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ABSTRACT 

Referring to the present situation of the global climate condition, the reduction of the energy 

consumption is always of great importance in combatting the grave situation of enhanced global 

warming potential (GWP). Adsorption-assisted heat transformation (AHT) systems such as 

chillers, heat pumps and desalination can predominantly help us to reduce the global warming. 

Therefore, the adsorption devices should be improved with the use of highly efficient adsorbents. 

The main drawback of AHT system is its large thermal compressor size, which depends on the 

quality of the porous adsorbents, ranging from surface characteristic to uptake-offtake difference 

(∆q) per adsorption cycle. Therefore, novel adsorbents with desirable adsorption performances 

need to be designed and synthesised. Due to some striking properties such as high microporosity 

with structure diversity, promising isotherms and kinetics characteristics and outstanding thermal 

stability, metal organic frameworks (MOFs) have been identified as the potential adsorbent in 

recent years. 

This thesis aspires to develop the thermodynamic frameworks of AHT from entropy flow and 

generation points of view employing the experimentally confirmed isotherms and kinetics of 

novel functionalised metal-organic-frameworks (MOFs). The MOFs are synthesised by 

hydrothermal techniques with alkali ions doping, conventional zeolite mixing and functional 

group implanting methods. Prior to fabrication of the proposed MOFs, a Grand Canonical Monte 

Carlo (GCMC) simulation is performed to predict the water adsorption performances on various 

structural-configuration of MOFs in terms of shorter hydrophobic length and uptake-offtake 

difference. It is found that the addition of alkali ions or zeolite-MOFs composites increases the 

hydrophilicity in Henry’s regions, which thereby shows “S-shaped” isotherms. Secondly, the 

hydrophilicity of the parent UiO-66 (Zr) MOFs in Henry’s region are enhanced by the 
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functionalisation of -NH2, -N or -OH. Furthermore, it is also observed from GCMC results that 

the implantation of -CH3 additives on MOF-801 (Zr) shows longer hydrophobic length as 

compared to that of the parent MOF-801 (Zr), which delivers higher uptake-offtake difference 

(∆q) with fast kinetics per adsorption desorption cycle. The GCMC results show here the 

benchmark for the synthesisation and post modification of MOFs and composite adsorbents. 

 The MOFs such as Al-Fum, UiO-66(Zr), MOF-801 (Zr) and AL-Fum/zeolite composites are at 

first synthesised and later the MOFs are post synthesised with various alkali dopants and the 

additives (-NH2, -N, -OH and -CH3). After synthesisation, the parent and modified adsorbents 

are characterised by X-Ray diffraction (XRD), scanning electron microscopy (SEM), 

thermogravimetric analysis (TGA) and N2 adsorption approaches. The water adsorption 

isotherms and kinetics are studied by a thermo-gravimetric analyser. It is found that 5% Li-Al-

Fum, 30% AFI-Al-Fum and 30% CHA-Al-Fum adsorbents provide faster water-adsorption 

kinetics and higher uptake-offtake difference (∆q) as compared with the original MOFs. 

Secondly, it is also found that the amino (-NH2) and hydroxyl (-OH) functionalised UiO-66 (Zr) 

MOFs improve water transfer from 0.05 kg/kg to 0.32 kg/kg. On the other hand, N-UiO-66 (Zr) 

shows the faster uptake/offtake rates as compared with the parent UiO-66 (Zr) MOFs. 

Furthermore, the methyl (-CH3) functional group also improves ∆q with two-times faster 

adsorption kinetics as compared to the parent MOF-801 (Zr) adsorbent. 

Employing experimentally confirmed isotherms, kinetics and data related to bed dimensions and 

overall heat transfer coefficient, the energy and entropy balances for each component of heat 

transformation system (for cooling, heat pumping and desalination) are developed to calculate 

the system-performance and overall entropy generation from transient to cyclic steady state. The 

present results show that the smaller entropy generation (𝑆̇𝑔𝑒𝑛) of an AHT system is obtained 
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under lower regeneration temperature and shorter half cycle time, which leads to the reduction of 

system irreversibility and the improvement of efficiency. By analysing temperature-entropy 

maps for each component of the adsorption heat transformation process, the functionalised 

(CH3)2-MOF-801 (Zr) is shown to be a the promising adsorbent for adsorption cooling purpose 

whereas N-UiO-66 (Zr) is found suitable for adsorption desalination application. The 

temperature-entropy maps could be used to analyse 𝑆̇𝑔𝑒𝑛 , which could be used as a tool to 

enhance the performances of the AHT system. These contributions provide a benchmark for new 

MOFs design, fabrication and the optimisation of adsorption assisted cooling/heat pump and 

desalination system. 

The simulation results show that as compared with the original Al-Fum, the modified Li doped 

Al-Fum achieves 42.3% higher COP and 70% higher SCP. By functionalisation on the parent 

UiO-66 (Zr) MOF, the SCP (specific cooling capacity) improves from 0.36 kW/kg to 0.84 

kW/kg, the SHP (specific heating power) enhances from 0.9 kW/kg to 1.48 kW/kg and the 

SDWP (specific daily water production) increases from 24 m3 to 40 m3 of desalinated water per 

tonne of functionalised UiO-66 (Zr) adsorbent per day. Furthermore, the methyl functionalised 

MOF-801 (Zr) provides relatively higher SCP, SHP and SDWP as compared with the parent 

MOF-801 (Zr). By analysing temperature-entropy generation diagrams with respect to the best 

AHT-performance-parameters, it is found that (CH3)2-MOF-801 (Zr) is the best candidate for 

adsorption cooling application and N-UiO-66 (Zr) is the most promising adsorbent for adsorption 

desalination applications. 
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Nomenclature  

Abbreviations 

Acronyms  Meaning 

AC   -Adsorption Cooling 

AD   -Adsorption desalination 

AHP   -Adsorption Heat Pump 

BET   -Brunauer-Emmett-Teller Theory 

C-C   -Clausius-Clapeyron relation 

COP   -Coefficient of Performance for Adsorption Cooling 

COPh   -Coefficient of Performance for Adsorption Heat Pump 

GCMC   -Grand Canonical Monte Carlo 

IUPAC  -Interactional Union of Pure and Applied Chemistry 

MD   -Molecular Dynamics 

MOF   -Metal Organic Framework 

SCP   -Specific Cooling Power 

SHP   -Specific Heating Power 

SDWP   -Specific Daily Water Production 

SEM   -Scanning Electron Microscopy 

TGA   -Thermo-gravimetric Analyser 

XRD   -X-ray Diffraction 

 

Greek Letters 

Symbol  Meaning       Unit 

𝛼   -pre-exponential coefficient     [-] 
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𝛽0   -sticking coefficient      [-] 

∈   -dielectric constant      [-] 

𝜎   -collision diameter      Å 

𝜀   -potential well depth      J 

𝜙   -adsorbate-adsorbent interaction potential   kJ 

𝜌   -density of gas       kg/m3 

𝜃   -surface coverage      [-] 

𝜃𝑡   -real time surface coverage     [-] 

𝜃𝑖𝑛𝑖   -initial adsorption fraction     [-] 

𝜆   -thermal conductivity      W/(m ∙ K) 

𝜏   -cycle time       s 

𝜇   chemical potential      kJ 

𝜓   -flag for defining switching and operation modes  [-] 

 

Latin Symbols 

Symbol  Meaning      Unit 

A   area       m2 

𝐶   energy-conversion constant    [-] 

𝑐𝑝   specific heat capacity     kJ/(kg ∙ K) 

𝑑   distance of MOFs two layers    Å 

𝐸𝑎   BET activation energy    kJ/mol 

ℎ   enthalpy / heat transfer coefficient   kJ/kg / W/(m2∙K) 

ℎ𝑓𝑔   latent hear of vapourization    kJ/mol 

𝑘𝑎𝑑𝑠   adsorption rate      1/s 

𝑘𝑑𝑒𝑠   desorption rate      1/s 

𝐾𝐻   Henry’s law constant     mol/(m3 ∙ Pa) 
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𝐿   adsorbent structure diagonal length   Å 

𝑚   Mass/heterogeneity coefficient   kg/− 

𝑑𝑚/𝑑𝑡   Mass flow rate of heat transfer fluid   kg/s 

𝑃   pressure      kPa 

𝑃𝑠   saturated pressure     kPa 

𝑃𝑎   ambient pressure     kPa 

𝑞   amount of water vapour uptake   g/g 

𝑞0   limiting uptake     g/g 

𝑄   heat input/output     kW 

𝑄𝑠𝑡   isosteric heat of adsorption    kJ/kg 

𝑞𝑠𝑡
0    isosteric heat of adsorption at zero surface coverage kJ/kg 

𝑟0   radius of adsorption bed    m 

𝑟𝑐   cutoff distance      Å 

𝑟𝑝   average pore size     Å 

𝑟   radial direction     m 

𝑅   gas constant      kJ/(mol ∙ K) 

𝑆𝐵𝐸𝑇   BET surface area     m2 kg⁄  

∆𝑆   entropy of adsorption     kJ/(mol ∙ K) 

𝑇   temperature      K 

𝑡   time       s 

thalf cycle   half cycle time      s 

𝑢   velocity      m/s 

𝑈   overall heat transfer coefficient   W/(m2 ∙ K) 

𝑣   specific volume     m3/kg 

𝑉   volume      m3 

𝑣𝑝𝑜𝑟𝑒   pore volume      cm3 g⁄  

𝑧   axial direction      m 



xxiii 
 

Subscripts/Superscripts 

Symbol  Meaning 

a   adsorbed phase 

ads   adsorption 

bed   adsorption bed 

cc   cooling capacity 

chill   chilled water 

cond   condenser 

cool,in   cooling fluid at inlet 

cw   cooling water 

cw,in   cooling water inlet 

des   desorption 

eff   effective 

evap   evaporator 

f   fluids 

f-m   fluid to metal (heat transfer) 

fin   fin 

fin-b   fin to bed (heat transfer) 

g   gaseous phase 

heating   heat transfer fluids 

hot,in   heating fluid at inlet 

in   inlet/input 

i   heating/cooling water 

l   liquid phase 

m   metal 

m-b   metal to bed (heat transfer) 

m-M   metal to MOFs (heat transfer) 

mt   metal tube 

MOF   MOF adsorbents 

ref   refrigerant (water vapour) 
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s   surface/saturated 

tube   heat exchanger tube 

w-bed   water to bed heat transfer 
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Chapter 1. Introduction 

This chapter illustrates the details of the context in which the proposed work has been thought 

and developed along with the problem statement, motivation, and the main objective. The thesis 

outline and the contents of each chapter are also provided. 

1.1 Background 

The major needs of mankind are the production of electricity, heating, cooling, and desalting 

water. Due to rapid technological advancement and population growth, the global energy 

consumptions were increased significantly from 371 × 105 to 850 × 105 TW h in the last century 

[1]. Conti et al. [1] reported that the net electricity generation was 25.8 trillion kWh in 2020, 

which is 19.4% higher than that in 2012 and 15% of the global electrical energy being consumed 

for cooling applications. The higher energy consumption (18.6%) for the daily cooling 

generation in Singapore was reported by Chua et al. [2]. Furthermore, Chen et al. [3] projected 

the electricity consumptions for household heating and cooling loads as 224 billion kWh per year 

in some cities of east Asia. Generally, such needs are conventionally supplied by the burning of 

fossil fuels at power stations for electricity generation whilst the thermal and cooling needs are 

met in-situ by installation of energy efficient boilers and chillers [4]. All processes in the 

generation of the mentioned major needs involve irreversible resource exhaustion and 

environmental pollution. For example, serious atmosphere degradation such as global climate 

change, smog and acid rain are due to the excessive emission of greenhouse gas and other 

pollutants [4]. Based on the report stated by Conti et al. [1], the world energy-related CO2 

emissions was 35.6 billion metric tons in 2020 and it will rise up to 43.2 billion metric tons in 

2040 under the current CO2 emission growth rate. In addition, the abuse and improper disposal 

of refrigerants also leads to increased global warming [5]. On the other hand, 70% of the earth 
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surface is covered by water and only 2.5% fresh and drinkable water are available. Kim et al. [6] 

reported that there is a growing demand for potable water with an increase rate of 2% annually to 

an estimate of 6,900 billion m3 (Bnm3) by the year 2030. Therefore, the desalination technology 

for converting seawater to fresh water is essential. However, the production and supply of clean, 

potable water consume energy from various energy sources, such as fossil fuel, natural gas, and 

coal and result global warming. The implementation of adsorption cycle for desalination is 

environmentally friendly and requires renewable energy such as solar to operate [7].  Therefore, 

for the sustainable development purpose, researches on innovative heat transformation systems 

to produce cooling [8], heating [9] and desalting water [10] become much more popular. 

The adsorption-assisted heat transformation (AHT) system is energy-efficient and 

environmentally friendly. The AHT has no noise or vibration with low maintenance cost and 

long system life. In addition, the adsorption heat can be regeneratively re-cycled during the 

operation. Water is adopted as the refrigerant (adsorbate) due to its high latent heat of 

evaporation. On the other hand, silica gel and zeolites are used as adsorbents. Furthermore, a 

good numbers of research activities on the performances of AHT for cooling [11], heat pump [12] 

and desalination [10] are investigated, both experimentally and theoretically. Recently, silica gel 

and zeolites assisted AHT systems are gradually matured and broadened into commercial 

applications. The first adsorption chiller appeared in the market was designed by Nishiyodo 

Kuchouki, Co.Ltd in 1986, Japan [13]. The first adsorption chiller was driven by the heat source 

temperature of 85 oC and produced a rated cooling capacity of 51 to 1000 kW. The SorTech in 

Germany commercialised silica gel-water based compact adsorption chiller with the dimension 

of 0.795 m × 1.10 m × 1.19 m [14, 15]. Furthermore, the AHT systems (for cooling and heat 

pumps) are commercially promoted by the collaboration of SJTU and Jiangsu Shuangliang Air 
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Conditioner Equipment Company, and some representative products are summarised as: (i) silica 

gel-water adsorption chiller with the cooling power and the COP of 15 kW and 0.55, respectively 

[16, 17]; (ii) compact-scale adsorption air conditioner, with the dimensions of 300 mm × 500 

mm × 950 mm and the cooling capacity of 1 kW [18] and (iii) CaCl2/expanded graphite-

ammonia assisted adsorption refrigerator with the cooling power and the COP of 11.4 kW and 

0.27, respectively [19]. These commercially available AHT systems are bulky in nature and 

require more adsorbents to meet the cooling/heating loads. 

In an AHT, the cooling and heat pumping effects are produced by the amalgamation of (1) 

evaporation assisted adsorption and (2) desorption triggered condensation [20] as shown 

schematically in Figure 1.1. The AHT consists of two or multi switchable adsorption beds. For a 

two-bed AHT system, one bed (Bed-2 in Figure 1.1) adsorbs the evaporated working fluid 

(occurs due to cooling load, Qevap in the evaporator), and the other bed (Bed-1 in Figure 1.1) 

desorbs the water vapour from the porous materials. A multi-bed AHT system is operated under 

the same principle and a four-bed AHT is explained here for example [21]. The two beds are first 

cooled jointly for adsorption purpose and the other two beds are heated collectively for 

desorption purpose. In the next half cycle, the direction of the cooling/heating fluid switches, 

first two beds are heated and the other two beds are cooled sequentially. The heat generated 

during adsorption process (Qads) is released by the flowing of cooling water to the adsorption bed. 

For desorption process, the hot water releasing the desorption heat (Qdes) is supplied to the bed 

and later, the desorbed water vapour is condensed in the condenser. During desorption, both the 

temperature and pressure are increased. Finally, the liquid condensate flows back to the 

evaporator through a capillary tube to reduce the pressure in the evaporator. During condensation, 

the heat of condensation (Qcond) is released through the cooling water of heat sink. The 
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adsorption and desorption beds are switched in the next cycle, and these processes are repeated 

for the production of cooling and heating energies continuously. In an AHT cycle, the combined 

effects of enthalpies of adsorption and condensation of working fluid are used for heat-pumping 

purposes. The enthalpy of evaporation is used as the required cooling effect. In addition, the 

condensed water vapour could also be stored in the product water tank for desalination purpose. 

The schematic of AHT system is shown in Figure 1.1. Hence the TES (thermal energy storage) 

amalgamating the heat and mass recovery between the adsorption and desorption beds improves 

the heat pumping capacity and the distilled water production i.e. the overall efficiencies or the 

COP. 

 

Figure 1.1: The schematic diagram of an adsorption assisted heat-transformation-system for 

hybrid cooling/heat pump/desalination operating mode [20]. 
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1.2 Motivation 

The thermal performances of the AHT are usually predicted from the shapes of the adsorption 

isotherms and kinetics graphs, which depend on the adsorbent porosity, pore-structure and 

adsorbent-adsorbate interaction [22]. Researches on conventional adsorbents such as zeolite and 

silica gel with water adsorption have a long tradition [11]. However, there are some 

disadvantages, for example, zeolites are highly hydrophilic and relatively higher temperature is 

required to desorb the water vapour from the adsorbent surface, resulting in high operational cost 

[23]. Silica gel is generally less hydrophilic as compared to zeolite structure and gives lower 

water adsorption capacity at the relative pressures of 0.1 – 0.3 [24]. Hence, both silica gel and 

zeolite fail to achieve higher water transfer (∆q) per adsorption-desorption cycle. The use of 

silica gel/zeolite leads to bulky thermal compressor size with poor AHT performances. Myat et 

al. [25] has shown that the “S-shaped” isotherm provides higher ∆q as compared with type I 

isotherms under AHT working conditions, and requires lower regeneration temperature (< 60 °C) 

to drive the AHT. Theoretically, the Carnot COP (coefficient of performance) of an adsorption 

chiller is calculated by COPCarnot = [(𝑇̅𝑎𝑑𝑠 − 𝑇̅𝑑𝑒𝑠 )/𝑇̅𝑑𝑒𝑠] × [𝑇̅𝑒𝑣𝑎𝑝/𝑇̅𝑎𝑑𝑠 − 𝑇̅𝑒𝑣𝑎𝑝] [26], which is 

about 0.8. However, all the published works show that the practical COP of adsorption chiller 

usually ranges from 0.2 to 0.5. Besides the low sorption quantity (∆q) of the solid sorption 

technology, another main reason is its low heat transfer performance. One approach to overcome 

this drawback is the development of high quality heat exchanger, such as employing plate finned 

heat exchangers [27] and feasibility coating with adsorbents [28]. In addition, another method is 

the system optimisation based on entropy study [29]. However, to our knowledge, there has been 

less previous evidence for the connection between adsorbent-adsorbate interaction, entropy 

generation and AHT performance. The interaction between the water vapour and the adsorbent is 
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governed by adsorbent’s porosity, hydrothermal stability, water adsorption capacity, recyclability 

and hydrophilicity/hydrophobicity [30]. Besides silica gel and zeolites, metal-organic 

frameworks (MOFs) are attracting more attentions in recent years for the design and 

development of adsorption bed [31]. MOFs are metal-containing nodes with organic ligands. As 

for water adsorption applications, MOFs exhibit superiorities over conventional materials for 

their versatile pore structure, fast synthesis kinetics, controllable pore size, multifunctional 

micro-porosities and highly hydro-thermodynamic stability. For example, Cr-terephthalate-based 

MOF namely MIL-101 (Cr) exhibits extremely high pore volume (up to 2.0 cm3/g) and ultrahigh 

BET surface area (up to 4100 m2/g) [32]. These ample mesopores make MIL-101 (Cr) show a 

high water limiting uptake of 1.0 g/g, which is over twice as compared with the conventional 

silica gel or zeolite (limiting uptake normally smaller than 0.35 g/g) [32]. Besides the high water 

capacity, the coordinatively unsaturated sites (CUSs) inside of the MIL-101 (Cr) could be further 

modified by dehydration process and the created unsaturated chromium spot could be decorated 

by the ionic liquids, which will eventually deliver the benefit for water adsorption [33]. In 

addition, An et al. [34] reported that the hydrophilicity of the water adsorption on parent MIL-

125 (Ti) could be enhanced by the amino-functionalisation and hydrochloric acid-protonation 

process, and the limiting uptake is increased from 0.41 g/g to 0.49 g/g. However, these structural 

modification approaches mentioned above are not applicable to the conventional adsorbents. 

Furthermore, Butova et al. [35] proposed that by adding certain amount of acetic acid/formic 

acid, the MOF-801 (Zr) could be fabricated within in 2 hours, which is much faster as compared 

with the preparation (exploitation, polishment and purification) of the conventional materials. 

Qualified adsorbents such as MOF-801 (Zr) [36], MIL-160 [37], MIL-68 [38], CAU-10 [39] and 

Al-fumarate [40] etc. deliver high ∆q with fast kinetics per adsorption-desorption cycle. 



7 
 

Currently, numbers of MOFs such as Ni-MOF-74 [41] and HKUST-1 [42] are synthesised and 

tested widely for various applications. 

