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A B S T R A C T   

Adsorption-based heat transformation systems are studied from the twentieth century; however, their perfor-
mance is low to replace conventional systems. Metal-organic frameworks (MOFs) are providing a new class of 
micro- and nano-porous organic adsorbents. These have adjustable geometry/topology with a large surface area 
and pore volume. A comparison of the coefficient of performance (COP) between the MOFs and conventional 
adsorbents-based cooling systems is made for the years 1975–2020. Conventional adsorbents achieve COP of 
0.85, whereas it is improved to 2.00 in the case of MOFs. The main bottleneck in the lower COP level is the low 
adsorption equilibrium amount. This study is aimed to provide comprehensive detail of water-vapor adsorption 
equilibrium and physicochemical properties of hydrophilic MOFs. Zn based MOFs are not stable in the presence 
of water-vapors, whereas MIL series, Zr, Ni, and Cu based MOFs are relatively more stable. Among the studied 
MOFs, MIL-101(Cr) possesses the highest adsorption uptake of 1.45 kg/kg at 25 ◦C (saturation condition) and 
outperformed for heat transformation applications. Its uptake can be increased to 1.60 kg/kg by coating with 
graphite oxide. For water desalination, MIL-53(Al) exhibits specific daily water production of 25.5 m3/ton.day 
(maximum) with a specific cooling power of 789.4 W/kg. Both MIL adsorbents are found promising which can be 
considered for various adsorption applications.   

1. Introduction 

Adsorption cooling and air-conditioning systems could be energy- 
efficient solutions for various applications compared to conventional 
technologies [1,2]. The performance of these systems is directly linked 

with adsorbent-adsorbate interactions [3,4] and the type of adsorption 
isotherms [5–7]. Thereby, the adsorbents’ structure has a significant 
role in developing useful technologies [8,9]. Various adsorbent- 
adsorbate pair have been studied in the literature [10–12]. In this re-
gard, the highest uptake was recorded by adsorption of difluoromethane 
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(HFC-32) onto phenol resin-based adsorbent [13]. Water vapor 
adsorption has been studied for various adsorbents [14,15] e.g. silica-gel 
[16–18], activated carbon [19,20], polymers [21–24] and zeolite 
[25–28]. These hydrophilic adsorbents are investigated for many ap-
plications e.g. silica-gel for greenhouse air-conditioning [29], drying of 
agricultural products [30,31], thermal energy storage system [32], and 
adsorption cooling/air-conditioning [16,33]; activated carbons and sil-
ica gel for greenhouse air-conditioning [29], adsorption refrigerator 
[34,35], air-conditioning [36], and ice-making [37]; polymers for 
desiccant air-conditioning (DAC) [38]; and zeolites for heat storage [26] 
and air-conditioning [39,40]. The adsorbents’ hydrophobicity is greatly 
concerned with surface area and volume of macro-, meso-, micro and 
nano-pores to welcome incoming molecules of water-vapors [41]. In this 
regard, metal-organic frameworks (MOFs) are a new class of micro- and 
nano-porous adsorbents with exclusive adsorption properties [14,42]. 
These are known as porous coordination polymers, metal-organic ma-
terials and organic coordination polymers [43–46]. 

The MOFs are hybrid adsorbents in which organic linkers connect 
with inorganic metal ions by coordination; metal ions provide more 
stability to crystals and enhance their hydrophilic character. Metal 
nodes in MOFs increase flexibility and side spaces [49], providing many 
ways to synthesize many adsorbents with the same organic linker. Ac-
cording to the Cambridge database [47], nearly 12,000 MOF structures 
have been synthesized until now using 102 organic linkers with different 
metal nodes. They have a more flexible structure design with the greater 
ability to control pore functionalization than other organic adsorbents 
like zeolite and polymers. Furthermore, the MOFs have an organic part 
in their solid structure formation, making them more versatile than 
zeolite [48]. A simple schematic of the MOFs formation is shown in 
Fig. 1. It can be observed that MOFs crystal formed cage-like 3-dimen-
sional open-spaced structure due to the support of metal ions and 
possess huge accessible free space to attract water molecules. A simple 
schematic of crystal formation and adsorption of water-vapor for CPO- 
27(Ni) and aluminium fumarate (AlFs) is also shown in the figure. It 
can be observed that these adsorbents possess more fluctuations in 
structure and crystal design while interaction with water vapors. Many 
experimental studies showed that MOFs had higher water-vapor uptake 
than conventionally used adsorbent, e.g. silica-gel [49,50]. There is a 
functional relationship between the adsorbent structure and the amount 
of adsorption equilibrium investigated in the literature [51–53]. 

Moreover, the surface area, pores volume, and structural stability of the 
MOFs may significantly affect the water-vapor adsorption equilibrium 
[54–56]. Water-vapor adsorption uptake can be improved by coating the 
adsorbents with other metal(s) [57]. For example, adsorption uptake of 
MIL-101(Cr) has increased 1.07 times when coated with graphite oxide 
(GO) at 25 ◦C and 0.90 relative pressure, as its surface area increased 
from 2489 to 3522 m2/kg [58–60]. 

Various studies has been conducted to synthesized and characterized 
the MOFs in term of water-vapor adsorption equilibrium e.g. MOF-5 
[43,61,62], HKUST-1 [56,63], CPO-27(Ni, Cr, Cd, Mg) 
[49,52,53,64,65], MIL-(101, 100, 125) [54,66,67] and zirconium-based 
MOFs [68,69]. Therefore, this study aims to provide a brief comparison 
of the MOF adsorbents that can be helpful in selecting a suitable 
adsorbent according to thermophysical and thermodynamic properties. 
Several studies on MOFs/adsorbates interaction have been reported in 
the literature using close and open-cycle adsorption cycles [70] for 
cooling [71–74] and air-conditioning [53,60] applications. In the case of 
open-cycle applications, MOFs adsorption uptake is supposed to be 
limited to water-vapors [60], whereas, in the case of close-cycle appli-
cations, MOFs adsorption have been reported with various adsorbates, e. 
g. water-vapors [53,72], ethanol [75–77] and methanol [73,78]. How-
ever, in each case, adsorption equilibrium uptake and adsorption ki-
netics are key adsorption properties for developing a real system [79]. 
Adsorption uptake of ethanol onto MIL-101 has been reported as high as 
1.10 kg/kg (at 25 ◦C) [77] and 0.74 kg/kg (at 25 ◦C)) [75] and methanol 
onto HKUST-1 and MIL-101 yielded 0.55 kg/kg (at relative pressure of 
0.90) and 1.20 kg/kg (at relative pressure of 0.80), respectively [73]. 
Similarly, MOF yielded higher methanol adsorption uptake and perfor-
mance at lower heat rejection and evaporator temperature than acti-
vated carbon. This higher adsorption uptake of ethanol significantly 
increases the coefficient of performance (COP) and specific cooling 
power (SCP) of the systems. In each case, MOFs possess higher cyclic 
stability e.g. MIL-101/ethanol stable after 60 adsorption/desorption 
cycles [75] and MIL-101(Cr)/methanol can be applicable up to 1000 
adsorption/desorption cycles [73]. 

Hydrophilic MOFs have been reported many close-cycle applications 
including water desalination [50,52,81], adsorption heat pump and 
adsorption chillers [49,55,82], heat transformation and storage 
[67,69,83,84], solar energy storage [85], humidity control [86], 
adsorption cooling and air-conditioning [53,71,72,87], pollutant 

Fig. 1. Fundamental of MOFs crystal formation along with water-vapor interaction (left). The basic unit of crystal formation and change in crystal after water-vapor 
adsorption for CPO-27(Ni) (top right), and aluminium fumarate (bottom right), reproduced from [50,80]. 
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removal [88], and ice-making [81]. In an experimental study [53], CPO- 
27(Ni) has 1.23 times higher water-vapor adoption uptake than silica- 
gel when investigated for automobile air-conditioning, resulting in 
COP and SCP of the system as 0.26 and 105 W/kg, respectively. Simi-
larly, hydrophilic MOFs have been investigated for many open-cycle 
application, e.g. water harvesting [89,90], moisture sensing [91], 
wastewater treatment [92,93] and air-conditioning [60]. In a simulation 
study [60], MIL-101(Cr) investigated for open-cycle air-conditioning 
purposes and results showed that MIL-101(Cr) outperformed silica-gel. 

