV)-carboxylate and M(Il)-azolate. Samples
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and data used for MOF-841(Zr)[25], MIL-100(Fe)[24],
MIL-53(Al)-OH [31], Y-shp-MOF-5[26], Cr-soc-MOF-
1 [20], Co:Cl(BTDD)[23], Al-fumarate[28], CAU-
10(Al)-H [33], MIL-160(Al)(@303K)[32], MOF-303(Al)
[4], UiO-66(Zr)[34], MOF-801(Zr)[25], MIP-
200(Zn(@303 K)[29], MIL-101(Cn[21][22], MIL-
125(Ti)-NH;[27], AIFFIVE-1-Ni (@308 K)[36], and
Co- CUK-1 (@303 K)[35], CAU-23(Al)[30].

3.3 Cluster Adsorption

Infinite rod-likes SBUs connected by the 1D channels of
BDC linkers are used in MIL-53. It exhibits a significant
water-molecular breathing effect, as demonstrated by
MIL-53(Al)-OH [31]. In the original MIL-53(Al) of its
small pore structure, only a single water molecule is
adsorbed in every metal unit at saturated vapor pressure.
The addition of OH groups in the BDC linkers simplifies,
and it becomes feasible to breathe at relatively high
pressure, about p/po= 0.75.

Pore-filling takes place at the big pore stage (free
dimensions) MIL-53(Al)-OH metal units adsorbs five
water molecules. The structure restores at a desorption
branch pressure of p/pe=0.47 to a thin pores phase (free
size 1.9 nm 0.8 nm), leaving a significant hysteresis loop
attributable to the breathing behavior (Fig. 2). As aresult,
the water adsorption exhibits a type V S-shaped isotherm
(Fig. 2).

The CAU-10(Al)-H contains rod-like SBUs cis coupled
to squared, sinusoidal channels of approximately 0.7 nm
in diameter by 1, 3-BDC connectors. The material
displays a favorable S-shaped adsorption isotherm with
the p/po = 0.16 without hysteresis and significant lift. The
rod-like SBUs of the CAU-23(AN[30] are coordinated
along the b-axis, with hydrophilic TDC linkers to create
1D square-shaped channels (length side of 0.76 nm). The
SBUs consist of four successive trans-units (as noted in
series MIL-53) and AlOG6 polyhedra ciscorner sharing, as
witnessed in the CAU-10(Al)-H series. The analysis
shows an S-shaped isotherm with a steep p/po=0.27
uptake. The water adsorption of MOF-303(Al) displays a
type IV isotherm with a reduced inflection point at
a=0.13 and a rise starting at p/po= 0.3 [4] and undergoes
a small hysteresis, moderate constant isosteric heat of
adsorption, and high durability, shown by 150 repeatable
adsorption cycles. The Y-shp-MOF-5195 structure
shows an S-shaped, type-1V-like adsorption and
desorption isotherms.