The foremost problem with the parent MOFs is their defective hydrophobicity/hydrophilicity 

behaviours at low pressure region. Normally, a three-step uptake should be found in a typical “S-

shaped” water adsorption isotherm, which is shown in Figure 1.2. The type I isotherm is also 

shown here for comparison purpose. It is noted here that the type I or type V water adsorption 

isotherms shown in Figure 1.2 is for demonstration only, it is not related to any adsorbent + 

water adsorption system. Firstly, rarely no water vapour is adsorbed onto the MOFs structure at 

low pressure region and the water uptake is extremely low (nearly zero). Secondly, as the 

pressure is increased to a certain point, an intense rise of water uptake is observed with a steep 

slope (approximately vertical). Finally, as the adsorption continues, some more water vapour is 

adsorbed onto the MOFs and the isotherm becomes smooth. For water adsorption with “S-shaped” 

isotherm, the hydrophobic length is evaluated in terms of the relative pressure, which is 

measured from the beginning of adsorption (P/Ps = 0) to the point where a rapid increase of 

water uptake is observed.  
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Figure 1.2: Schematic diagram of Type I and Type V water adsorption isotherm. 

For example, for Al-Fum [30], a relative long hydrophobic length is found (P/Ps ≈ 0.23) and it 

leads to a low uptake-offtake difference (∆𝑞) per adsorption chiller operation cycle, which results 

unfavourable  impact on practical AHT applications. Even longer hydrophobic lengths are found 

for UiO-66 (Zr) (P/Ps ≈ 0.33) [20]. Different from the MOFs discussed above, the key problem 

with MOF-801 (Zr) [43] is that its hydrophobic length is too short. Although MOF-801 (Zr) 

results a type V or “S-shaped” isotherm with water adsorption, the isotherm shape behaviours 

more like type I due to its extremely short hydrophobic length, therefore, it requires high 

regeneration temperature up to 85 or 90  ℃  for the AHT applications. Besides the 

hydrophobicity/hydrophilicity performance issue at low pressure region, some other problems 

also exist. For example, the adsorption kinetics for original Al-Fum [30] and UiO-66 (Zr) [20] is 

too slow and a long cycle time is required for the AHT operation. These constraints prevent the 

parent MOFs from being developed in the adsorption assisted heat transmission applications. 
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It should be noted here that the porosity of MOFs influences the adsorption behaviours strongly. 

For example, MOFs with extensively large BET surface area and higher pore volume such as 

MIL-101 (Cr) could achieve a very high water uptake capacity (up to 1.0 g/g), however, it results 

a pretty long step pressure or hydrophobic length (up to Ps/P ≈ 0.4) [32], which leads to a poor 

performance outcome in cooling/heat pump application. Therefore, direct or post modification 

by the addition of alkali metal cations (Li+, Na+, K+) dopants into the parent Cr-based MOFs, 

reconstructs the microstructure of the parent MOFs so that more water vapour can be adsorbed 

and desorbed under the operating conditions of AHT cycle [32]. Another method involves the 

replacement of the original solvent molecules with polar ligands featuring chemical 

functionalities. For example, Bae et al. [44] achieved promising improvement of N2/CO2 

selectivity by introducing the highly polar ligands to the original MOFs structure. In addition, by 

implanting ethylenediamine (ED) and ethylene glycols (EG), the unsaturated metal sites of MIL-

101 (Cr) is activated and enhanced water selectivity is achieved in the low pressure region [45]. 

Other modification approaches such as ligand functionalisation [46], hydrothermal post-synthesis 

treatment [47], colloidal crystallisation [48] or acid immersion [49] are used for adsorbent micro-

structure reconstruction (pore size enlargement, micropore generation and so on) purposes. 

Besides experiments, simulation methods such as Grand Canonical Monte Carlo (GCMC) [50], 

Molecular Dynamics (MD) [51] and Density Functional Theory (DFT) [52] are applied to study 

various adsorbates-adsorbents adsorptions. Generally, the GCMC simulation method is used as a 

predictive tool to analyse the adsorption performance for water on various novel adsorbents at 

certain pressure region. Approaches such as molecular dynamics and static molecular simulation 

are usually applied to investigate the adsorbate-adsorbent interaction and link it with the pore 

structure of adsorbent. As compared with experiment, it is inexpensive, time-saving and immune 
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from the experimental errors by applying reasonable idealisations and assumptions in the 

analysis. 

The performances of the AHT system can be predicted from the shapes of adsorption isotherms 

and kinetics graphs, which are usually fitted with isotherms [53] and kinetics models [40].  

Combining the theoretical models and thermodynamic frameworks of adsorbent-adsorbate 

system, the AHT performances are predicted and simulated. The AHT-modelling is based on the 

working principles for each component of the system including the heat source, heat sink and 

cooling with chilled water source loops. The thermodynamic modelling of AHT system can be 

further improved by temperature-entropy analysis. 

1.3 Research Objectives 

The overall aims of this thesis are to develop novel functional adsorbents and study their 

behaviours with water under the operating conditions of AHT applications employing 

temperature entropy analysis. The objectives are listed as follows: 

• Fundamental understanding of MOFs synthesisation, functionalisation for water and 

MOFs based AHT system. 

• Fundamental understanding of the interactions between water molecules and MOFs from 

entropic and energetic perspectives. 

• Experimental investigation for water uptakes under static and dynamic conditions and the 

thermodynamic modelling of AHT system. 

• Fundamental understanding and development of temperature-entropy analysis for novel 

functional adsorbent based AHT systems. 
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1.4 Research Scope 

These objectives are accomplished via the following research scope and activities: 

• GCMC Simulation 

GCMC (Grand Canonical Monte Carlo) method is used to study MOFs adsorption 

behaviours in the molecular scale. It allows the MOF adsorbent and gas adsorbate molecules 

to interact in an imaginary gas reservoir for specific temperature and chemical potential.  

• Thermodynamic property analysis 

The energetic behaviours (entropy and isosteric heat of adsorption) between various 

adsorbate-adsorbent pairs are investigated based on the classical thermodynamics 

knowledge. 

• MOF synthesis 

Various MOFs are synthesised via hydrothermal reaction method. The original MOFs are 

modified with the additions of functional groups, alkali ion dopants or mixing with 

conventional adsorbents.  

• MOF characterisation 

The original and modified MOFs’ porosities, thermal properties are characterised by X-ray 

diffraction (XRD), scanning electron microscopy (SEM), N2 adsorption and thermo-

gravimetric analysis (TGA) analysis. 

• Water adsorption experiments 
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The water adsorption uptakes and kinetics on various original and modified MOFs within 

wide a range of temperature and pressure are measured by the gravimetric methods. 

• Modelling and simulation of AHT system 

Evaluation of the AHT performance employing various MOFs + water in terms of the 

coefficient of performance for cooling (COP), specific cooling power (SCP), coefficient of 

performance for heat pump (COPh), specific heating power (SHP) and SDWP (specific daily 

water production) employing experimentally confirmed adsorption isotherms and kinetics 

data.  

• Temperature-entropy analysis 

The entropy generation for each component of AHT are evaluated as a function of time. The 

temperature-entropy maps for each component of AHT for cooling, heat pump and 

desalination are shown for the first time. 

1.5 Thesis Overview 

This thesis comprises the structure of scientific works to present the novelty of the proposed 

research activities with the methodologies and a comprehensive description and discussion of the 

results findings. 

Chapter 1 provides a rationale for the background, motivation, objective, and scope of the 

proposed research activities with the related research questions and possible solutions. 

Chapter 2 reviews the literature concerning the adsorption phenomenon, isotherm and kinetics 

mechanism, the theory of isosteric heat of adsorption, the principle of adsorption assisted heat 

transformation system, the Grand Canonical Monte Carlo (GCMC) technique and detailed 
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discussion on various original and modified MOFs such as functional groups, porosities and 

topologies. The literature review also highlights the research gaps in MOFs development for 

AHT applications. 

Chapter 3 describes the modelling and simulation for calculating water interactions on various 

MOFs and composite adsorbents. Hence, the GCMC (Grand Canonical Monte Carlo) 

methodology is applied to predict the isotherms of water adsorption. Based on the GCMC results, 

the MOFs and composite adsorbents are synthesised. 

Chapter 4 describes the synthesis of various functional MOFs. This chapter also presents (i) the 

surface characterisation of the synthesised MOFs and (ii) the measurement of water adsorption 

on these MOFs in terms of isotherms and kinetics. This chapter ends with the detailed discussion 

for (i) the surface characteristics of MOFs structures, (ii) the isotherms and kinetics of MOFs + 

water systems and (iii) the isosteric heat of adsorption of MOFs + water systems.  

Chapter 5 illustrates the thermodynamic modelling of adsorption assisted heat transformation 

systems with heat and mass recovery analysis. Hence, the thermodynamic frameworks are 

formulated for each component of AHT system employing the first and the second laws of 

Thermodynamics. The entropy generation of the overall AHT cycle is presented in temperature-

entropy maps. The performances are also presented in this chapter. 

Chapter 6 shows the major findings and the novelty of the thesis. The chapter provides a 

summary of the results achieved and their possible impacts, as well as the limitations and further 

improvements that can be developed in the future.  
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Chapter 2. Literature Review 

This chapter provides a general and broad literature review on isotherms, kinetics and isosteric 

heats of adsorption and various adsorbents for heat transformation applications. Once the state of 

the art is defined, a clear research gap can be identified for proceeding the main steps of the 

current research activities based on the areas of opportunities identified. 

2.1 Introduction 

Adsorption arises when a liquid or gas adheres onto a solid surface, and is characterised by the 

increase in the concentration of the liquid or gas in the region of the interface. Desorption is the 

reverse of adsorption. The solid substance on which adsorption takes place is defined as the 

adsorbent, the fluid (liquid or gas) material in the adsorbed phase is known as the adsorbate. 

Based on the types of the interaction between the molecules in the fluid phase and the solid, 

adsorption is classified into two categories namely physisorption and chemisorption [54]. The 

main differences between the physisorption and chemisorption are summarised as: (i) the types 

of the adsorption force. Physisorption interactions are related to the condensation of vapours and 

the deviations from ideal gas behaviour, while the chemisorption forces are related to the 

formation of chemical bonds; (ii) the degree of specificity. Chemisorption is usually with a 

relatively high degree of specificity as compared with that of the physisorption; (iii) the number 

of the molecule-surface interaction layers. Chemisorption is confined to a monolayer, whereas 

physisorption occurs as a multilayer (especially at high relative pressures); (iv) reversibility. The 

physi-sorbed molecules can be recovered to its fluid phase by desorption without any identity 

change, which is not applicable to the chemi-sorption molecules; (v) energy level. Physisorption 

is an exothermic process with a relatively low energy level (comparable to the energy of 

condensation of the adsorbate). However, Chemisorption usually generates relatively high 
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energy level (same magnitude order as compared to the chemical reaction). It is noted here that 

the physisorption is the current research focus in this work. The mechanism of physisorption is 

shown schematically in Figure 2.1 [55]. 

 

Figure 2.1: Schematic diagram of adsorption mechanism [55]. 

Adsorption is governed by the interaction between adsorbent and adsorbate as a function of 

pressure and temperature. Research on physisorption has a long history and this field has met 

with great success in many applications such as heterogeneous catalysis, drug delivery, liquid 

purification, gas separation and energy storage. According to the official organisation such as 

International Union of Pure and Applied Chemistry (IUPAC) [56-58], the general terminology 

and definitions of adsorption are summarised in Table 2.1. 

Table 2.1: Definitions and terminology of adsorption. 

Term Definition 

Adsorption Adhesion of particles (atoms, ions or molecules) to a porous surface 
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Solids with distinct porosities are preferred as the suitable adsorbent for various gas storage, 

separation and heat transformation applications. The pore size distributes from micropore 

(internal pore width < 2 nm) to mesopore (2 nm < internal pore width < 50 nm) and a competent 

adsorbent should have small pore sizes with big pore volume, which results in larger surface area 

and higher adsorbate capability. However, the adsorbate capacity in terms of hydrophilic or 

hydrophobic behaviours depends on adsorbent-adsorbate interaction factor. The widely used 

adsorbents (such as silica gel, zeolite and various types of activated carbons) are usually 

synthesised and prepared in the form of powder, pellet, rod or monolith. 

Nitrogen or argon adsorption has become the most practical technique for measuring the pore 

size distribution and surface area of adsorbents [59]. On the other hand, the adsorption of water 

vapour on solid porous adsorbents is important for industrial applications, such as cooling [60], 

heat pump [61], desalination [6], dehumidification [62], thermal energy storage [63] and water 

purification [64].  

Adsorbent Solid substance on which adsorption occurs 

Adsorbate Fluid or refrigerant that interacts with adsorbent 

Physisorption Adsorption with no chemical bonds 

Chemisorption Adsorption with chemical bonds 

Porous solid Solid with void pores which are deeper than wide 

Open pore Void pore which communicates with the surface 

Surface area 
Extent of the surface determined during the whole adsorption 

process 

Specific surface area Total surface area per unit mass of porous solid 

Pore size  
Distance between two opposing slit walls or the diameter of 

cylindrical pore, also known as the pore width 

Pore volume Volume of the pore assessed by Ar or N2 adsorption method 

Porosity Ratio of overall pore volume to apparent particle volume 
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2.2 Adsorption Isotherms  

Adsorption isotherms are measured at a constant temperature to study the relationships between 

the amount of the adsorbate uptakes (𝑞𝑒 ) and the pressure (𝑃). Theoretically, an adsorption 

process for the specific temperature and pressure is considered to reach the equilibrium state if 

the adsorbate concentration in the adsorbed phase is in a dynamic balance with that in the bulk 

phase, hence, the rates of both adsorption and desorption are equal. According to IUPAC [65], 

the adsorption isotherms are categorised into six types as shown schematically in Figure 2.2. The 

shape of the adsorption isotherms mainly depends on the adsorbent-adsorbate interaction and the 

types of adsorbent structure. Type I isotherm represents the adsorption on microporous 

adsorbents with hydrophilic behaviours whilst the type II describes the adsorption on 

macroporous or non-porous adsorbents. Weak adsorbent-adsorbate interactions are usually found 

for type III isotherm while type IV isotherm works with the mesoporous adsorbents. Type V 

isotherm (“S-shaped” isotherm) is related to monolayer and multilayer adsorptions where the 

hysteresis is found. Water adsorption on adsorbents with type V isotherm provides favourable 

benefits for the design of adsorption chiller/heat pump due to higher uptake-offtake difference 

(∆𝑞) per adsorption-desorption cycle. In addition, type VI isotherm with a hybrid stepwise 

adsorption behaviour is found for the adsorbent which is non-porous or macroporous. The study 

of adsorption isotherms plays a crucial role in adsorbent design, modelling analysis and practical 

optimisation of the adsorption systems.  



18 
 

 

Figure 2.2: Types of adsorption isotherms by IUPAC classification [56]. Type I: adsorption on 

microporous adsorbents with hydrophilic behaviours; Type II: adsorption on macroporous or 

non-porous adsorbents; Type III: weak adsorbent-adsorbate interaction; Type IV: adsorption on 

mesoporous adsorbents; Type V: monolayer and multilayer adsorption; Type VI: hybrid stepwise 

adsorption on non-porous or macroporous adsorbents. 

Based on experimentally confirmed uptake versus pressure/concentration data as a function of 

temperature, various adsorption isotherm models are correlated and formulated and summarised 

in Table 2.2 [66]. By introducing different isotherm parameters with physical meanings, each 

isotherm model could feature certain characteristics of adsorption mechanism. For example, 

Henry’s equation  [67] is applicable for the adsorption in low pressure region where pressure P→

0 with finite uptake. The Langmuir isotherm model [68] is restricted for the monolayer 

adsorption where the adsorbed layer equivalent to single-molecule-thickness is assumed for the 

localised site. Dubinin-Radushkevich isotherm model [69] is postulated to describe the 

mechanism of subcritical vapours adsorbed onto micropore adsorbents employing the micropore 
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filling theory. However, it is not approaching the Henry’s law at low-pressure region. In addition, 

an empirical model namely Freundlich equation [70] could be applied for multilayer adsorption 

cases such as geosmin-water adsorption on activated carbons [71]. One key problem with the 

Freundlich equation is that it fails to predict the isotherm at Henry’s region due to the lack of the 

fundamental thermodynamic basis. The Tempkin isotherm model [72] assumes that the isosteric 

heat of adsorption decreases linearly with the adsorbed-phase concentration increase. The Toth 

isotherm model [73] is developed from the Langmuir equation to provide a better isotherm 

fittings for the heterogeneous adsorption systems. The Brunauer-Emmett-Teller (BET) isotherm 

model [74] is widely used in describing the multilayer physisorption process where the 

theoretical isotherm uptake capacity 𝑞𝑠 (g/g) and the BET constant 𝐶𝐵𝐸𝑇 (L/g) are involved. One 

primary application for the BET theory is to measure the pore size distribution and pore volume 

of the novel porous materials. Similarly, the MacMillan-Teller (MET) equation [75] exhibits a 

more comprehensive modelling as compared with BET theory where the effects of the surface 

tension is considered. Furthermore, Sips [76] and Redlich-Peterson [77] isotherm models are 

hybrid isotherms formulating both the Langmuir and Freundlich isotherm features. Other 

adsorption isotherm models such as Hill, Flory-Huggins, Khan and Koble-Corrigan isotherm 

models are also used broadly in adsorption fields [78-81].  

Table 2.2: Examples of adsorption isotherm models. 

One parameter adsorption isotherm model 

Type  Isotherm Remarks 

Henry [67] 𝑞𝑒 = 𝑏𝑃 Applicable at low pressure 

region (Henry’s region) 

Two parameters adsorption isotherm models 

Type  Isotherm Remarks 

Langmuir [68] 
𝑞𝑒 =

𝑄0𝑏𝑃

1 + 𝑏𝑃
 

Homogeneous and localised 

adsorption is assumed. 

Adsorbate-adsorbate 

interaction is not considered. 
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Adsorbents with water delivering “S-shaped” (type V) isotherms are suitable for adsorption 

chiller/heat pump and desalination applications. However, most of the classical adsorption 

isotherm models fail to describe the “S-shaped” isotherm and the hydrophobic length. To 

overcome these limitations, Sun and Chakraborty [82] proposed a new adsorption isotherm 

model from the concept of Fermi-Dirac distribution function, which takes into account both the 

surface-energy and surface-structural heterogeneity factors from Henry’s region to the saturated 

Dubinin- 

Radushkevich [69] 
𝑞𝑒 = (𝑞𝑠) exp(−𝑘𝑎𝑑𝜀2) Not available to Henry 

region. 

Freundlich [70] 

𝑞𝑒 = 𝐾𝐹𝑃
1
𝑛 

The earliest reversible 

adsorption isotherm. Motion 

of adsorbates is not 

considered. Not applicable to 

low (Henry’s region) and 

high (saturation state) end 

concentration boundaries. 

Tempkin [72] 

𝑞𝑒 =
𝑅𝑇

𝑏𝑇
ln 𝐴𝑇𝑃 

Reverse linearly relationship 

between the concentration of 

the adsorbed phase and the 

isosteric heat of adsorption is 

assumed. 

Three parameters adsorption isotherm models 

Type  Isotherm Remarks 

Toth [73] 
𝑞𝑒 =

𝐾𝑇𝑃

(𝑎𝑇 + 𝑃)1 𝑡⁄
 

Successfully fits 

heterogeneous adsorption 

systems for a wide relative 

pressure ranges (0< P/Ps < 1). 

BET [74] 

𝑞𝑒

=
𝑞𝑠𝐶𝐵𝐸𝑇𝑃

(𝑃𝑠 − 𝑃)[1 + (𝐶𝐵𝐸𝑇 − 1)(𝑃/𝑃𝑠)]
 

Applicable to multilayer 

physisorption process. 

Sips [76] 
𝑞𝑒 =

𝐾𝑠𝑃𝛽𝑠

1 + 𝑎𝑠𝑃𝛽𝑠
 

It is a combination of 

Langmuir (high pressure 

region) and Freundlich (low 

pressure region) isotherms. 

MET [75] 𝑞𝑒 = 𝑞𝑠(
𝑘

ln(𝑃𝑠/𝑃)
)1 3⁄  

The effect of adsorption 

surface tension is considered. 

Redlich-Peterson 

[77] 
𝑞𝑒 =

𝐾𝑅𝑃

1 + 𝑎𝑅𝑃𝑔
 

Hybrid isotherms of 

Langmuir and Freundlich 

models. 
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pressure. The Sun-Chakraborty isotherm model is expressed as 𝜃 =
𝐾(

𝑃

𝑃𝑠
)

𝑚

1+(𝐾−1)(
𝑃

𝑃𝑠
)

𝑚 , where 𝜃 =

𝑞 𝑞0⁄  is the surface coverage that represents the percentage of adsorption sites occupied by water 

vapour. Hence, 𝑞 indicates the water vapour uptake as a function of pressure and temperature 

and 𝑞0  refers to the limited water vapour uptake. 𝐾  resembles the adsorption equilibrium 

constant with the expression of  𝐾 = 𝛼exp [𝑚(𝑄𝑠𝑡
∗ − ℎ𝑓𝑔) 𝑅𝑇⁄ ] , where 𝛼  defines the pre-

exponential coefficient, 𝑚 is the heterogeneous coefficient. 𝑄𝑠𝑡
∗  represents the isosteric heat at 

zero coverage and ℎ𝑓𝑔 is the enthalpy of evaporation. The combined item (𝑄𝑠𝑡
∗ − ℎ𝑓𝑔) defines 

the adsorption characteristics energy and it can be estimated from the experimental data. In 

addition, 𝑅  denotes the gas constant, T is the adsorption temperature in kelvins. The Sun-

Chakraborty isotherm equation is capable to fit the various types of experimentally measured 

adsorption isotherms data. It should be noted that, Sun-Chakraborty isotherm equation gives 

precise fitting results for “S-shaped” water adsorption on many MOFs such as CAU-10, MOF-

801 (Zr), MIL-101 (Cr), Al-Fum and UiO-66 (Zr).  