In this regard, many studies have been reported in the literature to 
investigate the performance of these materials, highlighting their po-
tential use in many applications. This study aimed to review the water- 
vapor adsorption equilibrium of hydrophilic MOFs available in the 
literature and their potential to use for adsorption based cooling and air- 
conditioning applications. 

2. Adsorption characteristics of MOF/water pairs 

This study reviewed various kinds of MOF based hydrophilic adsor-
bents which were synthesized and characterized in the literature e.g. 
MIL-101 [50,83,94,95], MIL-53 [50,66,92,96], MIL-100 [97,98], MIL- 
125 [99,100], MIL-96 [101], MIL-127 [102], MIL-101 Cr/SrBr2 [85], 
MOF-1 [103], MOF-5 [43,61,62,104], MOF-14 [105], HKUST-1/MOF- 
199 [55,56,63,104,106], CPO-27 [52,64,107–111], CAU-10-H [112], 
MOF-177 [104], Fe-BTC [55], MOF-801 [68], PIZOF [113,114], MOF- 
806 [68], UiO-66 [68,99,113,115–117], MOF-802 [68], MOF-88 
[118], UiO-67 [117], MOF-808 [68], DUT-67 [69,119]. The details of 
the adsorbents are provided in Fig. 2. 

2.1. Physical characteristics and chemistry 

The MOFs are formed by the coordination of organic linkers and 
metal ions. These metal ions act as a base, while organic linker act as a 
bridging unit. The strong coordination between metal ions and organic 
linkers is a key factor to make a stable crystal. The crystal stability makes 
these adsorbents more versatile and unique than other adsorbents. 

Crystal and structural properties of MOFs based adsorbents with good 
water vapors adsorption uptake are shown in Table 1. Many crystals 
have uniformly connected each other to form a huge molecule with 
empty spaces. However, the presence of empty spaces on each side 
makes these adsorbents more reactive and unstable. They can easily 
react to chemicals and moisture present in the air during their prepa-
ration process. Therefore, it is necessary to achieve control conditions in 
the laboratory during their preparation. Water molecules get attached to 
the crystals when these adsorbents are completely synthesized. Heat 
treatment is required to remove excessive water molecules from the 
crystals [120]. This heat treatment inactivates the adsorbents and makes 
them more thermally and chemically stable, e.g. HKUST-1 and MIL-101 
have thermal stability of 240 ◦C and 275 ◦C, respectively [63,95]. 

Various studies highlighted hydrophilic character and higher hy-
drothermal stability of these adsorbents, e.g. nickel-based CPO-27 
[50,53,107]. Some of the MOFs may be hydrophobic and possessed a 
higher attraction for other adsorbate molecules. For example. MOF-5 is 
not moisture stable, but it can be utilized for gas separation applications 
[61]. The hydrophilic and hydrophobic character can be determined by 
the type of metal ions and nature of interaction with the organic linker 
and metal ions. Fig. 3(a)-(d) [128] gives a brief insight into the geom-
etries of clusters transition states upon ligand hydrolysis/displacement 
reaction in MOF-5, HKUST-1, MIL-101 and ZIF-8, respectively. Besides, 
a simple water stability map of different MOFs materials is shown in 
Fig. 3(e) [121]. Some of the adsorbents of this class are moisture sen-
sitive and degraded when exposed to water-vapors. It is because of the 
type of metal node, e.g. Zn metal-based MOFs are moisture sensitive 
[104]. Similarly, MOF-5 is not stable in the presence of moisture and 
degraded at a relative humidity (RH) of more than 4% [61]. Addition-
ally, some of the adsorbents are stable at lower relative pressure range 
and start to degrade at high relative pressure, e.g. HKUST-1 (also known 
as CuBTC/MOF-199 [65]) is more moisture stable at lower relative 
pressure [56]. It is due to the presence of copper (Cu) metal ions which 
are moisture stable. The bond length (Cu–Cu bond) starts to elongate 
when water-vapors contact with its crystal [59], and bond length 
elongation increases continuously when the number of water-vapor 

Fig. 2. Overview of the MOF adsorbents studied in the literature.  
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Table 1 
Details about the structure and physical properties of the studied MOFs.  

MOF class MOF name SEM or SHG image Crystal structure Chemical formula Physical properties 

Surface Area (m2/g) Pores 
volume 
(cm3/g) BET Langmuir 

CPO-27/MOF- 
74 

CPO-27 (Ni) 

[52] 

[52] 

Ni2(dhtp)(H2O).8H2O [107] 1113 [110]  

1337 [108] 

N/A 0.39 [110]  

0.54 [108] 

MIL-101 MIL-101-Cr 

[94] 

[50] 

[Cr3(O)(BDC)3(F,OH)-(H2O)2] [83] 4000 [83] 
2789 [94] 

4500–5500 
[95] 

1.51 [85] 

Composite 
MIL-101(Cr) 
@GO 

MIL-101(Cr) 
@GO-2 

[94] 

N/A N/A 3472 [94] 5031 [94] 1.69 
[94] 

HKUST-1/ 
CuBTC/MOF- 
199 

HKUST-1/ 
CuBTC/MOF- 
199 

[55] 

[104] 

C18H6CH3O12 [55]  

Cu3(C9H3O6)2 [104] 

1500–2100 [55]  

1568.5–2081.5 
[106] 

917.6 [63] 0.75 
[106] 

CAU-10 CAU-10-H [Al(OH)(O2C-C6H4− CO2)]0.1.7H2O:C 
40.2%, H 3.1% 
[112] 

SBET = 635 [112] N/A 0.23 
[112] 

(continued on next page) 
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Table 1 (continued ) 

MOF class MOF name SEM or SHG image Crystal structure Chemical formula Physical properties 

Surface Area (m2/g) Pores 
volume 
(cm3/g) BET Langmuir 

[112] 

[124] 

Zirconium 
based MOFs 

UiO-66 N/A 

[99] 

Zr6O4(OH)4(BDC)6[68] 1290 [68] 1187 [125]  

1030 [99] 

0.49 [68]  

0.52 [99] 

UiO-66-NH2 

[93] 

N/A N/A 905 [93] N/A 0.43 [93] 

MOF-801-P N/A 

[68] 

Zr6C24H28O38 

Zr6O4(OH)4(fumarate)6 [68] 
990 [68] 1070 [68] 0.45 [68] 

MOF-801-SC N/A N/A Zr6C24H28O38 

Zr6O4(OH)4(fumarate)6 [68] 
690 [68] 770 [68] 0.27 [68] 

(continued on next page) 
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Table 1 (continued ) 

MOF class MOF name SEM or SHG image Crystal structure Chemical formula Physical properties 

Surface Area (m2/g) Pores 
volume 
(cm3/g) BET Langmuir 

MOF-805 N/A 

[68] 

Zr6O4(OH)4[NDC-(OH)2]6 [68] 1230 [68] 1370 [68] 0.48 [68] 

MOF-806 N/A 

[68] 

Zr6O4(OH)4[BPDC-(OH)2]6 [68] 2220 [68] 2390 [68] 0.85 [68] 

MOF-812 N/A 

[68] 

Zr6O4(OH)4(MTB)3(H2O)2 [68] N/A N/A N/A 

MOF-802 N/A 

[68] 

Zr6O4(OH)4(PZDC)5(HCOO)2(H2O)2 [68] <20 [68] <20 [68] <0.01 [68] 

MOF-841 N/A 1390 [68] 1540 [68] 0.53 [68] 

(continued on next page) 
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Table 1 (continued ) 

MOF class MOF name SEM or SHG image Crystal structure Chemical formula Physical properties 

Surface Area (m2/g) Pores 
volume 
(cm3/g) BET Langmuir 

[68] 

Zr6O4(OH)4(MTB)2(HCOO)4(H2O)4 

[68] 

MOF-808 N/A 

[68] 

Zr6O4(OH)4(BTC)2(HCOO)6 [68] 2060 [68] 2390 [68] 0.84 [68] 

MIL-125 MIL-125 
Material 
institute 
Lavoisier 

[100] 

[100] 

N/A 1510 [100] N/A 0.68 [100] 

MIL-125-NH2 

[100] 

[99] 

Ti8O8(OH)4H2N-(BDC)6 [99] 1469 [100]  

859 [99] 

N/A 0.60 [100] 
0.53 [99] 

MIL-53 [Al(OH)(O2C CH CH CO2)] [92] 1000–1200 
[96] 

(continued on next page) 
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Table 1 (continued ) 