In MOF-801(Zr) [25], the amount of adsorbed water
efficiently rises along with the pressure up to p/po= 0.05,
and at p/po= 0.9, a final capacity of 0.36 g/g is reached
Fig. 2. The water adsorption isotherm of MIP-200
(Zn[29] has two regions with nearly no hysteresis on the
desorption branch beyond p/po= 0.05 (Fig. 2). MOF-
841(Zr) and MIL-125(Ti)-NH; exhibit type V water
adsorption isotherm, where the latter has an s-shape. In
MOF-841, there is a steep increase in the adsorption at
p/po= 0.2 and starts to become flat at p/po= 0.3, having a
final capacity of around 0.5 g/g Fig. 2. In MIL-125(Ti)-
NH,, the steep loading occurs at a reduced relative
pressure p/po= 0.2, and there is no desorption hysteresis.
Co.Cl, (BTDD) exhibits 1D mesoporous channels
having water uptake and release in the absence of
hysteresis because of capillary condensation. The MOF
shows a significant and steep step of uptake at p/po =
0.29, Fig. 2 [23]. The water adsorption of AIFFIVE-1-
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Ni (KAUST-8)[36] is 0.22 g/g having type | isotherm, at
a much decreased relative pressure (p/po= 0.05), Fig. 2.
For its unique adsorption and regeneration
characteristics, the usage of MOFs is significant here.
CPO-27(Ni) may also be used to operate a one-bed
system with evaporation, condenser, and desorption
temperature of 40 °C, 5 °C, and 95°C, respectively. The
potential for a MOF was emphasized in the AD [40] with
a single-bed system. The utility of MOFs for AD was
shown by comparative research using CPO-27(Ni), Al-
fumarate, and MIL-101(Cr). SDWP values were
correspondingly 4.6, 6.3 and 11 m3/tonne MOF day at
20°, 25° and 25°C evaporation-adsorption condenser
temperatures and high temperature for regeneration, i.e.,
150°C. While this was the most significant mass density
for MIL-101, 232, it demonstrates al-fumarate differs by
~40% per unit volume sorbent. Lower temperatures in
regeneration below 70°C had little influence on their
SDWP, while the performance of other MOFs had a
considerable influence due to MIL-101 desorption
hysteresis (Fig. 3) and the solid CPO-27 adsorption.
Hysteresis of al-fumarate is scarcely evident and may
consequently be regenerated at low temperatures.
Subsequent research by the same team of two-bedded
systems has verified that silica and CPO-27(Ni) has been
removed in the function of the operating temperatures
and operating mode. The water exhibits a high distilled
quality, the lowest thermal and electrical consumption
(SDWP up to 14 m3¥tonne MOF day), and the lowest
price of water (0.3 $/m3) compared with other standard
processes (multi-effect distillation, multistage flash, and
reverse o0smosis)[9]. The performance observed for
adsorption desalination is excellent than those for the
harvesting of water. This is mainly due to the broader
range of humidity in AD and the technical development.
These results demonstrate MOF's potential for adsorption
desalination. In addition, the step position in the MOF
isotherm and lack of hysteresis dictate the system
operating range of temperatures. Although not a wide
range of MOFs have yet been investigated, the reduced
regeneration temperature shown for al-fumarate is
particularly appealing.

4. CONCLUSION

This study revealed that out of 18 MOFs under
consideration, 12 exhibits a 1D pore system having a 0.7
nm pore size. Most 1D MOFs exhibit a regular ordening.
Moreover, the MOF improvement by linker
functionalization with hydrophobic groups moves the
step to higher relative pressures, and with hydrophilic
groups, moves the step to lower. It is observed that even
the change of metal from Co or Ni to Mg in CUK-1 raises
hydrophobicity, shifting the step from p/po=0.12 to 0.25.
The results have shown that the MOFs evaluated in the
study can be employed for various applications.

From the adsorption/desorption isotherms, a
classification of MOFs is performed on the inflection
points in the isotherm steps. Desalination covers a wide
range of inflection points which is 0.15 < a < 0.5. The
MOFs falling in this range (ideal for desalination) are
MIL-101(Cr) and Al-fumarate. Similarly, very low
inflection points (a < 0.05) cover AIFFIVE-1-Ni, which
can be used for desiccation. A range of 0.1 < a < 0.3
includes Al-fumarate, CAU-23(Al), MOF-303(Al),
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MOF-841(Zr), MIL-125(Ti)-NH, Co-CUK-1, CAU-
10AD-H, MIL-160(Al), MOF-801(Zr), Co,Cl,(BTDD)
for water harvesting and in heat pumps. For humidity
control, Y-shp-MOF-5 and Cr-soc-MOF-1 can be
employed. Al-fumarate barely shows hysteresis and can
consequently be regenerated at reduced temperatures (as
shown in Fig. 2 and Fig. 3). Productivities indicated for
AD production are an order of magnitude more than
those reported for water harvesting. The research
analyses the possibility of MOFs in adsorption
desalination. Isotherm position and absence of hysteresis
influence operating temperatures. Al-fumarate is one of
the few MOFs that have been investigated for such usage,
but its reported low regeneration temperature is very
promising for an energy-efficient operation. The step
placement determines the system operating temperature
window in MOF isotherm and by the absence of
hysteresis. Although not many MOFs for this purpose
have been investigated, Al- fumarate's proven low
regeneration temperature is particularly promising for
energy-efficient operation.
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