2.3 Adsorption Kinetics 

Adsorption kinetics refers to the diffusion of adsorbate in the adsorbent pores as a function of 

time at constant temperature and pressure. Adsorption and desorption kinetics are important for 

the design and performance evaluation of an adsorption bed or thermal compressor (the thermal 

compressor of the AHT system is particularly referred to the adsorption-beds, where isobaric 

adsorption or desorption process occurs as a result of the temperature and pressure swing). By 

studying the residence time of water vapour on various adsorbents, crucial parameters such as 

the operation cycle time and the size of the adsorption bed are designed and developed for 

adsorption assisted heat transformation applications. Overall, the physisorption based kinetics is 
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related to the adsorbate diffusion where three sequential steps are involved [83]: (1) film or 

external diffusion (adsorbates diffuse across the liquid film adjacent to the external pore of 

adsorbent); (2) intra-particle diffusion or internal diffusion (adsorbates permeate deeply into the 

inner pores of adsorbent) and (3) mass action (adsorbates adsorb and desorb dynamically inside 

the active sites). Normally, mass action process is faster as compared with another two processes 

and can be neglected [84]. The adsorption diffusion models are primarily formulated to describe 

the external and/or internal diffusion process. For the explanation of adsorption kinetics, varieties 

of adsorption diffusion models are proposed in terms of first- or second-order reversible models 

[85], pseudo first- or second-order models [86] and first or second-order irreversible models [87]. 

Some typical adsorption kinetics models are furnished in Table 2.3.  

Table 2.3: Examples of adsorption kinetics models. 

In the Table 2.3, 𝜃 and 𝜃𝑒 are the amount of adsorbate at time t and equilibrium conditions. 𝐶 

and 𝐶0 are the concentration of the adsorbate at equilibrium and initial states. 𝑘1, 𝑘2, 𝑘3, 𝑎 and 𝛼 

are the parameters characterising the kinetics models. 

Type  Equation  Remarks  

Pseudo first-order 

equation [88] 

𝑑𝜃

𝑑𝑡
= 𝑘1(𝜃𝑒 − 𝜃) 

Example: methylene blue 

adsorption on mesoporous carbons 

[89]. 

Pseudo second-order 

equation [90] 

𝑑𝜃

𝑑𝑡
= 𝑘2(𝜃𝑒 − 𝜃)2 

Example: Dye-contained 

wastewater adsorption on MCM-22 

zeolite [91]. 

Second-order equation 

[92] 

1

𝐶
= 𝑘3 +

1

𝐶0
 

Example: water adsorption on 

HZSM-5 zeolite [93]. 

Elovich’s equation [94] 𝑑𝜃

𝑑𝑡
= 𝑎𝑒−𝛼𝜃 

Example: Organic compounds 

adsorption on platinum electrodes 

[95]. 

Ritchie’s equation [96] 𝑑𝜃

𝑑𝑡
= 𝛼(1 − 𝜃)𝑛 

Example: cadmium-ions-contained 

solution adsorption on bone char 

[97]. 
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As compared with various adsorption diffusion models, the Langmuir adsorption kinetics model 

is considered as one of the simplest. The kinetics expression is 𝜃𝑡 = 𝜃 [1 − exp (−
𝑡

𝛾
)] +

exp(−
𝑡

𝛾
)𝜃𝑖𝑛𝑖 with the boundary conditions 𝜃𝑡 = 𝜃𝑖𝑛𝑖 (𝑡 = 0) and 𝜃𝑡 = 𝜃∞ (𝑡 → ∞).  Recently, a 

Langmuir-based kinetics framework was derived by Sun and Chakraborty [98] to model the 

water adsorption kinetics in which the surface structural heterogeneity factor of adsorbents is 

involved. According to the Langmuirian analogy, 𝐾 = 𝑘𝑎𝑑𝑠 𝑘𝑑𝑒𝑠⁄ , where 𝑘𝑎𝑑𝑠 is the adsorption 

rate coefficient and 𝑘𝑑𝑒𝑠  is the desorption rate coefficient. Under experimental equilibrium 

conditions, substituting  𝐾 = 𝑘𝑎𝑑𝑠 𝑘𝑑𝑒𝑠⁄  into the Sun-Chakraborty isotherm equation, the surface 

coverage becomes: 

𝑘𝑎𝑑𝑠(1 − 𝜃) (
𝑃

𝑃𝑠
)

𝑚

= 𝑘𝑑𝑒𝑠𝜃 [1 − (
𝑃

𝑃𝑠
)

𝑚

]                                                                                    (2.1)                                                                                    

where 𝑘𝑎𝑑𝑠 = 𝑊𝛽𝐴𝑠, 𝐴𝑠  is the adsorbent BET specific surface area and it can be determined 

through nitrogen adsorption experiment. 𝛽  is the sticking coefficient and it is given by 𝛽 =

[𝛽0exp (𝐸𝑎 𝑅𝑇⁄ )] , where 𝛽0  is the frequency factor or pre-exponential with unit value for 

monolayer; 𝐸𝑎 is the activation energy. 𝑊 defines the collisions of adsorbate molecules with the 

adsorbent surface per unit time and it is given by 𝑊 = 𝑀𝑃 √2𝜋𝑀𝑅𝑇⁄ , where 𝑀 is the adsorbate 

molecular weight. 

Since adsorption is a reversible process between adsorbents and adsorbate particles in the real 

case, under non-equilibrium conditions, the amount of surface coverage as a function of time 𝜃𝑡 

can be obtained by derivation: 

𝑑𝜃𝑡

𝑑𝑡
= 𝑘𝑎𝑑𝑠(1 − 𝜃𝑡) (

𝑃

𝑃𝑠
)

𝑚

− 𝑘𝑑𝑒𝑠𝜃𝑡 [1 − (
𝑃

𝑃𝑠
)

𝑚

]                                                                        (2.2)                                                                         
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By rearranging operation, Eq. (2.2) becomes: 

𝑑𝜃𝑡

𝑑𝑡
= 𝑘𝑎𝑑𝑠 (

𝑃

𝑃𝑠
)

𝑚

− 𝜃𝑡 {𝑘𝑎𝑑𝑠 (
𝑃

𝑃𝑠
)

𝑚

+ 𝑘𝑑𝑒𝑠 [1 − (
𝑃

𝑃𝑠
)

𝑚

]}                                                           (2.3)                                                    

Here the time constant (𝜏) is defined by 
1

𝜏
= 𝑘𝑎𝑑𝑠 (

𝑃

𝑃𝑠
)

𝑚

+ 𝑘𝑑𝑒𝑠 [1 − (
𝑃

𝑃𝑠
)

𝑚

], therefore Eq. (2.3) 

becomes 

𝑑𝜃𝑡

𝑑𝑡
= 𝑘𝑎𝑑𝑠 (

𝑃

𝑃𝑠
)

𝑚

− 𝜃𝑡
1

𝜏
                      (2.4)                                                                                                                             

The analytical solution of Eq. (2.4) becomes, 𝜃𝑡 = 𝐶′𝑒
−𝑡

𝜏 + (𝑘𝑎𝑑𝑠(𝑃 𝑃𝑠⁄ )𝑚) (1 𝜏⁄ )⁄ =𝐶′𝑒
−𝑡

𝜏 + 𝜃. 

At the very beginning of adsorption process (t=0), 𝜃 = 𝜃𝑖𝑛𝑖, then the constant 𝐶′ is calculated as 

𝜃𝑖𝑛𝑖 − 𝜃. After rearrangement operation, the adsorption kinetics equation becomes: 

𝜃𝑡 = 𝜃 − 𝜃𝑒
−𝑡
𝜏 + 𝜃𝑖𝑛𝑖𝑒

−𝑡
𝜏  

𝜃𝑡 − 𝜃𝑖𝑛𝑖 = 𝜃 − 𝜃𝑒
−𝑡
𝜏 + 𝜃𝑖𝑛𝑖𝑒

−𝑡
𝜏 − 𝜃𝑖𝑛𝑖 

𝜃𝑡 − 𝜃𝑖𝑛𝑖 = 𝜃 (1 − 𝑒
−𝑡
𝜏 ) − 𝜃𝑖𝑛𝑖(1 − 𝑒

−𝑡
𝜏 ) 

∆𝜃𝑡

∆𝜃
=

𝜃𝑡−𝜃𝑖𝑛𝑖

𝜃−𝜃𝑖𝑛𝑖
= 1 − 𝑒

−𝑡

𝜏                                                                                                                 (2.5) 

The kinetics model as shown in Eq. (2.5) works well for water adsorption of silica gel, zeolites, 

MOF-801 (Zr), Aluminium fumarate, CAU-10, MIL-101 (Cr) etc. 

2.4 Isosteric Heat of Adsorption 

Physisorption of gas or liquid on porous solid results a release of energy, which is associated 

with the adsorbate-adsorbent and adsorbate-adsorbate interactions. Thermodynamically, the 
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negative change in the enthalpy of adsorption is known as the isosteric heat of adsorption (𝑄𝑠𝑡). 

At constant loading and temperature, 𝑄𝑠𝑡 defines the amount of heat release per unit adsorbate 

transferred from the bulk phase to the adsorbed phase. The isosteric heat of adsorption (𝑄𝑠𝑡) 

plays an important role in characterising the adsorbate loading kinetics and equilibria on the 

adsorbent, which ultimately govern the performance of various adsorption applications. For 

example, the information about the isosteric heat of adsorption at zero surface coverage (𝑄𝑠𝑡
0 ) 

could be used to predict the adsorbate uptake in the Henry’s region and the design of adsorbent 

materials in the area of gas storage/separation/purification [99] and adsorption chiller/heat 

pump/desalination [100]. Experimentally, the isosteric heat of adsorption ( 𝑄𝑠𝑡 ) could be 

evaluated by three techniques: (1) direct acquirement via an adsorption calorimeter [101]; (2) 

measurement of adsorption isosteres [102] and (3) derivation from the adsorption isotherm 

results (differentiating the isotherms at constant uptake) [103]. To date, numbers of 𝑄𝑠𝑡 

modellings have been proposed to investigate the energetic performance of adsorption and the 

most widely used model is the Clausius-Clayperon equation [104] as given by 

𝑑(𝑙𝑛 𝐶𝑒)

𝑑𝑇
= −

𝑄𝑠𝑡

𝑅𝑇2                                                                                                                            (2.6) 

where 𝐶𝑒 refers to the equilibrium concentration (or vapour pressure) of the adsorbed adsorbate 

at constant loading; T is the adsorption temperature and R is the gas constant. Hence, the value of 

the isosteric heat of adsorption (𝑄𝑠𝑡 ) is calculated from the slope of the 𝑙𝑛 𝐶𝑒  versus 1/T at 

different adsorbate uptakes. The usage of the Clausius-Clapeyron equation is based on the 

hypothesis that the adsorbate is considered as the ideal gas and the volume of the adsorbate in the 

adsorbed phase is negligible. It should be noted here that the ideal gas assumption is more 

suitable for the adsorption at low pressure region and it may cause distinct errors for high 



26 
 

pressure region analysis. Other researchers also pointed out that the linear behaviours of the ln Ce 

versus 1/T plot could only be obtained when the isosteric heat of adsorption does not change 

significantly with the temperature [105]. Several revision works have been performed to 

overcome these constraints. For example, Rahman et al. [106, 107] developed a 𝑄𝑠𝑡 model where 

the volume of the adsorbate in the adsorbed phase is addressed. Chakraborty et al. [55, 108] 

proposed an isosteric heat of adsorption model for both low and high pressure regions where the 

pressure gradient term for the gaseous phase is added into the original Clausius-Clapeyron 

equation. Moreover, the non-ideality of the adsorbate is involved in Askalany et al. [109] work. 

Theoretically, few thermodynamic frameworks are well established to study the relationship 

between the 𝑄𝑠𝑡 and the adsorbate orientation as well as the structure of adsorbent. However, the 

field of studying the isosteric heat of adsorption via the Grand Canonical Monte Carlo simulation 

is mature, where the 𝑄𝑠𝑡 could be expressed by adsorbate uptakes or the gas fugacity [50]. Some 

examples of the isosteric heat of adsorption (𝑄𝑠𝑡) study using various techniques is shown in 

Table 2.4. 

Table 2.4: Examples of the isosteric heat of adsorption (Qst) for various adsorbent + adsorbate 

pairs. 

Adsorption systems Method  Remarks 

Hydrogen + IRMOF-16 

[110] 

Grand Canonical Monte 

Carlo (GCMC) simulation 
• H2/H2 interaction is neglected 

• The optimal 𝑄𝑠𝑡  for hydrogen 

storage on IRMOF-16 is 

around 20 kJ/mol 

Water/methanol + 

graphitized carbon 

[111] 

Grand Canonical Monte 

Carlo (GCMC) simulation 
• The 𝑄𝑠𝑡 increases as adsorbate 

increases (liquid-like adsorbate 

clusters are observed) 

• The 𝑄𝑠𝑡  decreases rapidly 

when the functional groups’ 

concentration is low 

Water + natural zeolite 

[60] 

Experimental measurement 

(Clausius-Clapeyron 
• 𝑄𝑠𝑡 decreases with the increase 

of adsorption capacity 



27 
 

 

2.5 Conventionally Used Adsorbents for Heat Transformation 

Research on conventional adsorbents has a long tradition. Cavenati et al. [114] presented that 

zeolite 13X with a pore volume 0.34 cm3/g would be an efficient medium for carbon dioxide 

separation from exhaust gas. Yahya et al. [115] showed that reactive dyes could be removed 

from acidic solutions by activated carbon which the bulk density is 0.64 g/cm3. In addition, 

silica gel with the pore volume ranging from 0.32 to 0.46 cm3/g is found competent for waste-

heat-driven water adsorption refrigeration and desalination [21]. Furthermore, L.Z Zhang [116] 

built one adsorption cooling system motivated by the automobile waste heat and obtained 

promising COP (coefficient of performance) with a value of 0.38. Here, representative examples 

of adsorption chillers employing various conventional adsorbent-water systems are summarised 

in Table 2.5. Here, the COP (coefficient of performance) of the adsorption chiller is defined as 

COP = Qevap/Qdes, where the Qevap represents the energy generated in the evaporation process and 

Qdes indicates the energy required for the desorption process.  Although all the systems described 

in Table 2.5 could be driven by low grade heat source below 95 ℃ , the defects of the 

conventional adsorbents lead to the poor performance of the system. It is proved that the “S-

shaped” isotherm provides higher ∆𝑞  as compared with type I isotherms under the working 

equation) • (𝑄𝑠𝑡)𝑚𝑎𝑥 ≈ 3800 kJ/kg with a 

zeolite equilibrium adsorption 

capacity of 0.02 kg/kg 

Carbon monoxide + 

Pt/Al2O3 catalyst [112] 

Fourier transform infrared 

(FTIR) spectroscopy in the 

temperature range 298-740 K 

• 𝑄𝑠𝑡 decreases with the increase 

of the coverage 𝜃 

• (𝑄𝑠𝑡)𝑚𝑎𝑥 = 140 kJ/mol at  

𝜃 =0.9 

Toxic metal ions + rice 

husk ash (RHA) [113] 

Experimental measurement 

(Toth isotherm fitting) 
• 𝑄𝑠𝑡 is quantitatively correlated 

with the amount of adsorbed 

metal ions  

• (𝑄𝑠𝑡)𝑚𝑎𝑥 ≈ 194 kJ/mol  
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conditions of an adsorption chiller, and requires lower regeneration temperature (< 60 oC) to 

drive the AHT system [32]. Unfortunately, due to the relatively low structure varieties and 

restricted modification potentials, traditional adsorbents meet the choke point for further 

exploitation. With the development of the technology in chemistry and material science, novel 

adsorbents synthesis field really takes off in the late few years and it becomes more accessible to 

obtain directionally designed porous materials. Nowadays, novel material namely metal-organic 

frameworks (MOFs) has drawn much attention for its designable porosities and microstructure 

diversities [117]. 

Table 2.5: Detailed literature survey on the adsorption chiller performance employing various 

conventional adsorbent (zeolite / silica gel) + water systems. 

Adsorbent + water pairs System remarks ADC performances 

Silica gel [118] Two sorption chambers 

Powered by low-grade heat  

Experimental study 

Cycle time 600 s to 900 s 

Cooling power: 42.8 kW 

COP: 0.51 

SCP: 125 W/kg 

(under 86/11/30 ℃ hot water 

inlet/chilled water 

outlet/cooling water inlet 

temperatures, cycle time 720s) 

Silica gel [119] Three-bed adsorption chiller 

heat source 60-85 ℃ 

Numerical optimisation 

Provides a new cycle time 

allocation for ADC 

Hot water inlet: 65 ℃ 

optimal mass recover time 8-12 

s  

optimal switching time 27-35 s 

COP:0.36 

SWS-8L Silica [120] 

 

Single-bed adsorption chiller 

Thermodynamic modelling 

Experimental investigation 

Heating temperatures 77-95 ℃ 

SCP: 190-389 W/kg 

VSCP: 104-212 W/dm3 

COP: 0.18-0.31 

(for the cycle time 600 s) 

Microporous Silica gel 

[121]  

Double condensers system 

Driven by solar energy 

Finned-tube heat exchanger 

Performance optimisation  

Better performance at higher 

hot water inlet and chiller water 

outlet temperature 

Cooling capacity: 17.9 kW 

COP: 0.63 
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2.6 Metal-organic frameworks (MOFs) 

Metal-organic-frameworks (MOFs) are a class of crystalline meso-microporous hybrid structures, 

composed of metals or metal clusters and organic building ligands [117]. Normally, divalent (Cu, 

Mg, etc.), trivalent (Al, Fe, Cr, etc.) or tetravalent (Zr, Ti, etc.) metals are chosen as the metallic 

component, and the organic ligand with multidentate chains are usually used to connect the metal 

clusters [123]. Research on metal-organic frameworks (MOFs) took off in the late decades as it 

became more accessible to various synthesis approaches such as conventional electric (CE) 

heating, electrochemistry (EC), ultrasonic (US), mechanochemistry (MC) and microwave (MW) 

heating methods [123]. MOFs with three-dimensional networks usually attains massive pore 

volumes, large surface areas, uniform pore sizes and stable pore structures. These highly porous 

materials have been widely adopted in the field of gas storage [124], liquid 

adsorption/purification [125], filtration [126] and catalysis [127]. Among these applications, 

water + MOFs based heat transmission systems for cooling, heat pump and desalination are met 

Synthetic zeolite [122] Pressure and heat recovery  

Low regeneration temperature up 

to 70 ℃ 

Fin-tube heat exchangers 

Cyclic steady state studies 

COP: 0.1 – 0.6 

(under different operation 

conditions) 

FAM Z01 zeolite [29] Low grade heat source 65-85 ℃ 

Chiller’s thermodynamic and 

irreversibility analysis  

Specific entropy generation 

COP: 0.44 at heat source of 65 

℃ 

Optimised 

adsorption/desorption cycle 

time: 200 s to 300 s 

Zeolite 13X/CaCl2 

composite [8] 

Porous characteristics of 

composite adsorbent 

Solar adsorption cooling system 

Adsorption kinetics  

Numerical analysis  

COP is increased by 81% up to 

0.76 

SCP is increased by 34% up to 

18.4 W/kg 

by introducing the Ca-ion-

exchange composite as 

compared with pure zeolite  
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with much success and gradually broadened into commercial use. A detailed literature survey of 

MOFs-based cooling/heat pump/desalination applications are furnished in Table 2.6. In this 

thesis, series of metal-organic frameworks (MOFs) adsorbents are synthesised and investigated 

thoroughly for their performance regarding to the water adsorption via both simulation and 

experimental methods. 

Table 2.6: Various MOFs + water pairs for adsorption assisted cooling, heat pump and 

desalination applications. 

MOFs type Water adsorption characteristic Remark and performance  Application 

MIL-101 

(Cr) [128] 

S-shaped isotherm  

Long hydrophobic length up to 

𝑃/𝑃𝑠 → 0.45 

Super high limiting uptake ≈
1.01 g/g 

∆𝑞=0.939 g of water/g of 

sorbent at desorption 

temperature of 363 K and 

5.6 kPa while adsorption 

temperature of 313 K. 

Lower SCP. 