MOF class MOF name SEM or SHG image Crystal structure Chemical formula Physical properties 

Surface Area (m2/g) Pores 
volume 
(cm3/g) BET Langmuir 

Aluminium 
Fumarate 
MIL-53-Al 

[92] 

[50] 

792.26 [66]  

1021 [96] 

0.926 [66]  

0.48 [96]  

MIL-53-Ga 

[126] 

[127] 

Ga(OH)0.9(F)0.1(BDC)0.0.9H2O [128] N/A N/A N/A 

CAU-13 CAU-13-Ga 

[126] 
[126] 

N/A N/A N/A N/A 

MIL-100 MIL-100-Fe N/A 

[97] 

N/A 1917 [97] N/A 1.00 [97] 

MIL-100-Cr N/A N/A 1130 
[98] 

N/A 0.77 
[98] 

(continued on next page) 
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molecules increases. Therefore, HKUST-1 shows relatively higher water- 
vapor uptake at lower relative pressure and unstable at higher relative 
pressure. However, changing metal ions with the same organic linker 
can alter adsorptive and physical characteristics. For example, MOF-74 
[111], also known as CPO-27 [64,65], developed by the coordination of 
2nd group transition metal ions (Mg, Ni, Cd, Cu and Cr) with 2,5-diox-
ide-1,4-benzenedicarboxlyte organic linker [64,107–109]. Moisture 
stability in CPO-27 is determined by metal and oxygen (M-O) bond 
strength [122]. Bond length elongation is large in the case of Cr, Cd, Mg 
and Cu metals. While the M-O bond elongation is negligible in Ni metal 
ion and crystal retained its original position when it dehydrated. Hence, 
CPO-27(Ni) found to be more stable in the presence of water-vapors 
[107]. 

Crystal formation/deformation in the presence of water-vapors in 
the MIL series is observed, which is quite different from other studied 
MOFs adsorbents. Most of the MIL series’s adsorbents attracted fewer 
water-vapors at lower relative pressure ranges (0.10 to 0.30) compared 
to higher relative pressure (0.50 to 0.90) [59,71,94]. For examples, MIL- 
101 and MIL-100 have started to absorb water-vapors at relative pres-
sure ranging from 0.30 to 0.40. Similarly, aluminium (Al) and gallium 
(Ga) metal(s)-based MOFs were found to be water-vapor stable as 
compared to other metal ions-based adsorbents. For example, AlFs [92] 
showed a honeycomb-like flexible structure with more surface area due 
to long repeating (-Al-O-Al-O-Al-O-Al-) chains. Therefore, water-vapors 
can easily attach to the crystal without deformation. Thus, the crystal 
retained their original position when dehydrated or thermally treated. 
Similarly, zirconium (Zr)-based MOFs like UiO-66 is formed from the 
octahedral group of Zr6O4(OH)4 with BDC linker has possessed higher 
moisture stability [123]. 

2.2. Water-vapor adsorption equilibrium 

The MOFs usually exhibit continuous water-vapor adsorption uptake 
at all RH ranges due to the macro, meso and micro pores’ availability in 
their crystals. Water vapors were firstly settled into macropores, fol-
lowed by meso and micro pores. The MOFs usually exhibited various 
types of water-vapor adsorption isotherms. 

MOFs of the MIL series are extensively studied in the literature, 
which exhibited adsorption isotherms of type-IV and type-V as per 
IUPAC classification. Water-vapor adsorption uptake of Al-based MIL-53 
(known as AlFs) was investigated in the literature [50]. Al and Ga metal- 
based adsorbents were found to be more stable for water vapor 
adsorption due to Al and Ga metals’ water stability. MIL-53(Al) showed 
uptake of 0.36 kg/kg at relative pressure of 0.90 with adsorption 
isotherm of type-IV [49,50,129]. Dubinin-Astakhov (D-A) based equa-
tions (Table 3) were used depending upon the adsorption potential 
range to model the adsorption equilibrium data. The adsorption uptake 
behavior of MIL-53(Ga) was quite different from MIL-53(Al) due to the 
presence of a large number of hydrated nano-pores in its crystals [130]. 
Moreover, iron (Fe) and chromium (Cr) based MIL-53 have not shown 
good water vapor adsorption uptake [55]. The Cr and Fe metal ions have 
shown more attraction for water-vapors than the organic linker and 
resulted in adsorbents degradation. Chromium-based MIL-101 possessed 
an uptake of 1.45 kg/kg at relative pressure of 0.90 [50]. It exhibited 
type-V adsorption isotherm, and D-A based equations (depending upon 
relative pressure range) were used to fit adsorption equilibrium data as 
presented in Table 3. 

The adsorption properties can be improved by changing/adding 
functional groups/ coating material with other hydrophilic metal(s) 
[94,131]. For example, the adsorption uptake of MIL-101 was improved 
to 1.60 kg/kg at a relative pressure of 0.90 when coated with GO to form 
MIL-101(Cr)@GO [58,60,98]. Similarly, water-vapor adsorption uptake 
of MIL-100 was investigated with aluminium and iron metals ions 
[96,132]. MIL-100(Fe) shown maximum uptake of water vapors of 1000 
cm3/g (at 273 K) and exhibited type-V adsorption isotherm, which is 
relatively higher (i.e. 0.70 kg/kg) as compared to MIL-100(Al) (i.e. 0.48 Ta
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kg/kg) at 273 K and relative pressure of 0.90. MIL-100(Fe) had large 
hysteresis at the same temperature and relative pressures. It had high 
hydrothermal stability as it is stable after 40 adsorption/desorption 
cycles and 5 h per cycle at the temperature range from 40 to140 ◦C [97]. 
MIL-125 with functional group H2N shown uptake of 0.60 kg/kg (at a 
relative pressure of 0.9 and 273 K) and owning to adsorption isotherm of 
type-IV [99]. A detailed comparison of water-vapor adsorption iso-
therms for MIL series-based MOFs is provided in Fig. 4 (a). MIL-101 with 
Cr templet has shown the highest water-vapor adsorption uptake than 
all other adsorbents of the MIL-series. A noticeable increase in the 
adsorption uptake can be observed when MIL-101(Cr) was coated with 
Graphite oxide (GO) that increased adsorption uptake ability and 
stability. 

Similarly, Zr-based MOFs, e.g. MOF-801, MOF-805, MOF-806, MOF- 
802, MOF-841, MOF-812 and MOF-808, were also investigated, which 
shown reasonable water-vapor adsorption uptake [68,114]. Adsorption 
behavior of some Zr-based adsorbents was compared in a study [68] 
UiO-66 [115,117,119] with PIZOF-2 [113] and DUT-67 [119]. A 
detailed comparison of water-vapor adsorption isotherms for Zr-series- 
based MOFs is provided in Fig. 4(b). UiO-66 shown water-vapor up-
take of 525 cm3/g at a relative pressure of 0.90 and temperature of 293 
K. However, UiO-66 did not possess cyclic stability; hence, it was not 
suitable for cyclic use applications. On the other hand, MOF-801 and 
MOF-841 exhibited good water-vapor adsorption uptake with cyclic 
stability. These adsorbents could exhibit the same adsorption uptake for 
many cycles, and thereby MOF-801 was found more promising adsor-
bent for cooling application [82]. 

In addition to MIL and Zr-series, many other hydrophilic MOFs were 
investigated in the literature, as summarized in Fig. 4(c). In a study [53], 
CPO-27 with nickel (Ni) metal node possessed a high attraction for 
water-vapors. The D-A equation was used to fit the adsorption equilib-
rium data [49,50,52,53]. The D-A model equations are provided in 
Table 2, whereas the corresponding values for the optimized parameters 
are exhibited in Table 3. 

Fig. 4(c) shows that type-I adsorption isotherm can be seen with 
maximum uptake of 0.45 kg/kg at a relative pressure of 0.90 and a 
temperature of 25 ◦C. The CPO-27 possessed cyclic stability for 
adsorption uptake even after 50 adsorption/desorption cycles [53]. 
Water-vapor adsorption equilibrium for HKUST-1 and Fe-BTC has been 
experimentally investigated in the literature [55]. Langmuir and Sip 
equations were used to model adsorption equilibrium data. HKUST-1 
showed type-1 adsorption isotherm and maximum uptake of 0.60 kg/ 
kg at a relative pressure of 0.90, thereby finding a more suitable 
adsorbent [37]. In another study [106], Dual-Sided Langmuir-Freund-
lich (DSLF) equation (Table 2) was used to fit water-vapor adsorption 
data for HKUST-1. However, Fe-BTC showed type-III adsorption 
isotherm with a maximum uptake of 0.36 kg/kg at a relative pressure of 
0.90. The optimized parameters for all models and all studied adsorbents 
are provided in Table 3. 