Not suitable for 

cooling or heat 

pump, but 

applicable for 

water 

dehumidification 

Al-Fum 

[129] 

S-shaped isotherm 

Narrow hysteresis 

Limiting uptake ≈ 0.45 g/g  

Good hydrothermal stability 

within 4500 water 

adsorption/desorption cycles 

Thermal conductivity: 0.12 

W (m ∙ K)⁄  

Heat capacity: 1.05 to 1.35 

J (g ∙ K)⁄  

(in the temperature range 

between 323 K and 418 K) 

Cooling/ 

Heat pump 

CAU-10-H 

[130, 131] 
BET surface area of 660 m2 g⁄  

Pore volume of 0.28 cm3 g⁄  

S-shaped isotherm 

Limiting uptake ≈ 0.25 g/g at 

303 K 

 

Numerical and 

experimental study 

Adsorption enthalpy: -49 

kJ/mol 

Heat pump/ 

thermal storage 

UiO-66 

[132] 

S-shaped isotherm  

Hydrophobic length up to 

𝑃/𝑃𝑠 → 0.20 

Limiting uptake ≈ 0.4 g/g 

Amine-functionalised UiO-66 

limiting uptake: 0.38 g/g 

Stable cyclic performance  

Average heat of water 

adsorption: 41.3 kJ/mol for 

UiO-66 and 89.5 kJ/mol 

for NH2-UiO-66 

Cooling/ 

Heat pump/ 

thermal energy 

storage 

MIL-160 

[130] 
BET surface area of 1070 m2 g⁄  

Pore volume of 0.40 cm3 g⁄  

Type I resembled isotherm 

Limiting uptake ≈ 0.35 g/g at 

303 K 

Experimental analysis and 

GCMC simulation 

Adsorption enthalpy: -54 

kJ/mol 

COP: 1.65 

Heat pump 
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2.6.1 Current Research Activities in Parent MOFs 

Al-Fumarate (Al-Fum) MOFs are chosen for desirable “S-shaped” isotherms with water 

adsorption plus the impressive hydrothermal stability [129]. Normally, Al-Fum with the 

monoclinic lozenge-shaped inner cell has a relatively large BET surface area (750-1200 m2/g) 

and high pore volume (0.87-0.99 cm3/g) [134]. By using Al-Fum as adsorbent, Youssef et al. 

 (under the conditions of 

Tev = 288 K, Tads =
318 K and Tdes = 370 K) 

MOF-801 

[133] 

S-shaped isotherm  

Short hydrophobic length: 

0.05 < 𝑃/𝑃𝑠 < 0.1 

Relative fast 

adsorption/desorption kinetics: < 

600 s for the temperature ranging 

from 293 K to 363 K 

∆𝑞=0.31 g 

COP: 0.67 

SCP: 2 KW/kg(under the 

conditions of Tads = 303 K 

and Tdes = 353 to 358 K) 

Cooling/ heat 

pump/ thermal 

storage 

MIL-125 

[132] 

S-shaped isotherm  

Hydrophobic length up to 

𝑃/𝑃𝑠 → 0.32 

Limiting uptake ≈ 0.33 g/g 

Amine-functionalised MIL-125 

limiting uptake: 0.37 g/g and 

step rise of water loading in the 

0.1 < 𝑃/𝑃𝑠 < 0.25 region 

Average heat of water 

adsorption: 56.0 kJ/mol for 

NH2-MIL-125 

Heat pump 

fam-Al-

Fum [23] 

Water limiting uptake of 0.45 g/g 

with hydrophobic characteristics 

length of P/Ps = 0.2 and faster 

water adsorption kinetics 

Water transfer per 

adsorption cooling cycle 

increases up to 12% 

Cooling and heat 

pump 

CPO-

27(Ni), 

aluminium 

fumarate 

and MIL-

101(Cr) 

MOF [24] 

MIL-101(Cr) has the highest 

water uptake of 1.47 kg·kg− 1. 

The limiting uptake for COP-

27(Ni) is 0.47 kg/kg and that for 

Al-Fum becomes 0.53 kg/kg. 

Modelling of two-bed 

adsorption desalination 

system. 

CPO-27(Ni) is more 

suitable at low evaporation 

(5 oC) temperature. 

For Al-Fum, the specific 

daily water production is 

found to be 6.3 

m3·(ton·day) -1. 

Adsorption 

desalination 
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[135] simulated 3.4 m3 water per tonne of Al-Fum MOFs and 20.0 Rton cooling energy per 

tonne of Al-Fum MOFs per day at 65 ℃  heating water temperature with the evaporator 

temperature of 10 ℃, which is almost three times higher as compared with zeolite and silica gel 

adsorbents. Karmakar et al. [134] used Al-Fum as the clean agent to extract fluoride from water 

and potable water was obtained at room temperature. Furthermore, Marta et al. [136] developed 

one continuous process to achieve large-scale Al-Fum production at a rate of 5.6 kg h⁄  and 

space-time-yields of 97159 kg m3⁄  per day. Besides experimental investigations, some inherent 

simulation works were performed to study the interaction between Al-Fum with various 

adsorbates in molecular aspects [137]. On the other hand, Zr-MOF-801 is selected for fast 

kinetics and moderate water adsorption limiting uptakes (0.3 g/g of adsorbent) [36]. For example, 

Kim et al. [36] captured water from air employing solar energy as the driven heat force and they 

achieved 2.8 liter of water uptake per kilogram of MOF-801 (Zr) per day from 20% relative 

humidity of moist air. Furukawa et al. [138] addressed the relationship between the MOF-801 

(Zr) adsorbent-water molecules interaction with water adsorption sites by the powder neutron 

diffraction study. Furthermore, UiO-66 (Zr), a zirconium-based microporous material, should be 

considered as a qualified candidate for ADC applications for its high adsorption heat and good 

recyclability [132]. For example, Liu et al. [139] used UiO-66 polycrystalline membranes to 

desalinate water and the membranes exhibited impressive ion rejection, good permeability with 

high water stability. Felix et al. [132] obtained high heat of water adsorption up to 90 kJ/mol by 

using UiO-66 based MOFs as adsorbent. Technically, UiO-66 with fcu (face-centred cubic) 

topology possesses considerable BET surface area (around 1200 m2 g⁄ ) and pore volume (0.49 

cm3 g⁄ ). In addition, water adsorption with UiO-66 (Zr) delivers the “S-shaped” isotherm, which 

also provides the possibility of low regeneration temperature in adsorption cooling application. 
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Collectively, MOFs presented in this thesis exhibit diversified metal cation types, different 

topologies (from face-centred cubic to inner-caged) and various water adsorption behaviours. 

2.6.2 Modification on Parent MOFs 

To revise the water adsorption behaviours of the parent MOFs and optimise the MOFs based 

AHT system performance, structural modification on the parent MOFs is necessary. A number of 

direct or post-synthesis modification methods are available to reconstruct MOFs pore topologies 

and metal-doping is one of them. For example, by doping alkali metal ions (Li+, Na+ and K+), 

Teo et al. [32] enhanced the hydrophilicity of the parent MIL-101 (Cr) at low pressure region 

and faster adsorption kinetics are observed. Yang et al. [140] doped Ni (II) ions into the MOF-5 

framework and adsorbents with larger Langmuir surface area, higher pore volume and enhanced 

hydro-stability are obtained. Additionally, Zhu et al. [141] proved that the porosity and 

hydrophobicity of the parent MOF STU-1 could be improved by doping various metal ions such 

as Fe2+, Cd2+ or Cu2+. Another popular MOFs modification method is functionalisation. By 

implanting organic ligands with hydrophilic/hydrophobic functional groups onto the parent 

MOFs, the pore-structures are re-constructed and the water adsorption behaviours on the 

functionalised MOFs are revised. For example, Jeremias et al. [132] showed that amino-

functionalised MIL-125 exhibits much shorter hydrophobic length as compared with that of the 

original MIL-125 and it is very promising for heat storage and heat transformation applications. 

It is also found that a significant enhancement of water uptakes at low pressure region is obtained 

by introducing -NH2 functional groups onto the original UiO-67. Furthermore, Ortiz et al. 

[142]proposed that the hydrophobicity/hydrophilicity traits of MOFs are determined by the 

geometry, porosity and structural flexibility of the MOFs, which could be tailored by 

functionalisation.  
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In this thesis, the original MOFs is mainly modified with three following approaches: (1) post-

mixing with conventional zeolite-based (AFI/CHA type) adsorbents; (2) post-doping with 

hydrophilic alkali dopants (Li+) and (3) direct-implanting with various of 

hydrophobic/hydrophilic functional groups. The functional group additives involving in this 

thesis are: Pyridine group (-N), with one methine group replaced by a nitrogen atom, has been 

proved to be a key factor to affect adsorption isotherm shape [143]. Hydroxyl group (-OH), a 

versatile polar functional group, has already been used to enhance the MOFs affinity with 

various adsorbates [47]. Amine group (-NH2 ), another efficient functional group, plays an 

important role in MOFs’ hydrophilic enhancement at low pressure region [144]. The nonpolar 

hydrophobic methyl functional group (-CH3), for its impressive water capture stability [145]. 

2.7 Water Adsorption Simulation Techniques 

Theoretically, molecular dynamics (MD) and the Grand Canonical Monte Carlo (GCMC) 

simulations are chosen for understanding adsorbent-adsorbate interactions in terms of pressure 

and temperature. Molecular dynamics shows the physical movements of water molecules inside 

the adsorbent pore structure. However, the MD requires numerous water molecules to simulate 

the adsorption environment, which makes it time consuming. Another limitation of the MD 

method is that for Lennard-Jones (LJ) potential, the potential divergence may occur when two 

atoms are approached. Therefore, instabilities are the result and the cumulative errors are 

generated during the integration process [146]. On the other hand, the GCMC models the 

adsorption environment for MOFs-water-pairs as a function of temperature and pressure [147]. 

As compared with MD or experimental methodology, GCMC provides high simulation accuracy 

and is cost-efficient and time saving. From the GCMC simulation, the water adsorption isotherm 

on different adsorbents are predicted.  
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Hence, the water adsorption is calculated by a thermodynamic force field consisting of the 

binding energy between water molecules and the MOFs - structure, where the Lennard-Jones 

(LJ), electrostatic and induction effects are considered. Employing this technique, the number of 

adsorbed water molecules are estimated.  

The key point to model a well-defined adsorption simulation environment is to calculate the 

interatomic potentials for the adsorbent-adsorbate and the adsorbate-adsorbate pairs, respectively. 

For specific positions within the adsorption domain, the interatomic potentials reflect the 

interrelation of the attractive and repulsive effects between adsorbate molecules and MOFs 

structure. It provides essential information about the mechanics and energetic performances of 

adsorption. To date, various theoretical models and simulation techniques are proposed to 

investigate the interaction potentials of the adsorption systems. For example, Morse potential 

considered as the arguably most original interaction model was first introduced by Morse [148]. 

The Morse Potential model is applied to compute the interactions between mono-atom and a 

surface where the bond breaking effect is involved. One significant extension of Morse potential 

is the Morse/Long-rang potential (MLR model) proposed by Le Roy et al. [149]. By activating 

the long-rang behaviours inside the interaction system, MLR model predicts the spectroscopic 

versions of the diatomic or even polyatomic molecules [150, 151]. In addition, Lennard-Jones 

(LJ) potential [152] is widely adopted to calculate the binding energies between neutral 

atoms/molecules pairs such as water. The LJ potential is characterised by both energy (potential 

well depth) and length (collision diameter) scales where the short-range Pauli repulsion and 

long-rang dispersion effects are included. By replacing the repulsive portion with an exponential 

function and introducing an extra parameter, the original Lennard-Jones (LJ) potential is further 

simplified into the Buckingham potential [153], which investigates the phase of noble gases. 
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Other models and techniques such as Stockmayer potential [154], based on quantum chemistry 

[155] delivers more precise results. However, they need high computational cost. Moreover, the 

Coulomb electrostatic interactions [156] should be considered for the ionic system, and the 

higher order induction potentials [157, 158] are necessary if the interatomic potentials with high 

accuracy are required.  

From the adsorption interatomic potentials, the mechanism of water adsorption could be 

analysed from a molecular perspective and the water adsorption isotherms at different pressures 

is predictable. For example, Carrasco et al. [159] investigated the water molecules at various 

metal interfaces and confirmed that the whole bilayer structure stability is determined by the 

quality instead of the quantity of hydrogen bonds. Bourg et al. [51] conducted MD simulations 

on silica nanopores adsorbed with water molecules for a wide pore diameter range (1-4 nm), 

where the bulk-liquid-like water is found at the centre of the larger pores (≥ 2 nm) while the 

interfacial water properties are independent of the silica surface curvature. Furthermore, by 

employing the Grand Canonical Monte Carlo (GCMC) simulation, Ghose et al. [160] proved that 

the hydrophilicity of the UiO-66 MOF could be enhanced by the defects of the missing ligands 

inside the framework. Ortiz et al. [142] also suggested that the water affinities of the zeolite 

imidazolate structures depend on many factors such as the geometry, topology and the ligand 

functionalisation of the adsorbent structures. Besides the research on water uptakes, Fan et al. 

[161] further developed the isosteric heats 𝑞𝑠𝑡
0  modelling where polar molecules such as 

water/methanol are selected and dipole induction potentials are involved. It is found that the 

maximum potential well depth for graphite and polar molecules are obtained between 2.9 to 4.0 

Å and the orientations of the molecules affect the 𝑞𝑠𝑡
0  dramatically.  
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2.8 Adsorption Assisted Heat Transformation Research in Nanyang 

Technological University 

In the recent decades, many remarkable works related to the adsorption assisted heat 

transformation (AHT) system are proposed by the researchers in Nanyang Technological 

University (NTU), Singapore. For example, Ali et al. [162] developed one CO2-assisted vapour 

compression and adsorption hybrid system for cooling and desalination applications and 60% 

improvement in COP was obtained as compared with conventional CO2 cooling system. 

Additionally, Kayal et al. [163] performed the adsorption characterisation of AQSOA-Z01/Z02 

zeolites and water for adsorption chillers and the authors found that AQSOA-Z01 zeolite is 

suitable for cooling generation at relatively low regeneration temperature of 60 oC due to the “S-

shaped” isotherms of AQSOA-Z01 + water systems. Besides the experimental investigation, 

several theoretical studies on AHT applications have also been reported by NTU researchers. For 

example, Leong et al. [162] reported the effects of operational parameters and system design on 

the performances of adsorption chiller where the effects of heat exchanging fluid velocity, heat 

transfer coefficients and bed dimensions were studied. Based on the experimental adsorption 

isotherm and kinetics, Ali et al. [164] developed one double stage cooling and desalination 

system for various adsorption pairs where internal heat recovery between the condenser and two 

evaporators were considered, and 26% more water and 45% more cooling capacity were 

observed as compared with conventional equivalent adsorption desalination and cooling systems. 

In addition, Liu et al. [165] proposed a new transient two-dimensional model with non-constant 

condensing pressure for zeolite + water adsorption cooling system and it is found that the cycled 

adsorbate and cycle duration are both increased as compared with the constant condensing 

pressure model. In one study, Chakraborty et al. [166] presented one thermodynamic formulation 
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to calculate the energetic performance of an adsorption cooler as a function of pore widths and 

volumes of solid adsorbents. The simulated COP (coefficient of performance) was validated with 

experimental data and good agreement was found. Furthermore, Teng et al. [167] reviewed the 

present status of adsorption cooling cycle thoroughly, from experimental investigation to 

mathematical modelling, from intrinsic development (adsorbent and heat exchanger) to extrinsic 

development (operation mechanism and parametric investigation). Besides the investigation on 

the AHT system, researches related the adsorbents synthesis and modification have also been 

reported by NTU researchers. For example, Zhao et al. [168] fabricated one carbon-based 

microtubes by pyrolysis of plant tissues via facile synthesis method. These methods and results 

from the papers mentioned above provide valuable guidelines for the design and optimisation of 

AHT system.  

2.9 Summary 

The literature related to adsorption terminology, various adsorbents for cooling and heat pumps 

and MOFs are revisited. The adsorption mechanism together with adsorption isotherms, kinetics, 

isosteric heat of adsorption are shown in detail, which are applied to analyse the water adsorption 

performance in terms of uptake-offtake difference and rates. Additionally, the metal-organic 

frameworks (MOFs) involved in the current research activities for heat transformation 

applications are introduced. Research works related to the water adsorption simulation technique 

namely the Grand Canonical Monte Carlo (GCMC) is elaborated. Furthermore, the progression 

of research in adsorption assisted heat transformation (AHT) system that recently carried out in 

Nanyang Technological University (NTU) is summarised. The next chapter will discuss about 

the modelling of water adsorption with different MOFs adsorbents via GCMC. 
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Chapter 3. Metal Organic Frameworks – Water Adsorption Analysis 

This chapter presents the studies of water adsorption on the parent and modified MOFs 

employing molecular dynamics (MD) and Grand Canonical Monte Carlo (GCMC) simulations. 

Based on simulation results (water uptakes versus relative pressure), the novel metal organic 

frameworks (MOFs) can be designed for higher water transfer with faster kinetics. This 

methodology is able to select the suitable MOFs for cooling, heat pump and desalination 

applications. 

3.1 Molecular Structure Model 

Water molecule models such as TIP3P, SPC/E [169] and TIP4P [170] are used to investigate the 

interaction for various water + adsorbent systems, and each model reflects certain characteristics 

of water. Normally, water molecules with TIP3P characteristics [171] and SPC traits [169] are 

preferred for GCMC simulation. For TIP3P water molecule model, the partial charges of 

hydrogen atoms and oxygen are 0.415 and -0.830 elementary charge respectively. The hydrogen-

oxygen-hydrogen angle is 104.52°  and length of oxygen - hydrogen bond is 0.9572  Å . 

Additionally, the corresponding values for SPC water molecule is 0.410, -0.820, 109.47° and 

1.0 Å, respectively. It is noted that during the simulation process, the adsorbent surfaces are 

considered as chemically homogeneous, which is independent of adsorption site occupancy of 

adsorbate. In addition, the angles and the bonds between atoms are held rigid for all adsorbate 

molecules. 

MOFs generally show diverse structures. For Al-Fum, the monoclinic lozenge-shaped unit cell is 

formed by linking the corner-sharing aluminium octahedral with fumarate [30]. The cell volume 

is 990.41 Å3  and the crystallographic indices are 𝑎 = 9.33 Å, 𝑏 = 14.21 Å and 𝑐 = 12.09 Å  . 
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The inclination angle and the diagonal length of the Al-Fum unit cell are 122.55° and 12.79 Å, 

respectively. The distance 𝑑  between two fumarate (Al) layers is 6.84 Å . Unlike Al-Fum, 

prototypical Zr-based MOF such as UiO-66 (UiO represents University of Oslo) with the 

formula Zr6O4(OH)4(BDC)6 exhibits fcu (face-centred cubic) topology [139]. The cell volume of 

UiO-66 (Zr) is 8929.65 Å3 and the average aperture size is 6.0 Å. Additionally, another Zr-based 

MOFs such as MOF-801 also presents fcu topology where abundant metal cluster-bounded 

hydroxyl groups are observed surrounding the networks of the structure [172]. It is the smallest 

cubic unit cell among all the zirconium-based MOFs where the cell volume is 5672.90 Å3 . 

Furthermore, the conventional adsorbents namely AFI and CHA type zeolites are analysed here 

for comparison purpose. The multi-layers cylindrical channels are found for both cases. The AFI 

(e.g. AQSOA-Z01) type zeolite is ferro-alumino-phosphate (FAPO-5) based with the joint 

molecular structure of Al-P-O atoms and four channel layers radii of 5.64 Å, 7.24 Å, 8.39 Å and 

9.69 Å. On the other hand, the CHA (e.g. AQSOA-Z02) type framework is silico-alumino-

phosphate (SAPO-34) based zeolite with (i) four channel layers radii of 3.65 Ǻ, 5.9 Ǻ, 8.75 Ǻ, 

and 10.88 Ǻ, and (ii) the joint molecular structure of Si-O atoms [100]. The frameworks of all 

the MOFs and conventional zeolite adsorbents are shown schematically in Figure 3.1. 
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Figure 3.1: Schematic structures of UiO-66 (Zr) [139], Al-Fum [30], MOF-801 (Zr) [172] MOFs 

and zeolite-based functional adsorbents (types AQSOA-Z01 and AQSOA-Z02) [100]. 

The original MOFs are modified via mixing with conventional adsorbents, implanting the 

functional groups or doping with the alkali metal ions. During physi-mixing process of Al-Fum 

MOFs and AFI/CHA zeolites, the number of possible relative positions between the two 

structures are infinite. Therefore, the Al-Fum MOFs and AFI/CHA zeolite frameworks are mixed 

randomly where a reasonable pore structure is formed without any atoms overlap or bond 

creation. Functionalisation works are completed by replacing the original organic ligands with 

the functional group ones. For example, amino implanted UiO-66 (Zr) MOFs are structured with 

one additional amine group on the parent benzene ring, where the parent terephthalic acid is 

replaced by 2-amino-terephthalic acid. The overall electrostatic potentials of the atomic charges 

of functionalised MOFs are minimised and estimated by the density functional theory (DFT) 
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[173]. The DFT calculation is performed using the Becke-Lee-Yang-Parr (B-LYP) correlations 

plus the double-ξ numerical polarisation (DNP) basis set. With the estimated electrostatic 

potentials, the atomic charges of the modified MOFs are fitted with the Merz-Kollman (MK) 

scheme [174]. Figure 3.2 shows the post-modified UiO-66 (Zr) frameworks with various 

functional groups (-NH2, -N and -OH). In addition, many works have proved that specific mixing 

rules should be followed for the alkali metal ions doped into MOFs. The relative position 

between the additives and the receptors depends both on MOFs structure and the type of the 

cations. For example, Lan et al. [175] suggested that the optimal distance between the doped 

𝑁𝑎+ and oxygen atoms inside the COF-105 is 2.482 Å. Ghoufi et al. [176] also showed that ions 

should not be inserted more than 2.5 Å away from the MOFs frameworks. In order to build the 

theoretical Li-Al-Fum framework, certain amount (5% weight) ions pairs of LiCl are placed 

randomly where the 𝐿𝑖+ cations are located adjacent to the oxygen atoms of Al-Fum and the 

mean square displacement of 𝐿𝑖+ cations are remained closed to zero.  
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Figure 3.2: Molecular structure of the original and functionalised UiO-66 (Zr): (a.1) UiO-66 (Zr); 

(a.2) N-UiO-66 (Zr); (a.3) NH2-UiO-66 (Zr) and (a.4) OH-UiO-66 (Zr). Here, the terephthalic 

acid with various functional groups are also shown for better understanding. 

3.2 Simulation Methods 

3.2.1 Interatomic Potential 

Interatomic potentials are theoretical functions for investigating the interaction potential energy 

of a restrained geometry at specific positions with pre-defined force fields. It is the fundamental 

infrastructure of molecular mechanics. Some typical uses of interatomic potential are to predict (i) 

new molecule structure and physi/chemi-reaction process and (ii) minimise of the overall system 

energy. The interatomic potential of an arbitrary system for one molecule is denoted as a series 

of mathematical items which represent the superposition of multi-body interactions. Normally, a 

thorough potential energy consists of both bonded (valence) interactions and nonbonded 
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interactions, where bond stretching and angular distortions are involved for bonded terms and 

van der Waals and electrostatic portions are summed up for nonbonded interactions. During the 

process of water adsorption on MOFs adsorbents, only nonbonded interactions exist between 

adsorbate-adsorbate and adsorbent-adsorbate frameworks. Although pairwise potential models 

such as Morse [177], Buckingham [153] and Born-Mayer-Huggins [178] are available and easy 

to handle, the universal force field (UFF) model is chosen due to the presence of molecular 

interactions during adsorption. As compared with other force fields, UFF describes the molecular 

system with high accuracy and impressive computational simplicity. The mathematical 

expression for UFF nonbonded interactions is expressed as 

𝜙𝑖𝑗 = 4𝜀𝑖𝑗 [(
𝜎𝑖𝑗

𝑟𝑖𝑗
)

12

− (
𝜎𝑖𝑗

𝑟𝑖𝑗
)

6

] + ∑ ∑
𝐶𝑞𝑎𝑞𝑏

∈𝑟𝑎𝑏
𝑏𝑖𝑎𝑖

 (𝑟 < 𝑟𝑐)                                              (3.1)                                           

Here, 𝜙𝑖𝑗  is the overall interaction potentials (adsorbate-adsorbate and adsorbent-adsorbate). 

The first item on the right side of equation represents the 12-6 Lennard-Jones potentials (van der 

Waals forces), where 𝜀 indicates the potential well depth in kcal/mol and 𝜎 denotes the collision 

diameter or van der Waals bond length in Å, 𝑟 defines the distance between two atoms. The 

Lorentz-Berthelot combining rules ( 𝜀𝑖𝑗 = √𝜀𝑖𝜀𝑗  and 𝜎𝑖𝑗 =
1

2
(𝜎𝑖 + 𝜎𝑗)  [179] is applied to 

calculate the pairwise potential well depths and collision diameters.  The 𝑟−12 item stands for the 

short-range repulsive part caused by the electron orbital overlapping; the 𝑟−6 item is the long-

range attractive part mainly related to the dispersion force. The second item on the right side of 

the equation defines the Coulomb interactions, where long-rang electrostatic attractions are 

considered. Here, 𝑞 is the point charge of one atom in molecules, ∈ represents the dielectric 

constant, 𝐶 is the energy-conversion constant and 𝑟𝑐 denotes the cutoff distance (𝑟𝑐 = 9 to 13 Å, 

depending on the size of adsorbate molecule’s type and adsorbent structures).  



45 
 

The interaction potential calculation employing the proposed model for one water molecule and 

Al-Fum MOF is presented in Figure 3.3. For the selected Al-Fum supercell (6×6×10), each 

layer contains 144 aluminium atoms, 576 carbon atoms and 720 oxygen atoms. The geometrical 

model shown here is for demonstration purpose, more water molecules and bigger MOFs 

frameworks are involved for the Grand Canonical Monte Carlo (GCMC) simulations. The total 

interaction potentials (𝜙) of the whole system depends on the relative position of the water 

molecule to the atoms (aluminium/oxygen/carbon) inside the Al-Fum, which could be 

represented as a function of water-adsorbent atoms position vector 𝑟  (𝑋, 𝑌, 𝑍 ). The atomic 

charges of metal and organic linkers constituents for the original MOFs are obtained via ab initio 

electrostatic potential fitting scheme [138, 180-182], other pairwise force field parameters such 

as the well depth potential and collision diameter for all the adsorbate + adsorbent systems are 

furnished in Table 3.1.  
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Figure 3.3: Molecular simulation model of Al-Fum structure and TIP3P water molecule. The 

distance between the two layers is d = 6.84 Å, and the diagonal length is L = 12.79Å. The 

position vector points from the ith atom of the adsorbent (Al/O/C) to the jth atom of the 

adsorbate molecule (O/H). Position vector in TIP3P water molecule coordinate system X' Y' Z' 

can be converted to Al-Fum coordinate system based on the translational vector and rotational 

matrix transformation rules. (Hydrogen atoms in the adsorbent’s structure are omitted for clarity 

purpose) 

Table 3.1: Pairwise Force-field-parameters for interactions in original and modified MOFs (Zr-

UiO-66, Zr-MOF-801 and Al-Fum) with water molecule (H2O). (Hi and Oi define the hydrogen 

and nitrogen atom of in water molecules. Other atom such as Zrj, Alj, Cj, Oj, Nj, Sij, Pj and Hj 

represent the atoms in MOF and zeolite adsorbents) [152]. 

Atom 

type 

Force field 

parameter 
Zrj Alj Cj Oj Nj Sij Pj Hj 

Hi ϵ(kcal/mol) 0.055 0.149 0.068 0.051 0.055 0.133 0.116 0.044 

𝜎(Å) 3.005 3.693 3.369 3.193 3.273 3.591 3.517 2.886 
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Oi 𝜖(kcal/mol)  0.203 0.174 0.079 0.060 0.064 0.155 0.135 0.051 

 𝜎(Å) 3.312 3.999 3.676 3.500 3.580 3.900 3.824 3.193 

 

3.2.2 Water Adsorption Isotherm via GCMC 

The GCMC method is applied to simulate water adsorption behaviours on MOFs at the 

molecular level. During the simulation process, a rectangular simulation cell is created by 

applying the periodic boundary conditions in both the x and y directions where the z direction is 

bounded by the diabatic and porous walls. For the overall simulation process, the temperature (𝑇), 

chemical potential (𝜇) and volume (𝑉) constant whist the total number of adsorbates and the 

fluid density fluctuate. Water molecules with TIP3P characteristics could be momentarily 

inserted or deleted between the imaginary reservoir and simulation cell where the energy biasing 

scheme is applied [183]. In addition, water molecules can move freely in the grand canonical 

ensemble where translations and rotations are proportioned at 50% probability each. The 

coordinates of the inserted water molecule are chosen at random position where the centre of 

mass is located and the orientation of the water molecule is also randomly chosen by rotating 

about this insertion point. Once the simulation process starts, two O-H bonds and the H-O-H 

angle are held rigid. Furthermore, the overall relative velocity of all atoms in the water molecules 

is maintained zero. The ideal-gas assumption is applicable due to the low bulk pressure of the 

reservoir. Therefore, the fugacity of the water vapour is assumed to be the same as its gas 

pressure. However, the size of the simulation systems could influence the results dramatically 

[184]. Additionally, the long-range electrostatic attractions calculated by Ewald summation 

methods [185] (a common method used to calculate the long-range electrostatic interactions in 

periodic systems where both the short-range contribution in real space and long-range 

contribution in reciprocal space are considered) is not applicable here due to the asymmetry of 
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some of the MOFs, for example Al-fumarate. Hence, to minimise the impact of periodic 

boundary conditions and overcome these deficiencies, adequate supercells (for example, the 

surface dimensions are about 48.18 Å × 54.02 Å for Al-fumarate) are selected. 

The simulation environment is considered to reach equilibrium conditions when the chemical 

potential of a water vapour in the adsorbed state is the same as the chemical potential of its bulk 

phase. Generally, it takes at least 20 million steps for the system to achieve equilibrium state and 

the data collection is conducted after another 20 million production runs proceeded. For each 

adsorption temperature and pressure, the number of water molecules is counted under the 

equilibrium state and the uptakes are deduced. The overall adsorption isotherms are obtained. 

The uptakes of water molecules at each condition is calculated by 𝑞 = (𝑛 ∙ 𝑀𝑤)/𝑀𝑀𝑂𝐹, where 𝑛 

is the total number of water adsorbed onto the framework, 𝑀𝑤 represents the molecular weight 

of water and  𝑀𝑀𝑂𝐹 indicates the overall molecular weight of MOFs adsorbents, which is related 

to the total number of metal and organic atoms inside it. The calculation procedure of the water 

adsorption isotherm on various original and modified MOFs at certain temperature from Henry’s 

region to the saturation state via GCMC is shown schematically in Figure 3.4. 
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Figure 3.4: Flow chart of the water adsorption isotherm calculations for a wide pressure range (0 

< P/Ps < 1.0) at certain temperature via GCMC. 

3.3 Results and Discussion 

3.3.1 UiO-66 (Zr) MOFs 

Figure 3.5 shows the GCMC snapshots of the water adsorption on original and functionalised 

UiO-66 (Zr) for various relative pressures (P/Ps = 0.1/0.2/0.3), from which one can see how the 

water molecules are adsorbed onto the MOFs pore-structures. From Figure 3.4 (a.1) to (a.3), 
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strong hydrophobic performances are observed for the original UiO-66 (Zr). At P/Ps = 0.1, only 

5 water molecules are adsorbed onto the UiO-66 framework and this number increases to 22 

when the relative pressure increases to 0.3, where there are still numerous empty pores. After 

introducing amine, hydroxy and nitrilo functional groups onto the UiO-66 (Zr) structure, 

enhanced hydrophilic behaviours are resulted for the modified materials and more water 

molecules are adsorbed even at low pressure region. For example, at P/Ps = 0.1, the number of 

the adsorbed water molecules is 7, 36 and 173 for NH2-UiO-66 (Zr), OH-UiO-66 (Zr) and N-

UiO-66, respectively. As the pressure increases, more water molecules are adsorbed onto the 

functionalised UiO-66 (Zr) pore-structures. During the GCMC simulation, water molecules are 

firstly adsorbed to the higher energy site. As the adsorption continues, more water molecules are 

adsorbed onto the sites of lower energy. It is also observed that water molecules tend to be 

adsorbed near -NH2, -OH and -N group locations, for these hydrophilic functional groups attracts 

water molecules with strong affinities. Furthermore, at P/Ps =0.3, the number of the adsorbed 

water molecules on NH2-UiO-66 (Zr), OH-UiO-66 (Zr) and N-UiO-66 (Zr) are 312, 211 and 264, 

respectively.   
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Figure 3.5: Snap shots for molecular structure of water adsorption at 30 °C: (i) UiO-66 (Zr) MOF: 

P/Ps = 0.1 (1.a), P/Ps = 0.2 (1.b), P/Ps = 0.3 (1.c); (ii) NH2-UiO-66 (Zr) MOF: P/Ps = 0.1 (2.a), 

P/Ps = 0.2 (2.b), P/Ps = 0.3 (2.c); (iii) OH-UiO-66 (Zr) MOF: P/Ps = 0.1 (3.a), P/Ps = 0.2 (3.b), 

P/Ps = 0.3 (3.c); (iv) N-UiO-66 (Zr) MOF: P/Ps = 0.1 (4.a), P/Ps = 0.2 (4.b), P/Ps = 0.3 (4.c). 

(red: oxygen in water and UiO-66 based MOFs, white: hydrogen, grey: carbon, cyan: zirconium, 

blue: nitrogen in NH2-UiO-66 (Zr) and N-UiO-66 (Zr) MOFs). 

The GCMC simulated water + UiO-66 (Zr) based MOFs adsorption isotherms from Henry’s 

region to the saturated state at 30 °C is shown in Figure 3.6. The red-dotted line represents the 
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original UiO-66 (Zr) and the dark-solid lines stand for the functionalised UiO-66 (Zr) MOFs. 

The GCMC results show the enhanced hydrophilic performances for the functionalised materials 

as compared with the original UiO-66 (Zr) at low pressure region. For example, as compared 

with the original UiO-66 (Zr), NH2-UiO-66 (Zr) also exhibits “S-shaped” isotherm with a much 

shorter hydrophobic length (P/Ps ≈ 0.2). OH-UiO-66 (Zr) starts to adsorb water sharply at even 

low-pressure region (P/Ps ≈ 0.1). Furthermore, N-UiO-66 (Zr) shows a type I water adsorption 

isotherm and could reach 80% of the limiting uptakes at P/Ps = 0.2. At P/Ps = 0.2, the GCMC 

simulated water uptakes for UiO-66 (Zr), NH2-UiO-66 (Zr), OH-UiO-66 (Zr) and N-UiO-66 (Zr) 

MOFs are 0.01 g/g, 0.06 g/g, 0.175 g/g and 0.318 g/g, respectively. These results provide 

valuable references for the synthesisation of functional MOFs with organic linker modification 

and also experimental investigation. It should be noted here that the results obtained by GCMC 

method are very sensitive to the potential parameters and water molecule models [186]. For 

example, Ramachandran et al. [187] showed that using the same GCMC algorithm, the SPC/E 

water model results a shorter hydrophobic length as compared to the TIP4P model. Hence, all the 

simulations are carried under the same operating conditions of water adsorption on MOFs. The 

only variable is the framework of UiO-66 MOFs (original and functionalised).  
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Figure 3.6: Simulated isotherms for water adsorption on UiO-66 (Zr) based MOFs (UiO-66 (Zr), 

NH2-UiO-66 (Zr) MOF, OH-UiO-66 (Zr) MOF and N-UiO-66 (Zr) MOF) at 30 °C. 

3.3.2 MOF-801 (Zr) 

Figure 3.7 shows the GCMC snapshots for water adsorption on MOF-801 (Zr) and (CH3)2-MOF-

801 (Zr) at 30 °C at different relative pressures of P/Ps. Here, low relative pressures of P/Ps = 

0.05/0.08/0.1 are chosen to investigate the effects of the methyl-functional groups on water 

adsorption in the Henry’s law region. For the original MOF-801 (Zr), strong hydrophilic 

behaviours are found and 18 water molecules are adsorbed even at extremely low pressure (P/Ps 

= 0.05). As the relative pressure increases to 0.1, 102 water molecules are adsorbed onto the 

MOF-801 pore-structures and water aggregations are observed. However, hydrophobic traits are 

obtained for (CH3)2-MOF-801 (Zr) where almost no water molecules are adsorbed at P/Ps = 0.05. 

As the relative pressure increases to 0.1, only 38 water molecules are found in (CH3)2-MOF-801 



54 
 

(Zr) frameworks, which is 37% of that in MOF-801 (Zr). Additionally, no water molecules are 

found near the methyl functional groups as hydrophobic -CH3 repel water molecules from being 

adsorbed.  

 

Figure 3.7: Snap shots for molecular structure of water adsorption at 30 °C: (i) MOF-801 (Zr): 

P/Ps = 0.05 (a.1), P/Ps = 0.08 (a.2), P/Ps = 0.1 (a.3); (ii) (CH3)2-MOF-801 (Zr) : P/Ps = 0.05 

(b.1), P/Ps = 0.08 (b.2), P/Ps = 0.1 (b.3). (grey: carbon, cyan: zirconium, red: oxygen in water 

and MOF-801 based MOFs, white: hydrogen in water and MOF-801 based MOFs) 

Based on the GCMC simulation results, the water adsorption isotherms on original and methyl-

functionalised MOF-801 (Zr) are plotted and shown in Figure 3.8. Here, the red-dotted line and 

the dark-solid line indicate the parent MOF-801 and (CH3)2-MOF-801 (Zr), respectively. For the 
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parent MOF-801 (Zr), super hydrophilic behaviour is found at Henry’s region, which agrees well 

with the experimentally data [172]. After implanting methyl functional groups, a longer 

hydrophobic length is obtained for (CH3)2-MOF-801 (Zr), where almost no water is adsorbed up 

to P/Ps → 0.1. For example, at P/Ps = 0.08, the water uptakes for parent MOF-801 and (CH3)2-

MOF-801 are found 0.09 g/g and 0.009 g/g by GCMC simulation, which indicates that the water 

uptakes are reduced to one-tenth in Henry’s region by the addition of (CH3)2 in original MOF-

801 (Zr) adsorbent. Additionally, at P/Ps = 0.1, the GCMC simulation results show that water 

uptakes for the parent MOF-801 and (CH3)2-MOF-801 are 0.152 g/g and 0.051 g/g, respectively 

i.e. only one-third of the water uptakes are obtained for the methyl-functionalised MOFs. The 

weaken hydrophilic traits in MOF-801 (Zr) at low pressure region provides benefits for the heat 

transformation applications, with lower regeneration temperature of 55 °C. 
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Figure 3.8: GCMC simulated isotherms for water adsorption on MOF-801 (Zr) based MOFs 

(MOF-801 (Zr) and (CH3)2-MOF-801 (Zr) at 30 °C. Here, the Henry’s region (0 < P/Ps < 0.1) 

are enlarged for comprehensive understanding. 

3.3.3 Al Fumarate MOFs 

The simulation snapshots for water adsorption on parent Al-fumarate, Li doped Al-fumarate, 

AFI-type zeolite – Al-fumarate and CHA-type zeolite – Al-fumarate composites are presented in 

Figure 3.9. Different relative pressures (0.05 < P/Ps < 0.3) are chosen here for various 

adsorbents according to their diverse hydrophobic or hydrophilic performances in the low 

pressure region. Hence the snap shots of 30% AFI/CHA and Al-fumarate composite are shown 

from different angles better understand the random mixing structure. At lower pressure region, 

more water molecules are observed to be adsorbed in Li+ doped MOFs and MOF-zeolite 

composite structures. Water molecules are observed near the Li+ cations or zeolite frameworks. 

As the pressure increases, some small cluster of 2-3 water molecules are formed. At higher 
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pressure, bigger clusters (4-5 molecules) are found as the cluster size depends on the water 

affinity to the framework. 

 

Figure 3.9: Snap shots for molecular structure of water adsorption at 30 °C: (i) Al-Fum MOF: 

P/Ps = 0.05 (1.a), P/Ps = 0.2 (1.b), P/Ps = 0.3 (1.c); (ii) 5%Li-Al-Fum MOF: P/Ps = 0.05 (2.a), 

P/Ps = 0.2 (2.b), P/Ps = 0.3 (2.c); (iii) 30%AFI-Al-Fum MOF: P/Ps = 0.05 (3.a), P/Ps = 0.1 

(3.b), P/Ps = 0.25 (3.c); (iv) 30%CHA-Al-Fum: P/Ps = 0.05 (4.a), P/Ps = 0.1 (4.b), P/Ps = 0.25 

(4.c). Hence ‘Al-Fum’ means ‘Al-fumarate’. (red: oxygen in water and Al-Fum, white: hydrogen, 

grey: carbon, yellow: lithium, violet: oxygen in AFI or CHA zeolite, orange: phosphorus, cream-

colour: silicon, green: aluminium) 

Employing GCMC, the amount of water uptakes on Al-fumarate MOFs and MOF-CHA/AFI-

type zeolite composites are calculated from the relative pressures of P/Ps → 0 to P/Ps → 1 at 30 
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oC. The isotherm plots are shown in Figure 3.10, from which one can find that the water uptakes 

are very small up to the P/Ps → 0.1 (smaller hydrophobic length), later a rise in water uptake is 

found as the pressure increases. Finally, the uptake curve reaches the limit under saturated 

conditions. Hence, all post-synthesised Al-fumarate and composite structures show the shorter 

hydrophobic length as compared with that of the parent Al-fumarate MOF. As can be observed 

from the simulation results that water vapour starts adsorbing into adsorbent pores at the relative 

pressure (P/Ps) of 0.1. Furthermore, the GCMC simulation shows the maximum water loading 

per unit cell is (i) 104 molecules for Al-fumarate, (ii) 122 molecules for 5%Li- Al-fumarate, (iii) 

212 molecules for 30% AFI- Al-fumarate and (iv) 243 molecules for 30% CHA- Al-fumarate. It 

is observed from GCMC simulation that Li ions dopants and AFI/CHA zeolite and Al-Fum 

MOFs show promising results due to higher water uptakes at the relative pressure of 0.2 to 0.25. 

Hence, the higher uptake – offtake difference under chiller operating range is expected as 

compared with the parent Al-fumarate -water systems. 
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Figure 3.10: Simulated isotherms for water adsorption on aluminium based MOFs (Al-fumarate -

MOF, 30%AFI- Al-fumarate MOF, 30%CHA- Al-fumarate MOF, 5%Li- Al-fumarate MOF) at 

30 °C. Hence ‘Al-Fum’ means ‘Al-fumarate’. 

3.4 Summary 

In this chapter, the grand canonical Monte Carlo (GCMC) is described in detail. The water 

molecule models and the adsorbent (MOF and conventional material) frameworks are 

constructed. The interaction potentials between the water molecules and the adsorbents are 

elaborated. Furthermore, the water adsorption isotherms at various pressures are predicted. This 

new knowledge is employed here as a bench mark for MOFs-design, structure modification, 

water adsorption revision and AHT system evaluation. The experimental method is presented in 

the next chapter. 
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Chapter 4. Methodology, Experiments and Analysis 

This chapter at first shows the synthesis and the characterisation of the parent and structural-

modified MOFs/zeolite-MOFs composites. Subsequently water adsorption on these adsorbents 

are presented in terms of isotherms and kinetics. Based on the Clausius Clapeyron equation, the 

isosteric heat of adsorption is also evaluated. 