Some of the MOFs reported in literature did not show good water- 
vapor adsorption uptake e.g. Birm-1 [55], Birm-1-K [55], Birm-1-Li 
[55], MOF-5 [62] and MOF-14 [105]. However, they performed better 
for other applications like gas separation. 

3. Applications of MOF/water pairs 

In recent decade, the MOFs adsorbents are extensively investigated 
for the development of open and close-cycle adsorption applications. 
Water is a typical adsorbate in case of open-cycle system application 
[60,89,91–93,133], whereas, ethanol [75–77], methanol [73] and water 
[49,50,52,53,55,67,72,81,83,97,99,134] are studied for closed-cycle 
system applications. Detail of applications is summarized in Fig. 5. 

3.1. Adsorption cooling 

Adsorption cooling systems are mainly closed-cycle systems con-
sisted of an evaporator, adsorption beds, expansion valve, condenser, 
and associated accessories. Fig. 6 (a,b) shows a typical schematic 

Fig. 3. A brief insight of the geometries of clusters transition states upon ligand hydrolysis/displacement reaction in (a) MOF-5, (b) HKUST-1, (c) MIL-101 and (d) 
ZIF-8; (e) a general stability sketch of MOFs in the presence of water molecules [121]. 
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diagram of a closed-cycle adsorption cooling system and a Pressure- 
Temperature-Concentration (P-T–W) diagram demonstrating the ideal 
thermodynamic cooling cycle. Various adsorption cooling technologies/ 
systems based on different cooling cycles have been reported in the 

literature [135–142]. It has been found that the COP and SCP of the 
system are mainly affected by heating sources [143,144], adsorption 
equilibrium and adsorbent-adsorbate interaction [3,145–147]. In this 
regard, MOFs are investigated with various adsorbates, e.g. water [148], 
ethanol [149] and methanol for adsorption cooling applications. The 
MOFs showed high adsorption uptake, even at lower concentrations 
[150]. For example, MIL-101(Cr) shown maximum uptake of ethanol, 
methanol and water of 1.10 kg/kg [77], 1.20 kg/kg [73] and 1.45 kg/kg 
[49], respectively. The MIL-101(Cr)/ethanol pair has been experimen-
tally investigated in literature for adsorption cooling [77] and refriger-
ation [75] applications. MIL-101(Cr) possessed a methanol uptake of 
0.51 kg/kg, which is twice that of activated carbon (i.e. 0.234 kg/kg). 
Adsorption equilibrium and kinetics have been experimentally tested, 
and the results revealed, it could be a promising candidate for devel-
oping cooling devices [77]. In a study [75], MIL-101(Cr) showed 
adsorption ability for many adsorption-desorption cycles (stable after 
60 cycles) as the reduction in BET surface area was only 3.30%. MIL-101 
(Cr)/ethanol is completely regenerated at 100 ◦C, a relatively low 
regeneration temperature than activated carbons. Similarly, MIL-101 
(Cr) and HKUST-1 were investigated for methanol adsorption update 
[73]. The results showed that MIL-101(Cr) has higher performance 
when desorption temperature is less than 353 K. However, HKUST-1 has 
higher performance when evaporator temperature is greater than − 5 ◦C 
and outperformed compared to activated carbons. 

Hydrophilic MOFs have been investigated in the literature for single 
and two beds adsorption-based air-conditioning and cooling systems. In 
a study [53], CPO-27(Ni) has been experimentally tested to develop a 
single-bed adsorption refrigeration system and simulated for two beds 
adsorption systems for automobile air-conditioning. This study also 
compared the performance of CPO-27(Ni), RD-2060 and SAPO-34 to 
select appropriate adsorbent with higher COP and SCP values. Results 
have shown that CPO-27(Ni) has good performance with SCP values 
ranging from 80 W/kg to 105 W/kg. However, SAPO-34 outperformed 
both cases with the SCP value of 440 W/kg and a regeneration tem-
perature of 130 ◦C, which is quite higher than CPO-27(Ni). There is an 
effect of condenser and evaporator temperature on SCP and COP of the 
system. In a study [49], CPO-27(Ni) was investigated for adsorption heat 
pump applications where it was best operated at low evaporator tem-
perature (< 5 ◦C). Similarly, HKUST-1 and seven more MOFs [55] were 
investigated for adsorption chiller applications. The results showed that 
HKUST-1 has higher performance at lower evaporator temperature (<
5 ◦C) and 185% more water-vapor uptake than silica-gel. 

However, not all the MOFs need to require low evaporator temper-
ature for good performance, e.g. AlFs requires a high evaporator tem-
perature of 20 ◦C [49]. In the case of the adsorption heat pump, the 
useful energy is heat used by the evaporator, condenser and adsorption 
beds/wheel. COPh can be calculated by Eq. 1 [49]. 

COPh =
Qads + Qc

Qdes
(1) 

For an adsorption chiller, the evaporator energy is the useful energy 
from the device. COPref is calculated by Eq. 2. 

COPref =
Qe

Qdes
(2) 

The effect of regeneration temperature for CPO-27(Ni) and 
aluminium fumarate is shown in Fig. 7. It can be observed that COPh and 
COPref of aluminium fumarate remain constant after 75 ◦C. However, in 
the case of CPO-27(Ni), it continuously increases up to 90 ◦C then be-
comes constant up to 115 ◦C. In another study [71], MIL-125-H2N finds a 
promising candidate with SCP values ranging from 0.4–2.8 kW/kg with 
high cyclic and hydrothermal stability and low regeneration tempera-
ture. The feasibility of different hydrophilic MOFs and their use for 
closed-cycle applications is given in Table 4. 

Fig. 4. Water-vapor adsorption isotherms for (a) MIL series-based MOFs, (b) 
zirconium-based MOFs, and (c) other MOFs available in the literature. 
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3.2. Desiccant air-conditioning 

The desiccant air-conditioning (DAC) system usually consists of a 
desiccant unit (wheel/rotor or block type), heat exchanger, heating 
source, a low-cost cooling source, and some associated accessories 
[151]. A typical schematic diagram of a DAC system and the 

corresponding psychrometric representation of the DAC cycle are shown 
in Fig. 8(a) and (b). In a study [60], MIL-101(Cr)@GO has simulated for 
adsorption air-conditioning open-cycle system and results were 
compared with conventionally used silica-gel based system. Different 
parameters were investigated, e.g. rotational speed, cooling energy 
consumption, thermal energy consumption, energy, environmental and 

Table 3 
Optimized fitting parameters of the adsorption equilibrium models used in the literature for fitting of adsorption isotherms data of various MOF/water pairs.  

Adsorption 
equilibrium 
model 

MOFs Optimized parameters of the models Temperature 
[◦C] 

References 

D-A equation CPO-27 (Ni) n = 4 
E = 10,014 J/mol 
w◦ = 0.462 kg//kg 

25 [49] 
[52] 

MIL-101 (Cr) w = 0.42434 exp (− 0.0002825A) for 
P
P◦

≤ 0.15 

w = 0.4636 − 0.00024A + 5.4E − 08A2 − 4.06E − 12A3 for 0.15 <
P
P◦

≤ 0.4 

w = 1.51 −

(
A

1.35*T

)

for 0.4 <
P
P◦

≤ 0.5 

w = 1.51 − 0.000266A + 0.363E − 6A2 − 0.177E − 9A3 for 
P
P◦

> 0.5  

15–45 [50] 

Aluminium 
Fumarate 

w = 0.111993 exp (− 0.000258797A) for A > 3987 
w = 2.36129 − 9.93768E − 04A + 1.05709E − 07A2 for 2900 ≤ A ≤ 3987 
w = − 3.124455E − 11A3 + 1.68302E − 07A2 − 3.12E − 04A + 0.5948 for A < 2900 

25 [50] 

Freundlich 
equation 

MIL-101 GO H = 0.59 kg/kg; m = 1.2 

for
(

P
P◦

≤ 0.35
)

25 [60] 

Dual site 
Langmuir- 
Freundlich 
Equation 

HKUST-1  Temperature (K) wm1 

(mmol/g) 
bDSLF1 

(mbar1/n) 
1/nDSLF1 wm2 

(mmol/g) 
bDSLF2 

(mbar1/n) 
1/nDSLF 

288 22.54 0.385 0.656 10.63 1.037 × 10− 14 0.0813 
298 20.77 0.11 0.569 11.51 0.102 × 10− 17 0.0849 
308 17.38 0.0253 0.478 13.82 2.015 × 10− 14 0.1202 
318 14.65 0.0045 0.428 16.52 2.658 × 10− 18 − 0.1635  

15–45 [106] 

Sip equation Fe-BTC w◦ = 0.38 kg//kg 
b = 2.75 
n = 3.63 

52  
[55] 

MIL-101 GO w◦ = 1.55 kg//kg 
b = 4.48 × 103 

n = 0.0847 

for 
P
Po 

≥ 0.35  

25 [60] 

Langmuir 
equation 

HKUST-1 w◦ = 0.64 kg//kg 
b = 8.33 

52 [55]  

Table 2 
Fundamental equations of the adsorption equilibrium models used in the literature for fitting of adsorption isotherms data of various MOF/water pairs.  

Adsorption equilibrium model Governing equation(s) of the model MOFs 

D-A equation 
w = w◦exp

(

−

(
A
E

)n )

A = R Tln
(

P
Po

)

CPO-27 (Ni) [49,50,53] 
MIL-101(Cr) [50] 
Aluminium fumarate [50] 

Dual-site Langmuir-Freundlich equation 
w = wm1

bDSLF1P
1
/nDSLF1

1 + bDSLF1P
1
/nDSLF1

+ wm2
bDSLF2P

1
/nDSLF2

1 + bDSLF2P
1
/nDSLF2  

HKUST-1 [106] 

Langmuir equation 
w = ⌊w◦

[

b.
(

Psat,Tref

/

Psat,Tabs

)(

1+b.
(

Psat,Tref

/

Psat,Tabs

))]

⌋ 

w = w◦

b
(

P
Po

)

1 + b
(

P
Po

)

HKUST-1 [55] 

Freundlich equation 

w = H
(

P
Po

) 1
/

m  
MIL-101 (GO) [60] 

Sip equation 

w = w◦

b
(

P
Po

) 1
/

n

1 + b
(

P
Po

) 1
/

n  

MIL-101 (GO) [60] 
Fe-BTC [55]  
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economic analysis and dehumidification efficiency of the desiccant 
wheel (DW). Dehumidification effectiveness (DE) is calculated by Eq. 3 
[60]. 

ηdeh =
wpro,in wpro,out

wpro,in
= 1 −

wpro,out

wpro,in
(3) 

Dehumidification effectiveness was taken as a function of the process 
air RH. Dehumidification effectiveness increases when temperature and 
RH of inlet air increases, as shown in Fig. 9. The DE of MIL-101(Cr) is 
higher than silica-gel; this is because of the high uptake of MIL-101(Cr). 

In another study [152], a solar-driven HKUST-1 based DAC system 
was simulated. A comparison between silica-gel (type B) coated heat 
exchanger (SCHE), and MOFs coated heat exchanger (MCHE) at 
different outlet temperatures had made. The MCHE has 1.28 times more 
dehumidification capacity than SCHE when cycle time 120 s, as shown 
in Fig. 10. The dehumidification capacity of MCHE rises with an increase 
in regeneration temperature at a cooling water temperature range of 
25 ◦C and 30 ◦C. In SCHE, the increase in dehumidification capacity is 
very low, with an increase in regeneration temperature. MCHE was 
found to be more applicable for a shorter cycle time than SCHE due to 
the low water holding capacity of HKUST-1. 

3.3. Water harvesting and desalination 

Water harvesting can be a promising application of the MOFs as they 
can adsorb water at low concentration, and desorption occurs at rela-
tively low temperature [133]. A Zr-based water harvesting device for 
arid climate has been designed and investigated in a study, as shown in 
Fig. 11 [89]. It is estimated that currently, 150 countries are producing 
desalination water of about 30 billion m3/year by operating 18,000 
desalination plants [153,154]. Many studies have been reported in the 
literature in which silica-gel and other conventional adsorbent have 
successfully investigated for single− / two-bed adsorption desalination 
systems [155–166]. However, the MOFs have been utilized for water 

desalination application and freshwater production, ice and some 
amount of cooling. In another study [52], CPO-27(Ni) has experientially 
investigated water desalination for a one-bed adsorption-based desali-
nation system. A schematic diagram of the single bed of adsorption- 
based desalination system is shown in Fig. 12. The performance of the 
water desalination system is assessed on the specific daily water pro-
duction (SDWP), which can be calculated by using Eq. 4 [52]. 

SDWP =

∫tcycle

0

Qcond.τ
hfgMa

dt (4) 

The SDWP of the system was affected by desorption and the 
condenser temperature, the effect of regeneration temperature on the 
SDWP is shown in Fig. 13. SDWP at different condenser and regenera-
tion temperature reproduced from [52]. It can be observed that most of 
the MOFs shown good results when operated at low condenser tem-
perature, e.g. CPO-27(Ni) has maximum water production of 22.8m3/ 
tone. ads/day and producing cooling of 219.9 Rton/t when operated at 
maximum inlet condenser temperature of 5 ◦C and inlet evaporator 
temperature of 40 ◦C. Therefore, reducing the condenser temperature 
and increasing the evaporator temperature results in maximum water 
production and increased cooling capacity. In another study [50], three 
MOFs, CPO-27(Ni), MIL-101(Cr) and aluminium fumarate (AlFs) have 
investigated for two beds adsorption-based desalination systems. CPO- 
27(Ni) gave maximum water production at low condenser tempera-
ture and high evaporator temperature with a regeneration temperature 
of ≥110 ◦C. Similarly, AlFs performed better at a high evaporator tem-
perature of 20 ◦C with water production of 6.3 m3/ton.day. However, it 
required a low regeneration temperature of 70 ◦C. In this regard, MIL- 
101(Cr) performed good and shown exceptional results with 
maximum water production of 11 m3/ton.day. 

CPO-27(Ni) is the best candidate for adsorption-based desalination 
system because of its shape of adsorption isotherm and maintains its 

Fig. 5. Insights of applications of MOF adsorbents studied in the literature.  
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adsorption capacity when the relative pressure ratio is maintaining. In 
another study [81], water desalination systems combined with ice- 
making with one-bed adsorption system have been experimentally 
investigated. A schematic diagram of water desalination combined with 
an ice-making system is shown in Fig. 12(b). CPO-27(Ni) used to obtain 
maximum water and ice production is 1.8 ton/day/ton-ads and 8.3 ton/ 
day/ton-ads, respectively, to achieve a low evaporator temperature of 
5 ◦C. The applicability of different hydrophilic MOFs for various appli-
cations is given in Table 5. 

4. Prospects of MOFs adsorption systems and barrier in the 
commercialization 

Although the adsorption phenomenon is well-known for centuries, 
however, considering this conception for cooling, air-conditioning and 

water desalination applications is started in the twentieth century to 
replace environmentally harmful compressor-based systems. From that 
moment, researchers worldwide are working to develop energy-efficient 
adsorption-based technologies/systems. In this regard, their research’s 
key focus is to develop optimum adsorbent materials by which the 
overall efficiency/performance of the adsorption systems can be 
improved. The optimum material should have the ability to adsorb a 
larger amount of adsorbate for a wide range of system applications. The 
MOFs are a new class of micro- and nano-porous group of adsorbents 
with exclusive adsorption and physical properties. Recently, MOFs have 
been extensively investigated for the development of such systems. 
Fig. 14 shows a comparison between the studied five groups of hydro-
philic MOFs. It was found that MIL series-based MOF have greater po-
tential in various water adsorption and air-conditioning applications 
due to their stable structure and higher adsorption uptake. On the other 

Fig. 6. (a) Schematic diagram of the adsorption cooling system, and (b) P-T-W diagram of the adsorption cooling cycle.  
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hand, Cu-based MOFs perform better at relatively low-pressure and are 
highly dependent on pressure changes. Besides, Cu–Cu bond length 
elongates in the presence of moisture, increasing the moisture stability 
of this group in lower pressure ranges. 