4.1 MOFs Synthesis  

4.1.1 Original MOFs Synthesis  

4.1.1.1 MOFs Type UiO-66 (Zr) 

The hydrothermal reaction method is applied to fabricate MOF UiO-66 (Zr) [188]. Firstly, 2.7 

mol terephthalic acid (C8H6O4, 98%), 2.7 mol zirconyl chloride octahydrate (ZrOCl2 ∙ 8H2O, 

98%), 5 ml formic acid (HCOOH, ≥ 96%) and 106 ml N, N-dimethylformamide (DMF, 98%) are 

mixed in a beaker. The mixture is stirred uniformly at room temperature for 30 minutes. 

Secondly, the mixed liquor is transferred into the stainless autoclave, sealed tightly and heated 

for 24 h at 120 °C. Next, the mixture is separated via the filter paper. The purification process is 

conducted by rinsing the fabricated materials with DMF (three times) and ethanol (twice). 

Finally, the UiO-66 (Zr) sample is dried (80 °C overnight) and activated (150 °C and 5 h). The 

fabrication process of UiO-66 (Zr) is schematically shown in Figure 4.1. 
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Figure 4.1: Synthesis process (hydrothermal reaction) of MOF UiO-66 (Zr). 

4.1.1.2 MOF-801 (Zr) 

Zr based MOF-801 is fabricated via hydrothermal reaction method [172]. 0.005 mol of 

zirconium oxide chloride octahydrate (ZrOCl2 ∙ 8H2O, 99%, Merck)  and 0.005 mol of fumaric 

acid (C4H4O4 , 99%, Merck) are dissolved in the DMF-formic acid solution (volume ratio: 

v/v=20:7, 27 ml in total). The mixture is then transferred into the sealed autoclave for heating 

130 oC for 24 h. After seperation, the white materials are washed three time with DMF and two 

times with ethanol. The humid fumarate-based MOFs are dried overnight at 80℃ and then placed 

in the vacuum oven at 150 ℃ for 5 h. The synthesis conditions and purification processes stay 

the same for (CH3)2-MOF-801 except replacing the organic linker with dimethyl fumarate. 
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4.1.1.3 Al Fumarate MOFs 

The Al Fumarate (Al-Fum) is fabricated via reflux reaction method under ambient pressure [189]. 

Firstly, 0.01 mol aluminium chloride hexahydrate (AlCl3 · 6H2O, 99%, Sigma-Aldrich) and 0.01 

mol fumaric acid (C4H4O4, 99%, Sigma-Aldrich) are added into the beaker, 50 ml of N, N-

dimethylformamide (DMF, 99.8%, Sigma-Aldrich) is used here as reagent. The mixture is stirred 

at constant temperature of 130 ℃ for 96 h. Secondly, the mixture is separated by a centrifugal 

spinning machine with a speed of 10,000 rpm. Next, the condensed solid is washed twice with 

acetone then twice with methanol for purification purpose. After purification, the moist 

synthesised adsorbent is heated at 80 ℃ overnight for drying. Finally, the white powder is heated 

in the vacuum oven at 150 ℃ for 3 h. This activation process is aimed to further remove residual 

unreacted organic ligands, reagent, water vapour or any impurities. It is noted that the activation 

process is necessary for fully unlocking the potentials of MOFs. It is also important in 

minimizing the side reactions during the post-synthesis process. The whole synthesis procedure 

for Al-Fum is shown schematically in Figure 4.2. 

 

Figure 4.2: Synthesis process (reflux reaction) of MOF Al-Fum. 
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4.1.2 Post Synthesis 

4.1.2.1 MOFs Functionalisation 

The synthesis of UiO-66 (Zr) based MOFs is performed via two different methods (methods A 

and B). The standard UiO-66 synthesis [188] procedures are used as reference and certain 

modifications are conducted by different organic ligands [20].  

Method A: Hydrothermal reaction method is conducted here. At first, 2.7 mmol of zirconyl 

chloride octahydrate (ZrOCl2 ∙ 8H2O, 98%) and 2.7 mmol of terephthalate-based acid are added 

into the stainless autoclave. Secondly, 106 ml N, N-dimethylformamide (DMF, 98%) mixed with 

5 ml formic acid (HCOOH, ≥ 96%) are added into the mixture. After stirring 30 min at room 

temperature, the reactor is tightly sealed and heated at 120 °C for 24 h. Later, the mixture is 

separated via the filter paper. After separation, the fabricated materials are washed three times 

with DMF and twice with ethanol (10000 rpm, 10 min, each). Finally, the synthesised materials 

are dried at 80 °C. 

Method B: UiO-66 based MOFs are synthesised at ambient pressure condition. At first, 2.2 

mmol of zirconyl chloride octahydrate and 2.2 mmol of terephthalate-based acid are mixed in 30 

ml of acidic solution (27 ml formic acid + 3 ml distilled water). The mixture is stirred under 

reflux for 3h and the temperature is maintained at 120 °C. The suspension is quenched under 

cold water at 25 °C and separated through the spinning machine. The purification process is 

completed by rinsing the fabricated materials with water and ethanol (8000 rpm, 20 min, twice 

each). Finally, the synthesised material is heated at 80 °C for drying purpose. 

The terephthalate-based acid as shown in Figure 4.3 includes: terephthalic acid (C8H6O4, 98%) 

for parent UiO-66 (Zr); 2,5-Pyridinedicarboxylic acid (C7H5NO4, 98%) for N-UiO-66 (Zr); 2-



64 
 

Hydroxyterephthalic acid (C8H6O5 , 97%) for OH-UiO-66 (Zr) and 2-Aminoterephthalic acid 

(C7H7NO4, 99%) for NH2-UiO-66 (Zr). Here, the original UiO-66 (Zr) and NH2-UiO-66 (Zr) are 

fabricated via method A while OH-UiO-66 (Zr) and N-UiO-66 (Zr) are synthesised by method B. 

Activation procedure is required for all synthesised materials. UiO-66 (Zr) based MOFs are 

placed in the vacuum oven and heated up to 155 °C (method A) or 110 °C (method B) for at least 

5 h. The purification process aims to further remove any residual water vapour, reagent or 

unreacted acid. 
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Figure 4.3: Schematic diagram of the synthesis process of the parent and methyl-functionalised 

UiO-66 (Zr) adsorbents. 

The parent MOF-801 synthesis procedures are performed by the hydrothermal reaction method 

[172]. The synthesis conditions and purification processes remain the same for (CH3)2-MOF-801 

except replacing the parent organic linker (Fumaric acid, C4H4O4) with two-methyl-groups 

modified ligand (2,3-Dimethylfumaric acid, C6H8O4). After synthetization, the product materials 

are dried overnight at 80 ℃, and then placed in a vacuum oven at 150 ℃ for 5 h. The activation 
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process aims to remove residual water vapour, acid or any other unreacted reagent. The 

schematic synthesis process of the parent and methyl functionalised MOF-801 (Zr) are shown in 

Figure 4.4. 

 

Figure 4.4: The schematic representation of the original and functionalised MOF-801 (Zr) MOFs. 

4.1.2.2 MOFs Mixing or Doping 

For the synthesisation of composite materials, the mixing process is conducted after the 

activation of original MOF Al-Fum [30]. Firstly, 2 g of synthesised Al-Fum is dissolved into 50 

ml hexane (C6H14 , 95%) or distilled water. Next, the suspension is stirred at 90 oC for 30 

minutes and certain weight of zeolite-based adsorbent (type AFI or CHA) is added into the 

suspension. The mixture is stirred for one hour for complete physi-mix purposes. After stirring, 

the post-synthesised zeolite-Al-Fum adsorbent is extracted by the filter method and heated at 80 
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oC for drying. Hence, zeolite-based adsorbents with various weight concentration ratios (10%, 

20%, 30%, 50%, 70%, 80%, 90%) are synthesised and tested.  

The doping process is conducted after the activation [30]. 2 g of activated Al-Fum sample is 

added into 50 ml suspension of hexane. The suspension is stirred at 80 ℃ for 30 minutes. During 

the stirring process, alkali metal ions solution is poured into the suspension carefully. The alkali 

metal ions (Li+, Na+, K+) solutions contain of alkaline metal salt with 5% weight concentration 

and 1 ml of distilled water. After stirring, the suspension is separated and the post-synthesised 

doped Al-Fum is dried at 80 ℃. 

4.2 Characterisation  

X-Ray diffraction: 

The X-ray diffraction (XRD) analysis is conducted to identify the crystallography of MOF 

adsorbents. The machine is fitted in 0.2 mm Cu Attenuator (detector protection of direct beam), 

operating at 40 kV and 40 mA, using parallel beam X-ray mirror, Cu radiation prefix. 1/6 or 1/4 

degree divergence slit is recommended depends on peak max. 

Scanning electron microscopy: 

The microstructures, particle sizes and morphologies of the MOF materials are evaluated by the 

SEM (scanning electron microscopy) technique. Pre-platinum-coating work on MOF powders is 

performed to enhance the electrical conductivity of the sample. The investigation voltage range 

is 2-10 kV. 

Thermogravimetric measurement:  
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Thermogravimetric analysis is used to measure the thermal stability of MOFs adsorbents.  Before 

the TGA measurements, all the MOF adsorbents are dried at 80 ℃ in a vacuum oven and then 

exposed to the atmosphere for 24 h at ambient conditions to reach fully hydrated state. The 

porous sample is heated from the room temperature up to 600 ℃ with a ramp rate of 10 ℃ under 

a constant flow of air. The weight loss of the hydrated sample is recorded momentarily as a 

function of temperature. Technically, the MOF adsorbents is considered as thermally stable if no 

evident weight loss is observed at high temperature.  

4.3 Adsorption Uptake Investigation 

Generally, the amount of adsorbate uptakes under static and dynamic conditions are measured by 

the volumetric (manometric), the gravimetric and the dynamic flow adsorption methods. The 

volumetric method is used to calculate the amount of adsorptive uptakes under various pressures. 

The pressure changes are achieved by partial vacuum conditions within the confined-adsorbent-

volume. Hence, the pressure transducers with high accuracy are required. The volumetric gas 

adsorption is a mature technique to characterise the porosities of adsorbent materials. Nitrogen is 

recommended to be the guest gas as compared with other gases such as argon, krypton or carbon 

dioxide for its distinct advantages. For example, nitrogen has the similar buoyancy to 

atmospheric air, and it is easily available. Due to its non-polar feature, the adsorption is not 

affected by the surface charge of the adsorbent. Furthermore, the gravimetric method is preferred 

for water adsorption, where the adsorption uptakes are monitored by varying the relative 

humidity or concentration of water vapour and measuring the mass change of the adsorbent. 

4.3.1 Nitrogen Adsorption 

The N2 adsorption/desorption experiment are conducted by Autosorb instrument at 77 K to 

determine the average pore size, total pore volume, specific surface area and pore size 
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distribution of the MOF adsorbents. The outgassing station, analysis station and the main 

instrument accessories of the N2 adsorption apparatus are shown in Figure 4.5. To remove any 

undesirable adsorbed vapours and water, the sample is outgassed at 160 ℃ for 3 h before N2 

adsorption experiment. The N2 isotherms data can be deduced to calculate adsorbent-surface area 

by using BET (Brunuer-Emmet-Teller) equation, and total pore volume is obtained under 

saturation conditions (𝑃/𝑃𝑠 = 1), which is equivalent to the total liquid N2 adsorbed in the MOF 

sample. The liquid volume is calculated by 𝑉𝑙𝑖𝑞 =
𝑃𝑎𝑉𝑎𝑑𝑠𝑉𝑚

𝑅𝑇
, where 𝑃𝑎  is the ambient pressure, 

𝑉𝑎𝑑𝑠  is the volume of N2 adsorbed, 𝑉𝑚  is the molar volume of liquid of N2 with a value of 

3.47 × 10−5 m3/mol , R defines the gas constant and T is the temperature. Moreover, the 

average pore size (𝑟𝑝)  is calculated by 𝑟𝑝 =
2𝑉𝑙𝑖𝑞

𝐴𝑠
, where 𝐴𝑠  is the BET surface area of the 

adsorbent sample. 

 

Figure 4.5: Main components and schematic diagram of N2 adsorption machine. 
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4.3.2 Water Adsorption  

The amount of water adsorbed/desorbed on MOFs samples at different pressures (0 < P/Ps  <1) 

and temperatures (from 25 °C to 70 °C) are measured by a thermogravimetric analyser (TGA) as 

shown schematically in Figure 4.6. The TGA machine is made up of six main components: 

microbalance, balance purge, humidifier, sample cell, pumps and temperature humidity probe. At 

the very beginning of the experiment, the purified and water-free MOFs sample is placed on the 

sample cell, which is held by the microbalance. The microbalance with a maximum load capacity 

of 5g (± 0.1 µg) is located at the top of the temperature-colltrolled chamber. The sample cell and 

the microbalance are connected by an extension wire which makes the TGA give a direct 

mesearment of adsorbate uptake during the adsorption and desorption processes. The mass gain 

or loss of MOFs sample are measured by the microbalance and the recorded data are then 

deduced to the adsorption isotherms. The water adsorption experiment is conducted under 

various relative humidity or relative pressure (P/Ps) under isothermal condition over time. The 

temperature sensor (class A RTD, accuracy ± 0.15 °C) is installed inside the TGA, and by 

controlling the furnace heating system, the isothermal condition is maintained. To maintain 

pressure same inside the TGA apparatus, the adsorption system is evacuated and purged by the 

vacuum pump at the beginning of experiment. Maintaining the temperature and regulate the 

relative pressure inside the chamber are considered as two key procedures for adsorption 

experiment. Before the experiment, the adsorbent materials are heated at 80 °C by a heater as 

installed hermetically around the reaction chamber.  

The termperaure is regulated by the balance process employing the combination of radiant heater 

heat and the cooling air flows into the chamber. To prevent possible condensation effects, the 

temperature of adsorption chamber is maintained 15 °C higher than the experimental conditions 
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of the gravimetric apparatus. The dry nitrogen (99.999% purity) is continuously supplied across 

the adsorption chamber to maintain the control of the microbalance buoyancy effect and to 

remove the residual moisture on the MOFs adsorbents. On the other hand, the relative humidity 

is controlled by regulating the flow of  dry nitrogen into the chamber and is measured by the 

humidity probe. When the relative humidity is lower than the expected value, the flow of 

nitrogen flow additional water vapour (generated from the humidifier) is supplied to the 

adsorption chamber. On the other hand, dry nitrogen is injected to the adsorption chamber when 

the relative humidity of water vapour is higher than the desired value. Thus, the relative pressure 

is controlled experimentally in the adsorption chamber. During the adsorption process, the 

overall mass of the adsorbent sample is increased as water vapour adsorbs onto the adsorbent. 

The change of mass in the adsorbent-adsorbate system is detected and recorded by the build-in 

microbalance. The mass of the water vapour adsorbate is given by 𝑚𝑎,𝑖 = 𝑀𝑠(𝑃𝑖) − 𝑀𝑠(𝑃0), 

where 𝑀𝑠(𝑃0) is the initial known mass of the MOF-sample, and 𝑀𝑠(𝑃𝑖) is the overall sample 

mass as a function of pressrue. In addition, the gravimetric water uptake is measured by 𝑞𝑖 =

𝑚𝑎,𝑖/𝑀𝑠. During adsorption process, the mass changes are varied from the transient to steady 

state, and all uptake values are recorded by the build-in software, and they could be deduced to 

analyse the adsorption isotherms, kinetics and the isosteric heat of adsorption under dynamic and 

equilibrium conditions. 
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Figure 4.6: Schematic representation of the gravimetric apparatus for the measurement of water 

adsorption isotherms and kinetics. 

4.4 Results and Discussion  

4.4.1 Surface Characteristics  

4.4.1.1 Functional UiO-66 (Zr) MOFs 

Power X-ray diffraction (PXRD) 

The PXRD (Power X-ray diffraction) graphs of the parent and functionalised UiO-66 MOFs are 

shown in Figure 4.7. The modified MOFs exhibit the similar XRD trends as compared with the 

original UiO-66 (Zr) which synchronises with the standard shape [132]. Therefore, the MOFs are 

fabricated properly and the structure integrity are not distorted by the addition of functional 

groups. The distinct reflection is found at around 7.5° for UiO-66. Minor peak divergences are 

observed for the modified materials, which may be caused by the functional group additives. A 

further finding is that comparing with other MOFs, N-UiO-66 MOF exhibits extra peaks at 
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certain degrees, which proves that the synthesis approach affects the MOF crystallography 

weightily. Hence, all the UiO-66 based MOFs generate stable structures. 

 

Figure 4.7: The X-ray diffraction (XRD) results of original and functionalised UiO-66 MOFs. 

Here, (a) UiO-66, (b) N-UiO-66 (c) NH2-UiO-66, (d) OH-UiO-66. 

Thermogravimetric Analysis (TGA) 

The thermal stability of the parent and functionalised UiO-66 MOFs are shown in Figure 4.8. 

The multi-step profiles of TGA provide necessary information on MOFs-porosity, heat resistance 

and even the water dehydration dynamics. Generally, a three-stage weight loss of all MOFs 

materials are found from 30 ℃ to 600 ℃. The initial weight loss is attributed to the departure of 

water molecules and it mainly occurs between the temperatures of 45℃ to 80℃. UiO-66 (Zr) 

MOF starts the first stage weight loss at the lowest temperature of 45℃ as compared with other 

samples, suggesting that the physi-bonding interaction between UiO-66 MOF and water 

molecules is the weakest. 



74 
 

 

Figure 4.8: TGA analysis for the thermal stabilities of the original and functionalised UiO-66 (Zr) 

based MOFs adsorbents. 

Furthermore, N-UiO-66 MOF shows the highest weight loss (19%) during the first stage, 

indicating that it generates the largest pore volume among all the functionalised materials, which 

concurs well with pore size analysis as shown in Table 4.1. Subsequently, the deeper dehydration 

process takes place and more water molecules are released from the inner pore of adsorbents. 

The second weight loss process mainly occurs between temperatures 100 ℃ and 135℃, which 

are higher than the boiling point of water. Another 10% weight loss of functionalised UiO-66 

MOFs suggests the plentiful of micro-pores inside the samples. As the temperature increases, the 

MOF-structure collapses and decomposition takes place. A final weight decrement is observed. 

Among all the three weight loss stages, it is observed that majority of weight loss occurs at the 

first stage, which indicates that water vapours are mostly adsorbed in the outer cages of UiO-66 

based MOFs structure. In addition, the critical temperature at final stage of weight loss for UiO-

66 (Zr), N-UiO-66, OH-UiO-66, and NH2-UiO-66 are 510.7℃, 479.2 ℃, 429.6 ℃ and 450.1℃, 
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respectively. Hence, the thermal stability of UiO-66 MOF is slightly degraded by the 

implantation of multiple functional groups. Nonetheless, functionalised UiO-66 MOFs are 

thermal stabilised materials. 

Scanning electron micrography (SEM)  

SEM (Scanning Electro-Microscopy) plots are shown in Figure 4.9. The size of the sample is 

about 1 μm  with octahedral shape. Obvious agglomeration behaviours are found for all the 

nanocrystals, which is similar to another Zr-based MOFs, named MOF-801. Some minor 

irregular microcrystalline polyhedral are observed for the functionalised UiO-66 MOFs, which 

may be due to the presence of unreacted terephthalate-based acid within the materials as the 

purification work was not completed after the functional group implantation process. 

Nonetheless, the morphologies of the UiO-66 (Zr) MOFs are not destroyed by the introduction of 

functional group additives. 

 

Figure 4.9: Scanning electron micrography (SEM) of functionalised UiO-66 MOFs: (a) UiO-66, 

(b) N-UiO-66, (c) NH2-UiO-66 and (d) OH-UiO-66. 
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𝑵𝟐 Adsorption for measuring pore size distribution 

The porous characteristics such as the BET surface area, average pore size and pore volume of 

the assorted adsorbents are furnished in Table 4.1. It is found that the BET surface area and the 

pore volume of the parent UiO-66 (Zr) is decreased with the addition of functional groups. 

Furthermore, N-UiO-66 (Zr) shows the largest BET surface area and pore volume whilst OH-

UiO-66 (Zr) exhibits the smallest among all the functional UiO-66 (Zr) MOFs. 

Table 4.1: Surface characteristics (BET surface area, average pore radius and pore volume) of 

original and functionalised UiO-66 (Zr) based MOFs. 

Samples BET surface 

area (m2 g⁄ ) 

Average pore 

radius (Å) 

Pore volume 

(cm3 g⁄ ) 

UiO-66 (Zr) 1296.8 10.74 0.54 

N-UiO-66 (Zr) 1162.9 10.68 0.46 

NH2-UiO-66 (Zr) 979.2 10.87 0.44 

OH-UiO-66 (Zr) 646.0 11.25 0.33 

 

4.4.1.2 Functional MOF-801 (Zr) 

Power X-ray diffraction (PXRD) 

The PXRD (Powder X-ray diffraction) diagrams for the original and functionalised fumarate-

based MOFs are illustrated in Figure 4.10. The functional MOF-801 shows the same XRD trends 

as compared with the parent adsorbents, which is proposed by Kim et al. [36], which means that 

the MOFs are synthesised properly and the functional group additives do not destroy MOFs’ 

structure integrity. The distinct reflection is observed at around 8.65° for MOF-801 and (CH3)2-

MOF-801. The peaks correlate the intensity of Zr ions. Few additional peaks at certain angles are 
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observed for the functionalised MOFs and it may be due to the unreacted metallic precursor acid 

within the adsorbents as inadequate purification work are performed after the synthesisation 

process. Nonetheless, the adsorbent with methyl functional groups is a stable structure.  