A state-of-the-art comparison of COP between the MOFs and con-
ventional adsorbents-based cooling systems is developed in Fig. 15 from 
1975 to 2020. The adsorbents used for this comparison are reffered from 
following studies [8,10,17–19,27,28,34,37,41,49,70,74,78,87,88,129, 
135–144,147–151,157,158,168–172]. The conventional adsorbents- 
based systems are only able to achieve a COP level of 0.85 since 1975. 
However, the majority of the MOFs based systems provide considerably 
higher performance as compared to conventional adsorbent based sys-
tems. The main bottleneck in the lower COP level is the low adsorption 
equilibrium amount. It has been found that conventional adsorbents 
possess low water-vapor uptake, which results in low system perfor-
mance and high system size. The MOFs exhibit 2 to 3 times higher water- 
vapor adsorption uptake as compare to conventional silica-gel. Some of 
the MOFs result in adsorption uptake of 1.45 kg/kg, which can be 

Table 4 
Applications of the hydrophilic MOFs considered in the literature using close-cycle systems.  

MOFs Methodology used Application(s) Regeneration 
temperature 
[◦C] 

Condenser 
temperature 
[◦C] 

Evaporator 
temperature 
[◦C] 

Findings and conclusion Reference 

CPO-27(Ni) Modeling Adsorption 
heat pumps 

≥90 30–45 5  • High regeneration temperature greater 
than 90 ◦C  

• Low evaporator temperature 

[49] 

Dynamic modeling 
+ experiment +
Simulation 

Automotive 
air- 
conditioning 

≥90 and up to 
130 

15–35 5–25  • Single and two-beds air-conditioning 
system and COP value is 0.3  

• SCP = 80–105 W/kg  
• Two beds adsorption cooling system has 

cooling capacity and SCP values of 2.4 
kW and 400 W/kg, respectively, at cycle 
time of 900 s and desorption temperature 
of 130 ◦C 

[53] 

Aluminium 
fumarate 

Modeling Adsorption 
heat pump 

70 40–45 20 Suitable for   

• Low regeneration temperature less than 
or equal to 70 ◦C  

• High evaporator temperature greater 
than 20 ◦C 

[49] 

NH2-MIL-125 Experiment +
dynamic modeling 

Adsorptive 
cooling 

90 N/A N/A Suitable for   

• High COP at low desorption/ 
regeneration temperature  

• SCP = 0.4–2.8 kW/kg  
• High hydrothermal stability 

[71] 

HKUST-1 Experiment +
analysis 

Adsorption 
chiller 

85 32 5 Suitable for   

• More uptake 185.7% compared to silica- 
gel at evaporator temperature 5 ◦C  

• Low evaporator temperature of 5 ◦C 

[55] 

Triazolyl 
phosphonate 
MOF 

Modeling/ 
simulation 

Adsorptive 
cooling 

110 N/A N/A Suitable for   

• Regeneration temperature higher than 
110 ◦C is not meaningful so operating on 
low regeneration temperature.  

• Higher performance than zeolite 

[72] 

Fe-BTC Experiment Adsorption 
chiller 

85 32 12 Suitable for   

• Cascade cooling  
• High performance at high evaporator 

temperature greater than 10 ◦C 

[55] 

MOF-801 Experiment Adsorption 
cooling 

80–85 30 5  • High performance with COP is 0.67 and 
SCP is 0.29 ± 0.01 Kw/kg  

• Isosteric heat of adsorption 55 to 60 kJ/ 
mol in the uptake range 0.05–0.35 kg/kg 

[82] 

MIL-100(Fe) Experiment Adsorption 
cooling 

95 20 N/A Suitable for   

• Energy storage density is 1200 Wh/kg 
and COP is 0.8 with cycle time of 90 mint  

• It produced cooling effect of 337 W/kg 

[129] 

Key: N/A: not available. 

Fig. 7. Effect of regeneration temperature on COP at Tcon = 35 ◦C and Teva =

5 ◦C reproduced from [49]. 
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increased to 1.60 kg/kg by coating techniques. Therefore, this review is 
aimed to provide comprehensive detail of water-vapor adsorption up-
take by the hydrophilic MOF adsorbents available in the literature. The 
development of high adsorbate uptake MOF materials helps to overcome 
the limitations of conventional adsorbent systems, and the COP level is 

improved to almost 2. Similarly, the dehumidification capacity of the 
MOF coated heat exchanger is found 1.28 times higher compared to the 
silica-gel coated heat exchanger. The MOFs produce maximum desali-
nation water of 25.5 m3/ton.day, which is higher than silica-gel (i.e. 
13.5 m3/ton.day). The energy consumption and environmental/eco-
nomic analyses conducted in the literature show that the MOF systems 
are a better option than conventional systems. 

Fig. 8. (a) Schematic diagram of the desiccant air-conditioning system and (b) Psychrometric representation of the desiccant air-conditioning cycle.  

Fig. 9. Comparison of dehumidification effectiveness by silica-gel as a function 
of relative pressure of process air of MOF based adsorbents (for process absolute 
air humidity of 0.01 kg/kg and desorption temperature of 333 K [60]. 

Fig. 10. Dehumidification capacity of MCHE and SCHE systems at cooling 
water temperatures of 25 ◦C and 30 ◦C [152]. 
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Based on crystal, structural properties and water-vapor adsorption 
equilibrium amount, it can be summarized that the development of 
advance MOFs is strengthening the desperate attempts to develop 
energy-efficient and high-performance adsorption systems. The MOF 
adsorption systems are coming strongly to the commercial market and 
we may soon see one of these systems sold commercially. However, a 
lots of future works are needed to commercialize them accordingly and 
to replace the traditional technologies. Considering the above- 
mentioned prospectus of the MOF adsorbents/systems, the recom-
mended future works include: (i) Developing the optimum MOF adsor-
bents with sophisticated thermo-physical properties including pore 
volume, surface area, thermal conductivity, and crystal structure etc. (ii) 
Characterizing, measurement and treatments of adsorbent-adsorbate 
pairs for the development of advance adsorption capacities (including 
adsorption equilibrium, adsorption kinetics, and adsorption heat) for 
various heat transformation applications, (iii) Integration of advance 
MOFs in adsorption systems for establishment of multi-bed and/or 
multi-stage strategies, and (iv) Optimizing operating parameters of the 
adsorption systems depending upon the available waste heat and/or 
renewable energy options. 

5. Conclusions 

Metal-organic frameworks (MOFs) or porous coordination polymers 
are a highly porous class of adsorbents with excellent structural and 
water-vapor adsorptive properties. These are new micro to nano porous 
class of adsorbent with great potential to develop energy-efficient 

thermally driven adsorption systems/technologies. The hydrophilic 
MOF adsorbents are critically studied in the literature for the develop-
ment of various adsorption-based applications. Thereby, this study 
provides a comprehensive review of various hydrophilic MOF adsor-
bents concerning crystal formation, structural stability, water-vapor 
adsorption equilibrium, adsorption chemistry, and associated potential 
applications, i.e. cooling, air-conditioning, and water distillation/har-
vesting. Furthermore, a comprehensive comparison of the coefficient of 
performance between the studied MOFs and conventional adsorbents is 
developed for the years 1975 to 2020. It has been found that the ma-
jority of the MOFs based adsorption systems provide considerably 
higher performance as compared to most of the conventional 
adsorbents-based systems. The study concludes that the MOF based 
systems are coming strongly to the commercial market, and we may 
soon see one of these systems sold commercially. The insights of the 
conclusions are as follows: 

Zinc-based MOFs are not stable in the presence of water-vapors due 
to Zn metal’s sensitivity to water molecules, e.g. MOF-5 is not stable 
when water contents are more than 4%. Zirconium-based MOFs are 
found relatively more stable in the presence of water-vapors; however, 
adsorption uptake for most of the adsorbents of this category is quite 
low. In this regard, UiO-66 with micropores possesses water-vapor 
adsorption uptake of 0.4 kg/kg at 25 ◦C and saturation condition. 
However, it has no cyclic stability, and the adsorption ability is 
perceptibly reduced after continuous cyclic use, limiting its usage. On 
the other hand, MOF-801 and MOF-841 show maximum uptake of 0.32 
kg/kg and 0.53 kg/kg, respectively, at 25 ◦C (saturation condition). The 

Fig. 11. MOF based water harvesting device driven by natural sunlight [89].  
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MOF-801 is found a promising candidate for air-conditioning applica-
tion due to cyclic stability. It also shows good results for water har-
vesting application with maximum water production of 0.19 L/kg 
(considering kinetics losses) at a relative humidity of 40% and a 

regeneration temperature of 85 ◦C. Nickle-based CPO-27 is found stable 
in the presence of water-vapors and provides type-I adsorption isotherm 
according to IUPAC classification with the uptake of 0.47 kg/kg (at 
saturation). It possesses cyclic stability and gives COP of 0.45 for auto-
motive air-conditioning application. It provides specific daily water 
production of 22.8 m3/t.ads/day and cooling effect of 215.99 Rton/t in 
case of water desalination application for inlet temperature of 40 ◦C 
(condenser) and 5 ◦C (evaporator). Copper-based HKUST-1 results 
adsorption uptake of 0.55 kg/kg at 25 ◦C (saturation condition). It is a 
promising candidate for air-conditioning application, whereas its sta-
bility reduces at a high relative pressure range due to Cu–Cu bond 
length elongation. 

On the other hand, MIL series-based MOFs possess stable structures 
and exhibit adsorption isotherms of type-IV and type-V. In this regard, 
MIL-101(Cr) possesses the highest water-vapor adsorption uptake (i.e. 
1.45 kg/kg at 25 ◦C on saturation condition) compared to the studied 
MOFs. Based on the reported results, it performed better in air- 
conditioning, single− / two-bed desalination and heat transformation 
applications/systems. It also shows good performance with different 
refrigerants other than water, e.g. ethanol and methanol. Besides, 
adsorption uptake can also increase from 1.45 to 1.6 kg/kg when coated 
with graphite oxide. Similarly, MIL-53(Al) exhibits specific daily water 
production of 25.5 m3/ton.day (maximum) with a specific cooling 

Fig. 12. Schematic diagram of (a) single bed water desalination system [52] and (b) one be adsorption based water desalination and ice-making system [81].  

Fig. 13. SDWP at different condenser and regeneration temperature repro-
duced from [52]. 
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Table 5 
Applications of the hydrophilic MOFs considered in the literature using open-cycle systems.  

MOFs Methodology used Application(s) Regeneration 
temperature [◦C] 

Condenser 
temperature [◦C] 

Evaporator 
temperature [◦C] 

References 

OPEN-CYCLE SYSTEMS 
MIL-101(Cr) 

@GO 
Simulation + case study Air-conditioning 50–70 N/A N/A [60] 

Findings and conclusion   

• The dehumidification efficiency of MIL-101(Cr)@GO is higher than silica-gel  
• The rotational speed of MIL-101(Cr)@GO is significantly higher than silica-gel as high water-vapor uptake the optimal speed is 40 rev/h  
• Thermal energy consumption for the regeneration of DW is 40% lower than silica-gel, resulting in a reduction in cooling energy consumption about 11% than silica- 

gel  
• Energy, environment and economic analysis showed that MIL-101(Cr)@GO based DW has significant improvements than silica-gel based DW 
HKUST-1 Simulation Desiccant cooling 80 N/A N/A [152] 
Findings and conclusion   

• Dehumidification capacity of MCHE is 1.28 times higher than SCHE when cycle time 120 s  
• The dehumidification capacity of MCHE is higher than SCHE when cycle time is shorter and cooling water temperature is high approximately equal to 80 ◦C for long 

time period more than 240 s SCHE performance is good as compare to MCHE  
• HKUST-1 has good performance when cycle time is 120 s and cooling water temperature is 80 ◦C 
PHCM-MOF Simulation Humidity control ≥40 N/A N/A [86] 
Findings and conclusion   

• Maximum water-vapor adsorption uptake of 1.63 kg/kg at RH of 80% and temperature of 25 ◦C with S shape of adsorption isotherm  
• Adsorption occurs when RH is higher than 40% and desorption start when RH reduce to 45% 
WATER HARVESTING AND DESALINATION SYSTEMS 
MOF-801 Experiment Water harvesting ≥85 33 N/A [89,133] 
Findings and conclusions   

• The total amount of harvested water is predicted at the end of all adsorption and desorption cycles in a day. It can harvest water about 0.19 L/kg of MOF after 
overcoming all kinetics limitations.  

• Predicted water harvesting ability which is 0.28 L/kg at condenser temperature of 33 ◦C and absorber temperature of 100 ◦C  
• Experimental water production is 0.21 L of water per kg of MOF at RH 40% for a single cycle which is nearly same as predicted water production  
• Harvested water has good quality as MOF-801 has higher hydrothermal stability and zirconium metal is stable in presence of water  
• MOF-801 is a promising candidate to work at low RH ranging from 15 to 20% at regeneration temperature is high 85 ◦C  
• MOF-801 has capacity to harvest water 2.8 L/kg of MOF daily at RH as low as 20% and no input of energy required 
CPO-27(Ni) Experiment + numerical 

modeling, 
Experiment +
simulation 

Water desalination+ ice-making, 
water desalination cooling 

≥110 40 5 [50,52,81] 

Findings and conclusion   

• Sea water and fresh water used as refrigerant to achieve low evaporator temperature ≤ 0 ◦C  
• Production of ice = 8.3ton/day/ton-ads, COP of 0.9 and desalination of water of 1.8ton/day/ton-ads with optimum salinity is 35,000 ppm  
• Produce 5.4 times more SDWP with value of 8.9 ton/day/ton-ads using sea and fresh water as refrigerant as compare to ammonia used in conventional systems  
• Maximum water production = 22.8 m3/t.ads/day, cooling = 215.99 Rton/t with condenser inlet temperature = 40 ◦C and evaporator inlet temperature = 5 ◦C 
Aluminium 

fumarate 
Modeling Water desalination 70–85 25 20 [50,129,167] 

Findings and conclusions   

• It has SDWP and SCP of 6.30 m3/ton.day and 21.2 Rton/t, respectively  
• In another study it has maximum SDWP 25.5 m3/ton.day and SCP of 789.4 W/kg 
MI-L101 (Cr) Modeling Water desalination N/A N/A N/A [50] 
Findings and conclusions   

• Outperform with maximum SDWP of 11m3/ton.day 
MIL-100(Fe) Experimental +

modeling 
Water desalination 95 20 N/A [129] 

Findings and conclusions   

• Maximum SDWP is 14 m3/ton.day with moderate cooling effect, and without cooling effect its SDWP is 19 m3/ton.day at high evaporator temperature 

Key: N/A: not available. 
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power of 789.4 W/kg in water desalination application. It has been 
found that MIL-101(Cr) and MIL-53(Al) are promising hydrophilic MOFs 
which can be considered for various water adsorption-based 
applications. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

This research was carried out with the financially supported of 
Bahauddin Zakariya University, Multan-Pakistan under the Director 
Research/ ORIC grant entitled “Investigation of agriculture based low- 
cost ad/sorbents for desiccant air-conditioning applications” awarded 
to Principal Investigator Dr. Muhammad Sultan. The 2nd Author (Dr. 
Muhammad Sultan) gratefully acknowledges the support from the Ca-
nadian Queen Elizabeth II Diamond Jubilee Scholarships (QES). The 
QES is managed through a unique partnership of Universities Canada, 
the Rideau Hall Foundation (RHF), Community Foundations of Canada 
(CFC), and Canadian universities. 

References 

[1] M. Sultan, I.I. El-Sharkawy, T. Miyazaki, B.B. Saha, S. Koyama, An overview of 
solid desiccant dehumidification and air conditioning systems, Renew. Sust. 
Energ. Rev. 46 (2015) 16–29, https://doi.org/10.1016/j.rser.2015.02.038. 

[2] B. Choudhury, B.B. Saha, P.K. Chatterjee, J.P. Sarkar, An overview of 
developments in adsorption refrigeration systems towards a sustainable way of 
cooling, Appl. Energy 104 (2013) 554–567, https://doi.org/10.1016/j. 
apenergy.2012.11.042. 

[3] M.M. Younes, I.I. El-Sharkawy, A.E. Kabeel, B.B. Saha, A review on adsorbent- 
adsorbate pairs for cooling applications, Appl. Therm. Eng. 114 (2017) 394–414, 
https://doi.org/10.1016/j.applthermaleng.2016.11.138. 

[4] Q.W. Pan, R.Z. Wang, Study on boundary conditions of adsorption heat pump 
systems using different working pairs for heating application, Energy Convers. 
Manag. 154 (2017) 322–335, https://doi.org/10.1016/j.enconman.2017.11.023. 

[5] M. Sultan, T. Miyazaki, S. Koyama, Optimization of adsorption isotherm types for 
desiccant air-conditioning applications, Renew. Energy 121 (2018) 441–450, 
https://doi.org/10.1016/j.renene.2018.01.045. 