 

Figure 4.10: The X-ray diffraction (XRD) results of (CH3)2-MOF-801. The XRD of the original 

MOF-801 are shown for comparison purpose. 

Thermogravimetric Analysis (TGA) 

Figure 4.11 shows the TGA profiles of the parent and functionalised MOFs materials. Hence, 

three stages of weight loss are observed with the increase of temperature. The first stage of 

weight loss correlates to the departure of water molecules from outer cages of adsorbent and it 

occurs mainly between the temperatures of 50 and 80 ℃. (CH3)2-MOF-801 shows the lowest 

weight loss (14%), suggesting that it has the smaller pore volume, which is consistent with the 

N2 adsorption results as shown in Table 4.2. The weight loss of the MOF-801 based adsorbents 

between 80 to 260 °C is mainly due to the water vapours release from the inner pores. As the 

temperature keeps increasing (260 to 400 ℃), the decomposition of the linkers occurs [190] and 

slight weight losses are found for both parent and methyl functionalised MOF-801. Hence, the 
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final major weight loss as a result of the porous material decomposition is observed at higher 

temperature. The final major weight loss processes of MOF-801 and (CH3)2-MOF-801 occur at 

the temperatures of 355 and 380 oC, respectively. Hence, the thermal stability of the parent 

MOF-801 (Zr) is slightly enhanced by the methyl functional group implantation process. It 

should be noted that the thermal stability test was performed before and after water adsorption 

test, and same profiles were obtained for both cases. 

 

Figure 4.11: TGA analysis for the thermal stabilities of the original and functionalised MOF-801 

based MOFs. 

Scanning electron micrography (SEM)  

Figure 4.12 shows the SEM diagrams for fumarate-based MOFs. The shape and the size of the 

(CH3)2-MOF-801 sample are similar to those of the original Al-Fum. In addition, strong 

agglomeration behaviours are observed for both MOF-801 and (CH3)2-MOF-801 with typical 
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rounded particle presents. Therefore, the morphologies of the MOFs are not disrupted by the 

addition of methyl functional groups. 

 

Figure 4.12: Scanning electron micrography (SEM) of functionalised fumarate-based MOFs: 

MOF-801 and (CH3)2-MOF-801 (from the left side). 

𝑵𝟐 Adsorption for measuring pore size distribution 

Table 4.2 shows the porosities of the original and methyl-functionalised MOF-801 (Zr). It is 

found that by implanting methyl functional groups into the parent MOF-801 (Zr) structure, the 

BET surface area decreases from 864.0 m2/kg to 756.2 m2/kg and the pore volume decreases 

from 0.37 cm3/g to 0.3 cm3/g. 

Table 4.2: N2 adsorption analysis (BET surface area, pore volume and average pore radius) of 

original and functionalised MOF-801 (Zr) based MOFs. 

Samples BET surface  

area (m2 kg⁄ ) 

Pore volume 

(cm3 g⁄ ) 

Average pore  

radius (Å) 

MOF-801 864.0 0.37 10.8 

(CH3)2-MOF-801 756.2 0.30 11.0 
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4.4.1.3 Al Fumarate and MOF-Zeolite Composites 

Thermogravimetric Analysis (TGA) 

Figure 4.13 shows the TGA graphs of the 5% doped 𝐿𝑖+, 𝑁𝑎+, 𝐾+  Al-Fum, 30% mixed 

AFI/CHA-Al-Fum and original aluminium fumarate (Al-Fum) for comparison purposes. 

Generally, all samples as presented in Figure 4.18 provide three-stages of weight loss for the 

temperature increasing from 30 °C to 550 °C. The weight loss for the first stage is due to the 

water vapour release from the outer cage of Al-based adsorbents. The weight loss for the second 

stage is the result of water vapour release from the sample-inner cage. After that, the final weight 

decrement is due to the collapse of the material porous structure. The final weight loss process 

for all the post-synthesis Al-Fum occurs around the temperature range from 400 ℃ to 450 ℃, 

which is lower as compared with the parent Al-Fum (around 460 ℃). Hence, the post-synthesis 

process slightly reduced the thermal stability of Al-Fum. 
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Figure 4.13: TGA analysis for the thermal stability of original and post-synthesis Al-Fum MOF 

adsorbents. 

Scanning electron micrography (SEM)  

Figure 4.14 shows the SEM (Scanning Electro-Microscopy) for parent Al-Fum and the post-

synthesis Al-Fum (5% doped 𝐿𝑖+, 𝑁𝑎+, 𝐾+ and 10%, 50%, 90% mixed AFI/CHA). The shape 

and pore size of the alkali metal cations doped samples are similar to the parent Al-Fum samples, 

which means that the pore structure of Al-Fum is not distorted by the doping process. The 

coexistence of quadra-hedral and rod-like shape in the 50%AFI/CHA-Al-Fum sample indicates 

that there is only homogenous physical mixing inside the samples without any chemical reaction.  
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Figure 4.14: Scanning electron micrography (SEM) of Al-Fum (top left), AFI (top middle) and 

CHA (top right). The second row shows the SEMs of 5% Li+, Na+ and K+ doped Al-Fum (from 

the left side). The third row shows the SEMs of 10%, 50% and 90% AFI mixed Al-Fum (from 

left side). The fourth row shows the SEMs of 10%, 50% and 90% CHA mixed Al-Fum (from left 

side). 

𝑵𝟐 Adsorption for measuring pore size distribution 
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Based on N2 adsorption results, the BET surface area, the pore volume and average pore radius 

of all samples are calculated and listed in Table 4.3. As can be seen from Table 4.3, the micro-

structure properties of alkali metal ions doped Al-Fum are nearly the same (BET surface area 

≈1060 m2 g⁄ , pore volume ≈ 0.43 cm3 g⁄  and pore size ≈ 11.78 Å). However, mixing different 

amounts of AFI/CHA zeolite result in different BET surface areas with a range from 598 

m2 g⁄  to 1089 m2 g⁄ . 

Table 4.3: N2 adsorption analysis (BET surface area, pore volume and average pore radius) of 

samples. 

Samples BET surface  

area (m2 kg⁄ ) 

Pore volume 

(cm3 g⁄ ) 

Average pore  

radius (Å) 

Al-Fum 1093.3 0.93 11.75 

Li-Al-Fum (5%) 1061.4 0.43 11.80 

Na-Al-Fum (5%) 1061.7 0.44 11.78 

K-Al-Fum (5%) 1059.8 0.43 11.78 

AFI-Al-Fum (10%) 1089.4 0.45 11.78 

AFI-Al-Fum (30%) 822.0 0.34 11.79 

AFI-Al-Fum (50%) 598.4 0.25 11.78 

CHA-Al-Fum (10%) 1058.7 0.87 11.84 

CHA-Al-Fum (30%) 983.5 0.76 11.83 

CHA-Al-Fum (50%) 905.8 0.58 11.84 

 

4.4.2 Water adsorption Isotherms and Kinetics 

4.4.2.1 Functional UiO-66 (Zr) Plus Water 

The amount of water uptakes on functionalised (-N, -OH, -NH2) and original UiO-66 MOFs at 25 

℃ for the pressures varying from Henry’s region to the capillary condensation zone are shown in 

Figure 4.15 (a)-(b). Water adsorption experiments are conducted at least three times under same 

operating conditions for the reliability purpose. Moderate hysteresis behaviours are found and it 

is caused by the incomplete desorption process with residual water molecules trapped in MOFs 

inner pores. Hence, the black solid line indicates the parent UiO-66 and the colour dotted lines 
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represent the functionalised materials. As shown in Figure 4.15, the parent UiO-66 provides a 

typical “S-shaped” isotherm with a relatively high limiting water uptake (𝑞0) of 0.49 kg/kg (or 

g/g of adsorbent). However, UiO-66 exhibits extremely long step pressure region (0 < 𝑃 𝑃𝑠⁄ <

0.4) and very little amount of water vapour is adsorbed in the low pressure region. It is notable 

that by introducing various functional group additives, all the modified UiO-66 materials present 

the revised isotherms and capture water molecules in the low pressure region. 

 

Figure 4.15: Water adsorption-desorption isotherm of functionalised MOFs (a): NH2-UiO-66 and 

OH-UiO-66 (b): N-UiO-66 (colour dotted line) at 25 ℃. The original UiO-66 isotherms [both in 

(a) and (b)] are shown (black solid line) for comparison purpose. 

NH2-UiO-66 (Zr) shows the similar water adsorption isotherm shape as the parent UiO-66 (Zr). 

However, it provides a shorter hydrophobic length (𝑃/𝑃𝑠 ≈ 0.20). The isotherm for OH-UiO-66 

+ water adsorption system is similar to another zirconium-based adsorbent MOF-801, which is 

studied by Kim et al. [36], which resembles a transition from “type I” to “type V” isotherm with 

a limiting uptake of 0.34 g/g (of adsorbent). Furthermore, due to the intense hydrophilic 

adsorbent-adsorbate interaction at 𝑃/𝑃𝑠 <0.10, abundant adsorption of water molecules on N-
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UiO-66 takes place and a “type I” adsorption isotherm is found, which ties well with previous 

studies [143]. It is important to highlight here that the maximum water uptakes of all the 

functionalised materials are smaller as compared with that of the parent UiO-66 (Zr). A 

reasonable explanation of this phenomenon is that the functional group such as amino additives 

may cause a smaller pore volume of MOFs and block the water molecules from adsorbed onto 

the pore site at high pressure region (pore-block effect). This explanation is consistent with N2 

adsorption analysis. All the functionalised UiO-66 MOFs enhance the hydrophilicity and achieve 

more water uptakes at low pressure region. The reduction of the step pressure region suggests a 

higher water uptake-offtake difference (∆𝑞) and makes it possible for UiO-66 based MOFs to be 

used in low temperature heat transmission applications such as adsorption chiller. 

The amount of water uptakes on the parent and functionalised (-N, -OH, -NH2) UiO-66 MOFs 

are presented in Figure 4.16 (a) – (d) for the temperatures of 25 oC, 35 oC, 45 oC, 60 oC, 75 oC 

and 80 oC, where the adsorption-desorption process of a thermal compressor (adsorption bed) is 

plotted. In an ideal thermal compression system (a-b-c-d), the pressure varies from 1 kPa to 5 

kPa whilst the temperature swings from 25 oC to 60 oC / 80 oC, from which one can calculate the 

amount of water transfer, ∆q (= qads – qdes) per cycle of an AHT. Under adsorption chiller 

operating conditions (adsorption-triggered-evaporation at 25 ℃ and 1 kPa; desorption-activated-

condensation 60 ℃-80 ℃ with 5 kPa), the ∆𝑞 per thermal compression cycle of the original UiO-

66 (Zr) MOF + water system is found the lowest (Figure 4.16 (a)) due to the strong hydrophobic 

behaviour in UiO-66 (Zr) at lower evapourative pressure (≤ 1 kPa). Therefore, very low cooling 

power is produced even at higher desorption/regeneration temperature (> 80℃). 
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Figure 4.16: Adsorption isotherms of water vapour on (a) UiO-66 (Zr), (b) N-UiO-66 (Zr), (c) 

OH-UiO-66(Zr) and (d) NH2-UiO-66 (Zr) MOFs for the temperature ranging from 25℃ to 80 ℃. 

Here a = adsorption and c = desorption. 

The superior ∆q results are obtained with the addition of functional groups in MOF structure. As 

can be seen from Figure 4.16 (b) that at relatively higher desorption temperature (~80 oC), N-

UiO-66 (Zr) MOF shows slightly higher ∆q as it represents type I isotherm curves. Hence, N-

UiO-66 (Zr) MOF delivers considerable ∆𝑞 at the desorption temperature of 80 ℃. However, the 

∆q is very small at 60 oC. On the other hand, Figures 4.16 (c) and 4.16 (d) show type V 

isotherms, when the functional groups –OH and – NH2 are added to the original UiO-66 (Zr) 

structure employing hydroxy-terephthalic acid/ amino-terephthalic acid instead of terephthalic 

acid. Hence, for both OH-UiO-66 (Zr) and NH2-UiO-66 (Zr) MOFs, a short hydrophobic length 

is obtained at 298 K (25 oC) with the relative pressures of 0.1 to 0.3. The ∆q for –NH2-UiO-66 is 
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found 0.31 kg/kg (Figure 4.23(d)) at the desorption temperature of 60 oC. The main reason is that 

–NH2 functional group donates H mole to the framework of the amine functionalised UiO-66 

(Zr). Additionally, the amino group provides a positive charge for the interaction with the 

negatively charged materials plus partially negatively charged ‘O’ of water molecule by the 

electrostatic interactions. A slightly higher ∆q (0.18 kg/kg at 80 oC desorption temperature) is 

found for OH-UiO-66 (Zr) as compared to the parent UiO-66 (Zr) MOFs. Hence, the hydroxyl 

group (-OH) strengthens the water – MOFs interactions due to the presence of electron donating 

group. Therefore, the addition of -OH increases the hydrophilic behaviour in UiO-66(Zr) 

adsorbent i.e. the ∆q values are increased sharply under adsorption chiller/heat pump operating 

conditions. 

The experimental data for water uptakes on UiO-66 (Zr) based adsorbents shown in Figure 4.16 

could be deduced to the isosteric heat of adsorption. Figure 4.17 shows the isosteric heat of 

adsorption (𝑄𝑠𝑡 ) for the original and functionalised UiO-66 (Zr) + water systems based on 

Clausius - Clapeyron relation 𝑑𝑙𝑛(𝑃) 𝑑𝑇⁄ = − 𝑄𝑠𝑡 𝑅𝑇2⁄  [191] with a wide temperature range 

from 25 ℃ to 75 ℃, where T represents the experiment temperature, P indicates the adsorption 

pressure and R is the gas constant for water. As shown in Figure 4.17, a rapid increase of 𝑄𝑠𝑡 for 

NH2-UiO-66 (Zr) is found at low water uptake region, which is due to the fast adsorbed process 

of the water molecules onto the higher energy pore sites of the NH2-UiO-66 (Zr) framework. A 

relative steady 𝑄𝑠𝑡 level is found for the water uptakes from 0.05 kg/kg to 0.3 kg/kg for all the 

adsorption systems. This is because of that as the adsorption process continues, more water 

molecules are adsorbed onto lower energy sites. On the other hand, an increase in Qst  is 

observed for both UiO-66 (Zr), N-UiO-66 (Zr) and NH2-UiO-66 (Zr) MOFs near the saturation 

states as the interactions between water molecules are increased. On the other hand, the slight 
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drop of the 𝑄𝑠𝑡 for OH-UiO-66 (Zr) at the saturated region is related to the combination of meso 

and macro pore structures. 

 

Figure 4.17: Isosteric heats for the adsorption of water on original and functionalised UiO-66 (Zr) 

for temperature from 25 ℃ to 75 ℃. 

The functional group also affects the required time for thermal compression of adsorption-

assisted heat transformation system and the plots of water uptakes and offtakes against time for 

both the parent and functionalised (-N, -OH, -NH2) UiO-66 MOFs are shown in Figure 4.18 (a – 

d). Hence the kinetics are presented in terms of the adsorption and desorption conditions of an 

adsorption cooling system (adsorption –evaporation occurs at 1 kPa and 25℃ and desorption-

condensation occurs at 5 kPa and 60℃). For the given MOFs – water systems, the desorption 

rates are found higher and require less time to reach the equilibrium condition due to faster 

movement of water molecules at higher temperatures and pressures as compared with the 

adsorption rates, which is quite slower. As for N-UiO-66 and OH-UiO-66 MOFs, the adsorption 

kinetics are approximately 1.4 ~ 1.5 times faster as compared to the original UiO-66 (Zr). The 
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adsorption uptake rate of NH2-UiO-66 is also found 1.2 times higher. The reasons are that with 

the hydrophilic functional group additives, more micro-pores are formed inside the UiO-66 

structure, more intense MOF + water interaction are obtained with faster adsorption kinetics. The 

overall water adsorption kinetics performance could be summarised as: OH-UiO-66 > N-UiO-66 > 

NH2-UiO-66 > UiO-66. 

From the isotherms and kinetics results, it is observed that with the implantation of functional 

group (-N, -OH, -NH2), more micro-pores are generated inside the MOFs structure. Therefore, 

stronger interatomic and electrostatic interaction potentials for the modified MOFs and water 

systems are achieved. The use of functional group enhances the electron interaction significantly 

with the injection of electronic charge into the functionalised MOFs. Secondly, the functional 

group also decreases the MOF pore openings. From the PSD results, the pore width, surface area 

and pore volume of functionalised MOFs are found smaller as compared with parent UiO-66 (Zr) 

MOFs (Table 4.1). 
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Figure 4.18: Adsorption kinetics under adsorption and desorption conditions  of an AHT process 

in cooling mode (adsorption: 25 °C with 1 kPa and desorption 60 °C with 5 kPa) for water (a) 

UiO-66 (Zr), (b) N-UiO-66 (Zr), (c) OH-UiO-66 (Zr) and (d) NH2-UiO-66 (Zr) MOFs. 

Employing the gravimetric analyser, the transfer of water vapour on the synthesised NH2-UiO-66 

(Zr) is conducted under cyclic operating conditions consisting of both adsorption and desorption. 

During experimentation, the relative pressure (P/Ps) varies from 0.1 to 0.9 and the temperature 

ranges from 25 oC to 70 oC. The cyclic adsorption-desorption of water vapour on NH2-UiO-66 

(Zr) MOFs are shown in Figure 4.19. Hence the results are presented for more than 300 cycles 

and each cycle comprises 10 minutes. It is observed that the trends of water uptake and offtake 

values are nearly same for each cycle, and no evident degradation is observed. 
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Figure 4.19: Cyclic adsorption-desorption behaviours of NH2-UiO-66 (Zr) MOFs and water. 

4.4.2.2 Functional MOF-801 (Zr) Plus Water 

Figure 4.20 shows the water adsorption-desorption plots for water on the parent and –CH3 ligand 

assisted MOF-801 (Zr) at 25 ℃ with the pressure varying from the low pressure (Henry’s region) 

to the saturated pressure region. Hence, the black solid line represents original MOF-801 and the 

colour dotted line indicates the methyl functionalised materials. Water adsorption measurements 

are repeated at least three times for the reliability purposes. As shown in Figure 4.20, the 

hysteresis phenomenon is found at low pressure region and the isotherm trends are directly in 

line with findings proposed by Furukawa et al. [172]. Although the limiting uptake of (CH3)2-

MOF-801 (Zr) is decreased as compared with the parent MOF-801 (Zr), the step pressure is 

substantially enlarged as the hydrophobic length is slightly increased in the low pressure region. 

Hence the inclusion of two methyl functional groups, (CH3)2, in MOF-801 (Zr) results in the 

reduction of the parent MOF-801 (Zr) pore openings and surface area (Table 4.2), which also 

overrides the influence of methyl group in water - (CH3)2-MOF-801 interactions. 
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Figure 4.20: Water adsorption-desorption isotherms of the parent MOF-801 (black solid line); 

functionalised (CH3)2-MOF-801 (Zr) (colour dotted line) at 25℃. 

The experimental results for water adsorption isotherms on original and functionalised MOFs are 

shown in Figure 4.21 (a)-(b) for a wide temperature conditions (25℃ to 80℃). The performances 

of adsorption assisted cooling could be predicted based on the water adsorption isotherm, which 

is calculated in terms of water storage capacity i.e. uptake-offtake difference (∆𝑞) per adsorption 

– desorption cycle. In Figure 4.21, the ∆𝑞  ( = 𝑞𝑎𝑑𝑠−𝑞𝑑𝑒𝑠 ) values for the parent and CH3-

functionalised MOF-801 are shown under the same working conditions (adsorption at 25 oC and 

1 kPa, and desorption at 80 oC and 5 kPa). From the experimental data, the ∆𝑞 of (CH3)2-MOF-

801 is 25% higher than that of the original MOF-801. This is due to the fact that the strong 

interactions of water and -CH3 functionalised MOF dominate the space-loss effects in parent 

MOF-801. Additionally, small ∆𝑞 (≈ 0.09 kg/kg) is observed for original MOF-801 + water 

system at the desorption temperature of 75 ℃. However, (CH3)2-MOF-801 delivers significantly 

better ∆𝑞 (≈ 0.14 kg/kg) results at 75 oC desorption temperature. Hence, due to the addition of 

two –CH3 functional group in fumaric acid, the pore size and volume of the parent MOF-801 
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decrease. However, water interaction is increased. The enhancement of water – MOFs 

interactions are not overrided by the addition of the hydrophobic methyl functional groups. 

Therefore, the value of water uptake, q decreases significantly at higher temperatures (> 60 oC), 

and on the other hand, ∆q increases.  