[6] B.B. Saha, K. Uddin, A. Pal, K. Thu, Emerging sorption pairs for heat pump 
applications: an overview, JMST Adv. (2019), https://doi.org/10.1007/s42791- 
019-0010-4. 

[7] Y. Jiang, M.H. Bagheri, R.T. Loibl, S.N. Schiffres, Thermodynamic limits of 
adsorption heat pumps: A facile method of comparing adsorption pairs, Appl. 
Therm. Eng. 160 (2019) 113906, https://doi.org/10.1016/j. 
applthermaleng.2019.113906. 

[8] A. Sakoda, M. Suzuki, Simultaneous transport of heat and adsorbate in closed 
type adsorption cooling system utilizing solar heat, J. Sol. Energy Eng. Trans. 
ASME 108 (1986) 239–245, https://doi.org/10.1115/1.3268099. 

[9] A.A. Askalany, M. Salem, I.M. Ismael, A.H.H. Ali, M.G. Morsy, B.B. Saha, An 
overview on adsorption pairs for cooling, Renew. Sust. Energ. Rev. 19 (2013) 
565–572, https://doi.org/10.1016/j.rser.2012.11.037. 

[10] R.E. Critoph, R. Vogel, Possible adsorption pairs for use in solar cooling, Int. J. 
Ambient Energy 7 (1986) 183–190, https://doi.org/10.1080/ 
01430750.1986.9675500. 

[11] M. Hamdy, A.A. Askalany, K. Harby, N. Kora, An overview on adsorption cooling 
systems powered by waste heat from internal combustion engine, Renew. Sust. 
Energ. Rev. 51 (2015) 1223–1234, https://doi.org/10.1016/j.rser.2015.07.056. 

[12] A. Alahmer, S. Ajib, X. Wang, Comprehensive strategies for performance 
improvement of adsorption air conditioning systems: a review, Renew. Sust. 
Energ. Rev. 99 (2019) 138–158, https://doi.org/10.1016/j.rser.2018.10.004. 

[13] M. Sultan, T. Miyazaki, B.B. Saha, S. Koyama, H.-S. Kil, K. Nakabayashi, et al., 
Adsorption of Difluoromethane (HFC-32) onto phenol resin based adsorbent: 
theory and experiments, Int. J. Heat Mass Transf. 127 (2018) 348–356, https:// 
doi.org/10.1016/j.ijheatmasstransfer.2018.07.097. 

[14] X. Zheng, T.S. Ge, R.Z. Wang, Recent progress on desiccant materials for solid 
desiccant cooling systems, Energy 74 (2014) 280–294, https://doi.org/10.1016/ 
j.energy.2014.07.027. 

[15] N. Asim, M.H. Amin, M.A. Alghoul, M. Badiei, M. Mohammad, S.S. Gasaymeh, et 
al., Key factors of desiccant-based cooling systems: materials, Appl. Therm. Eng. 
159 (2019) 113946, https://doi.org/10.1016/j.applthermaleng.2019.113946. 

[16] M.L. Elsayed, R.H. Mohammed, C. Chow L, Mesalhy O, Su M., Revisiting the 
adsorption equilibrium equations of silica-gel/water for adsorption cooling 
applications, Int. J. Refrig. 86 (2017) 40–47, https://doi.org/10.1016/j. 
ijrefrig.2017.10.038. 

[17] E.C. Boelman, B.B. Saha, T. Kashiwagi, Experimental investigation of a silica gel- 
water adsorption refrigeration cycle-the influence of operating conditions on 
cooling output and COP, ASHRAE Transactions 101 (1995) 358–366. 

Fig. 14. A comparison of adsorption characteristics between the studied groups of hydrophilic MOFs, i.e. Ni-based, Cu-based, Zr-based, Zn-based and MIL series- 
based MOFs. 

Fig. 15. COP trend of conventional adsorbent based cooling system and 
improvement with advance MOFs development. The adsorbents used for this 
comparison are referred from following studies [8,10,17–19,27,28,34,37,41, 
49,70,74,78,87,88,129,135–144,147–151,157,158,168–172]. 

S. Ashraf et al.                                                                                                                                                                                                                                  

https://doi.org/10.1016/j.rser.2015.02.038
https://doi.org/10.1016/j.apenergy.2012.11.042
https://doi.org/10.1016/j.apenergy.2012.11.042
https://doi.org/10.1016/j.applthermaleng.2016.11.138
https://doi.org/10.1016/j.enconman.2017.11.023
https://doi.org/10.1016/j.renene.2018.01.045
https://doi.org/10.1007/s42791-019-0010-4
https://doi.org/10.1007/s42791-019-0010-4
https://doi.org/10.1016/j.applthermaleng.2019.113906
https://doi.org/10.1016/j.applthermaleng.2019.113906
https://doi.org/10.1115/1.3268099
https://doi.org/10.1016/j.rser.2012.11.037
https://doi.org/10.1080/01430750.1986.9675500
https://doi.org/10.1080/01430750.1986.9675500
https://doi.org/10.1016/j.rser.2015.07.056
https://doi.org/10.1016/j.rser.2018.10.004
https://doi.org/10.1016/j.ijheatmasstransfer.2018.07.097
https://doi.org/10.1016/j.ijheatmasstransfer.2018.07.097
https://doi.org/10.1016/j.energy.2014.07.027
https://doi.org/10.1016/j.energy.2014.07.027
https://doi.org/10.1016/j.applthermaleng.2019.113946
https://doi.org/10.1016/j.ijrefrig.2017.10.038
https://doi.org/10.1016/j.ijrefrig.2017.10.038
http://refhub.elsevier.com/S0735-1933(21)00136-6/rf9097
http://refhub.elsevier.com/S0735-1933(21)00136-6/rf9097
http://refhub.elsevier.com/S0735-1933(21)00136-6/rf9097


International Communications in Heat and Mass Transfer 124 (2021) 105242

21

[18] B.B. Saha, A. Akisawa, T. Kashiwagi, Silica gel water advanced adsorption 
refrigeration cycle, Energy 22 (1997) 437–447, https://doi.org/10.1016/S0360- 
5442(96)00102-8. Elsevier Ltd. 

[19] R.E. Critoph, Activated carbon adsorption cycles for refrigeration and heat 
pumping, Carbon N Y 27 (1989) 63–70, https://doi.org/10.1016/0008-6223(89) 
90157-7. 

[20] S.S. Barton, M.J.B. Evans, J.A.F. MacDonald, The adsorption of water vapor by 
porous carbon, Carbon N Y 29 (1991) 1099–1105, https://doi.org/10.1016/ 
0008-6223(91)90026-F. 

[21] J. Byun, H.A. Patel, D. Thirion, C.T. Yavuz, Reversible water capture by a charged 
metal-free porous polymer, Polymer (Guildf) 126 (2017) 308–313, https://doi. 
org/10.1016/j.polymer.2017.05.071. 

[22] L. Jia, X. Yao, J. Ma, C. Long, Adsorption kinetics of water vapor on 
hypercrosslinked polymeric adsorbent and its comparison with carbonaceous 
adsorbents, Microporous Mesoporous Mater. 241 (2017) 178–184, https://doi. 
org/10.1016/j.micromeso.2016.12.028. 

[23] M. Sultan, I.I. El-Sharkawy, T. Miyazaki, B.B. Saha, S. Koyama, T. Maruyama, et 
al., Insights of water vapor sorption onto polymer based sorbents, Adsorption 21 
(2015) 205–215, https://doi.org/10.1007/s10450-015-9663-y. 

[24] M. Sultan, I.I. El-Sharkawy, T. Miyazaki, B.B. Saha, S. Koyama, T. Maruyama, et 
al., Water vapor sorption kinetics of polymer based sorbents: theory and 
experiments, Appl. Therm. Eng. 106 (2016) 192–202, https://doi.org/10.1016/j. 
applthermaleng.2016.05.192. 

[25] S. Hanif, M. Sultan, T. Miyazaki, Effect of relative humidity on thermal 
conductivity of zeolite-based adsorbents: theory and experiments, Appl. Therm. 
Eng. 150 (2019) 11–18, https://doi.org/10.1016/j.applthermaleng.2018.12.144. 

[26] S.K. Henninger, S.J. Ernst, L. Gordeeva, P. Bendix, D. Fröhlich, A.D. Grekova, et 
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