 

Figure 4.21: Adsorption isotherms for (a) the parent MOF-801 + water and (b) (CH3)2-MOF-801 

+ water systems for the temperatures ranging from 25 °C to 80 °C. Hence adsorption-desorption 

cycle (A-B-C-D) is shown. Hence the thermal compression comprises four thermodynamic 

processes namely pre-cooling process (C-D), adsorption process (D-A), pre-heating process (A-

B) and desorption process (B-C). 

The isosteric heat of adsorption (𝑄𝑠𝑡) calculated on the basis of Clausius Clapeyron equation 

[191] for water adsorption on various fumarate-based MOFs systems are shown in Figure 4.22. 

A rapid increase in 𝑄𝑠𝑡 is found for MOF-801 at the low uptake or low pressure region, and it is 

mainly because that abundant water molecules are adsorbed violently onto the high energy pore 

site at the beginning of adsorption. As the pressure increases, a continuous decrement of 𝑄𝑠𝑡 is 

observed. Similar trends are found for (CH3)2-MOF-801 except that there is a sudden drop in 

𝑄𝑠𝑡  at the saturation pressure point, which indicates abundant meso and macro pores are 

available in (CH3)2-MOF-801 structure. This can also be observed from the PSD distribution 

curves as shown in N2 characterisation section. Generally, by implanting the methyl functional 
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group into MOF-801, the water + (CH3)2-MOF-801 interaction is increased. Therefore, as the 

pressure (water uptake) increases, the additional interaction between water molecules and MOFs 

framework will result the increment of  𝑄𝑠𝑡. 

 

Figure 4.22: Isosteric heat of adsorption for original and functionalised fumarate-based MOFs 

adsorbents with water. Here, ( ) is MOF-801 and ( ) indicates (CH3)2-MOF-801. 

The water uptake rates on the parent and methyl-functionalised-MOF-801 adsorbents for the 

temperature and pressure under adsorption (30 oC and 1 kPa) and desorption (60 oC and 5 kPa) 

conditions of an adsorption chiller are shown in Figure 4.23 (a)-(b). The study of adsorption 

kinetics is presented from t = 0 up to the time when the equilibrium conditions are nearly 

obtained. It is observed from Figure 4.23 that (CH3)2-MOF-801 adsorbent exhibits at least two 
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times faster adsorption kinetics (up to 600 s) as compared with the original MOF-801 and 

reaches the equilibrium within 1000s.  

 

Figure 4.23: Adsorption kinetics for water adsorption on (a) MOF-801 and (b) (CH3)2-MOF-801 

under adsorption (30 °C and 1 kPa) and desorption (60 °C and 5 kPa) conditions of an adsorption 

chiller. 

It is well known that the pore chemistry and topology play important roles in adsorbent + 

adsorbate interactions [192, 193]. By implanting the methyl functional groups, the pore 

topologies of the MOF-801 framework is changed, the total pore volume is reduced and more 

narrow pores are created. Hence, the binding energies between water vapour and the (CH3)2 -

MOF-801 is enhanced inside the narrow pores. This phenomenon could be explained from the 

basics of interatomic mechanism. As compared with the parent MOF-801 structure, water 

molecule transfer inside the “methyl functional group-blocked pores” result in higher Lennard-

Jones (LJ) potential, electrostatic potential, the induction interaction as well as the high order 

interactions. Furthermore, the lateral attraction force between adsorbed water molecules is also 

increased within methyl functional group-blocked pore walls, especially at higher pressure [161]. 

All these factors will result an overall enhanced interaction between water and methyl 

functionalised MOF-801 (Zr), as compared to that of the parent MOF-801 (Zr). Therefore, with 
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the implantation of methyl functional group, (i) the pore-blocking effect is resulted, (ii) the 

stronger interaction potentials are achieved and (iii) the faster adsorption/desorption kinetics are 

obtained. However, the limiting uptake drops slightly due to the reduction of pore volume. 

It is also found that the rate of desorption is faster than that of adsorption due to the fact that the 

water vapours move in the adsorbent-pores faster under higher temperature and pressures (from 

the kinetic theory of gas). Under desorption condition as shown in Figures 4.23 (a) and 4.23 (b), 

the equilibrium is achieved within 600 s, and –CH3-functionalised MOF-801 also shows two 

times faster desorption up to 200 s. From the PSD results, the pore width, surface area and pore 

volume of methyl functionalised MOFs are found to be smaller as compared with parent MOFs 

(Table 4.2). 

4.4.2.3 Al Fumarate and MOF-Zeolite Composite Plus Water 

The water uptakes on the synthesised adsorbents for various pressures at 30 oC are shown in 

Figures 4.24 (a – c). The limiting uptake of water on the parent Al-Fum is found to be 0.4 kg/kg 

as similar to the published data of Teo et al. [40]. The shape of the adsorption isotherm depends 

on the interaction between water vapour and adsorbent, which is closely related to the porosities 

of Al-Fum based MOFs. Generally, water vapour is preferentially adsorbed onto the high energy 

pore sites. However, it does not mean the binding energy between adsorbate and adsorbent is 

strong. If the pore size of the adsorbent is relatively too big as compared with the size of water 

molecule, the interactions could be rather small and extremely low water uptakes are expected. 

For example, strongly hydrophobic behaviours are observed for Al-Fum in the low pressure 

region which is due to the weak interactions between water vapours and Al-Fum large size pore. 

As the adsorption pressure increases (up to P/Ps ≈ 0.20), more water molecules move deeper and 

interact with the micro-pores of the Al-Fum. Therefore, the binding energy increase dramatically 
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and a sharp increase of water uptakes is observed. As the adsorption continues, some more water 

molecules are adsorbed onto the sites of lower energy and the adsorbate-adsorbent interactions 

becomes weaker, hence, the slope of isotherm becomes more gently. The hydrophobic length of 

Al-Fum – water varies up to the relative pressure of 0.2 (0 ≤ P/Ps ≤ 0.2). Additionally, more 

micro-pores are created by mixing the original Al-Fum with zeolite-based adsorbents or doping 

with the lithium ions. Hence, stronger adsorbate-adsorbent interactions are resulted at low 

pressure region and shorter hydrophobic lengths are found for modified Al-Fum materials. With 

the addition of AFI/CHA-type zeolites (in weight basis 10%, 30% and 50%) on the parent Al-

Fum, the hydrophobic length can be reduced up to P/Ps = 0.15. However, the limiting uptake of 

the composite structure is decreased. The water uptake-offtake difference on composite structure 

is slightly better at the relative pressure ranging from 0.2 to 0.25 (Figure 4.24 (a)) under chiller 

operating conditions as compared to that of the parent Al-Fum-MOF. Hence 50% AFI-zeolite 

and Al-Fum composite shows higher ∆q. On the other hand, the similar trends are found for 

CHA-type zeolite and Al-Fum composites (Figure 4.24 (b)). The effects of alkali ions on MOF 

structure are shown in Figure 4.24 (c). It is found that 5% Li ions doped adsorbent has higher 

water uptake under the chiller operating conditions. More adsorbed-water-uptake is found at the 

pressure regions 0 ≤ 𝑃/𝑃𝑠 ≤ 0.25 due to the hydrophilic behaviours of 𝐿𝑖+ dopants. It is also 

found that 𝑁𝑎+ and 𝐾+ dopants do not have much notable effects on the parent MOF for water 

adsorption due to the fact that the size of 𝑁𝑎+  / 𝐾+  ions is larger than that of 𝐿𝑖+  ions,. 

Therefore, the hydrophilic features are cancelled by their pore-block-effects.  
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Figure 4.24: Water adsorption isotherms of (a) original and 10%, 30% and 50% AFI mixed Al-

fumarate MOFs, (b) original and 10%, 30% and 50% CHA mixed Al-fumarate MOFs, (c) 

original and 5% Li+, Na+ and K+ doped Al-fumarate MOFs at 30 °C. 
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The water uptakes data for the original and 5% Li ions doped Al-Fum, AFI- Al-Fum and CHA- 

Al-Fum composites for the temperatures of 30 oC – 60 oC are plotted in Figures 4.25 (a – d). The 

adsorption-desorption process (A-B-C-D) is also shown in the isotherm curves. Hence, the water 

uptake – offtake difference (∆q) is calculated for the working pressures between 1 kPa and 5 kPa 

with the adsorption and the desorption temperatures of 30 oC and 60 oC, respectively. It is 

observed from the experimental data that the ∆q for the parent and Li ions doped Al-Fum MOFs 

are nearly the same under adsorption-chiller-operating conditions (Figure 4.25 (a) and (b)). 

However, the ∆q of CHA / AFI-type zeolite and Al-Fum MOF composite is 12% / 17% lower 

than that of the parent Al-Fum MOF (Figures 4.25 (c) and (d)). For comparison purposes, the ∆q 

for water adsorption on CHA-type and AFI-type zeolites are found to be 0.05 kg/kg and 0.15 

kg/kg, respectively under low temperature driven adsorption chiller conditions (adsorption: 30 oC 

and 1 kPa, desorption: 60 oC and 5 kPa). 
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Figure 4.25: Water adsorption isotherms of original and post-synthesised Al-fumarate for the 

temperatures ranging from 30 °C to 60 °C: (a) parent Al-Fum MOFs, (b) 5% Li+doped Al-Fum 

MOFs, (c) 30% CHA mixed Al-Fum MOFs, (d) 30% AFI mixed Al-Fum MOFs. Hence, (●) 

stands for 30 °C, (□) indicates 40 °C, ( ) is 50 °C and (∆) represents 60 °C. 

The experimental data for water uptakes on Al-Fum based adsorbents are shown in Figure 4.25 

for pressures from Henry’s regions to the saturated regions and temperatures ranging from 30 ℃ 

to 60 ℃ (30 ℃, 40 ℃, 50 ℃, 60 ℃), which will be deduced to the adsorption isosteric heat. 

Figure 4.26 shows the adsorption isosteric heats (𝑄𝑠𝑡) of parent and post-synthesis Al-Fum + 

water systems based on Clausius -Clapeyron relation 𝑑𝑙𝑛(𝑃) 𝑑𝑇⁄ = − 𝑄𝑠𝑡 𝑅𝑇2⁄  with a wide 

temperature range from 30 ℃ to 60 ℃, where P is the adsorption pressure, T is the experiment 

temperature and R is the gas constant for water vapour. A sharp increase of 𝑄𝑠𝑡 for Al-Fum and 5% 
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Li-Al-Fum is observed at low water uptake region, which is due to the rapid adsorbed process of 

the water molecules onto the higher energy pore sites.  

Therefore, post-synthesis process enhances the sample affinity to water molecules. A relative 

steady 𝑄𝑠𝑡 level is found for the water uptakes from 0.1 kg/kg to 0.3 kg/kg for all the adsorption 

systems. This is due to the fact that as the adsorption process continues, more water molecules 

are adsorbed onto lower energy sites. On the other hand, an increase in 𝑄𝑠𝑡 is observed for both 

30% CHA-Al-Fum and 30% AFI-Al-Fum MOFs near the saturated regions as the interactions 

between water molecules are increased. 

 

Figure 4.26: Isosteric heats for the adsorption of water on Al-Fum, 5% Li-Al-Fum, 30% AFI-Al-

Fum and 30% CHA-Al-Fum for temperature from 30℃ to 60℃. 

Figure 4.27 (a – d) shows the kinetics of water uptakes on the synthesised-adsorbents at 30°C 

and 60°C. For a better analysis of Al-Fum based MOFs kinetics performance, practical 
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adsorption assisted chiller operation criteria are used as reference in the new experiments. First, 

the adsorption kinetics investigations are taken at 30 ℃, directly from extreme low pressure 

(𝑃/𝑃𝑠 ≤ 0.05) to 1.0 kPa (𝑃/𝑃𝑠 ≈ 0.24). After the adsorption process, the Al Fum based samples 

are immediately desorbed at 60 ℃, 5.0 kPa (𝑃/𝑃𝑠 ≈ 0.25). All the experiments are performed 

three times to minimise uncertainties. These kinetics data are presented up to the equilibrium 

condition, from which one can understand that the adsorption-desorption periods depend on 

adsorbent structures. The water uptake rates are greatly improved by zeolite/alkali dopants (in 

terms of weight basis) addition into the parent MOF material. It should be noted that 30% CHA-

MOF composite provides better results in terms of water uptake/offtake rates at 30 oC and 60 oC 

(Figure 4.27) as compared to the parent Al-Fum MOFs. The ranking in terms of kinetics are 

CHA-Al-Fum > AFI-Al-Fum > Li dope Al-Fum > parent- Al-Fum. The additional CHA/AFI 

zeolite generates a large number of micro-pores in MOF structure. As a result, more interatomic 

and electrostatic interaction potentials occur between composite adsorbents and water. 

Experimentally, it is found that at the temperature of 30°C, (i) the parent- Al-Fum reaches 

equilibrium at nearly 1900 s (Figure 4.27 (a)), (ii) the post-synthesised Li-doped Al-Fum 

adsorbent reaches equilibrium at 1790s (Figure 4.27 (b)), (iii) 30% CHA/Al-Fum requires 1214s 

and 30% AFI/ Al-Fum needs 1702 s for equilibrium conditions (Figures 4.27  (c) and 4.27  (d)), 

(iv) for practical adsorption chiller operation conditions (half cycle time = 500 s), the parent- Al-

Fum could accomplish 49% (0.49) of the whole adsorption process, while 5% Li-doped Al-Fum, 

30% CHA-Al-Fum and 30% AFI-Al-Fum could complete 0.55, 0.81 and 0.60 of the whole 

adsorption process, respectively. Additionally, the desorption rates are faster at higher 

temperature. All the desorption experiments for Al-Fum based materials could be completed 

within 1000 s, especially for CHA-Al-Fum (around 500 s). The doubts about whether the 
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experiment reaches the full equilibrated state are mainly caused by the limitation of the apparatus. 

For one step of the adsorption experiment under certain pressure and temperature, the adsorbents 

(Al-Fum based materials) will keep adsorbing water and the mass of the adsorbent will keep 

increasing. The current adsorption step will continue if the increase of the adsorbent mass is 

detected within the weight change tolerance and short time interval (which depends on the 

machine’s characteristics and could not be changed). However, the adsorption process will 

automatically move on to the next step if no evident mass change is detected. Therefore, some of 

the adsorption kinetics curves seem not to be fully equilibrated. Although the qualitative order of 

the kinetics data shown in Figure 4.27 is correct and all the curves reaching coverage 1 (
∆𝜃𝑡

∆𝜃
= 1) 

at the end of the adsorption process while the uptake seems to be still increasing. Here, the 

coverage means surface coverage which is equivalent to uptake/limiting uptake. Nonetheless, the 

adsorption process should be considered as fully equilibrated. The detailed information about the 

total experimental duration for all the samples are shown in Table 4.4. Hence the use of alkali 

dopants and zeolite composite increases the kinetics of parent-Al-Fum MOFs. 
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Figure 4.27: The kinetics analysis of water uptakes and offtakes for original and post-synthesised 

Al-fumarate at temperatures 30 °C and 60 °C. Here (a) parent Al-fumarate MOFs, (b) 5% Li+ 

doped Al-fumarate MOFs (c) 30% CHA mixed Al-fumarate MOFs, and (d) 30% AFI mixed Al-

fumarate MOFs. 

Table 4.4: Total experimental duration (hours) per adsorption-desorption loop for original and 

post-synthesised Al-Fum samples. 

Samples 30 ℃ 40 ℃ 50 ℃ 60 ℃ 

Al-fumarate MOF 94.2 77.9 63.2 43.1 

Li-Al-fumarate MOF (5%) 90.2 72.8 59.3 30.7 

AFI-Al- fumarate MOF (30%) 84.0 60.3 43.2 36.1 

CHA-Al- fumarate MOF (30%) 29.2 26.3 18.7 12.5 
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4.5 Summary 

This chapter describes the experimental synthesis methods for original MOFs namely UiO-66 

(Zr), MOF-801 (Zr) and Al Fumarate (Al-Fum). The water adsorption performance of these 

original MOFs are generalised and the defects are pointed out. In order to rectify these problem, 

well-defined MOFs modification methods are elaborated including mixing with conventional 

adsorbent, doping with alkali ions and organic ligand functionalisation. Furthermore, a variety of 

characterisation techniques are introduced to test the topologies, morphologies, porosities and 

water adsorption behaviours for parent and modified MOFs. The next chapter begins with the 

thermodynamic-framework of MOFs + water based AHT system.  
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Chapter 5. Energy and Entropy Analyse of Adsorption Heat Transformation 

Systems 

Chapter 5 starts with the introduction of AHT (adsorption heat transformation) operation 

mechanisms, followed by the static and dynamic modelling of a two-bed AHT system 

(adsorption chiller, heat pump and desalination). The thermodynamic frameworks of the entropy 

generation are also proposed. Based on the experimentally confirmed adsorption isotherms and 

kinetics, the entropy behaviours as well as the performances of the AHT systems are presented. 

5.1 Adsorption assisted heat transformation (AHT) system  

A two-bed AHT system is constructed by a condenser, an evaporator and a pair of 

adsorption/desorption beds. For a complete AHT operation cycle, four steps namely isosteric 

cooling, isobaric adsorption, isosteric heating and isobaric desorption are involved. By 

monitoring the valve states and the direction of cooling/hot water supply, the adsorbent beds are 

refreshed, and the continuous cooling, heating and water production are achieved. The 

adsorption-triggered-evaporation and the desorption-activated-condensation in terms of heat and 

mass transfer are shown schematically in Figures 5.1 and 5.2, respectively. Hence, the specific 

amounts of solid porous adsorbents (original or modified MOFs) are housed in finned-tube heat 

exchangers called adsorption beds. 

As shown in Figure 5.1, when valve V1 is opened whilst valve V2 is closed, cooling water is 

supplied to the adsorption-bed. For the adsorption process, due to the supply of chiller water with 

an inlet temperature of 14.8 °C (cooling load, 𝑄𝑒𝑣𝑎𝑝) to the evaporator, the refrigerant (water 

here) evaporates from the evaporator and is adsorbed by the porous adsorbent housed in 

adsorption-bed (i.e. mass transfer from the evaporator to the bed). It is noted here that the term 
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“mass transfer” used in this chapter is particularly referred to the movement of water vapour 

through the major components (i.e. evaporator, condenser and sorption-beds) of the AHT system, 

it is not relevant to the mass movement due to a concentration gradient. The adsorption heat 

(𝑄𝑎𝑑𝑠) is removed by the circulating cooling water. The supply of cooling water through the heat 

exchanger tubes increases the adsorption capacity. When the pressure of the adsorption-bed 

equals to that of the evaporator, the water vapour transfer stops. 

 

Figure 5.1: Schematic diagram of adsorption-triggered-evaporation process of the MOFs - water 

based adsorption assisted heat transformation (AHT) system. 

During desorption period as shown in Figure 5.2, valve V3 is closed and valve V4 is opened. By 

the supply of heating water to the heat exchanger tubes in the bed, desorption-bed is constantly 
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heated up and the bed-temperature increases up to the desorption temperature 𝑇𝑑𝑒𝑠. Therefore, 

the water vapour is dehydrated from the porous adsorbent with the heat source of 𝑄𝑑𝑒𝑠. The 

desorbed water vapour enters into the condenser and condenses at the pressure and temperature 

of 𝑃𝑐𝑜𝑛𝑑 and 𝑇𝑐𝑜𝑛𝑑, respectively. The heat 𝑄𝑐𝑜𝑛𝑑 due to condensation is removed by the supply 

of cooling water into the tubes of condenser heat-exchanger. Hence, the evaporator pressure is 

maintained lower than that of the condenser pressure via the expansion valve.  

 

Figure 5.2: Schematic diagram of desorption-activated-condensation process of the MOFs - 

water based adsorption assisted heat transformation (AHT) system. 

After adsorption and desorption, both beds are refreshed during switching periods by changing 

the direction of heating and cooling fluids to the subsequent bed. During that periods, all the four 
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valves are closed and no mass transfer is occurred. The adsorption-desorption continues after the 

switching periods. It is noted here that there may be ‘reverse-desorption’ in the bed (i.e, water 

vapours transfer from the bed to the evaporator) at the beginning of adsorption periods due to 

short pre-cooling time. On the other hand, if the preheating/desorption time is too long, ‘reverse-

adsorption’ may be found in desorption mode. In an AHT cycle, the enthalpy of evaporation is 

used for cooling purpose. The combined effects of enthalpies of condensation and adsorption are 

used as heating pumping effects. Furthermore, as sea water is provided into the evaporator, the 

condensed liquid could be stored as the desalinated water.  

5.2 AHT modelling  

A good number of papers describing the thermodynamic frameworks of adsorption-desorption 

process for various heat transformation applications such as heat pump, cooling and 

desalination/distillation are available in literature. For simplicity, the lumped thermal capacity 

model is considered. It is assumed that in the modelling, the temperature of each component of 

AHT system is a function of time only, which means that the temperature is assumed to be 

spatially (related to space and position of bed) independent. In addition, it is assumed that the 

heat transfer through the fin is one dimensional. The limitations of the thermodynamic modelling 

are (i) the adsorption bed temperature depends on time only and (ii) the simulation domain 

begins with initial conditions and stops by setting a tolerance or error between the last two values 

as a function of time. 

It should be noted here that (i) the supply of chilled water through the copper tubes in the 

evaporator, and (ii) the high temperature cooling water (> 25 °C) generating from the TES 

(thermal energy storage) provide the extra cooling loads to the AHT system. For the generation 

of continuous cooling, heating and desalination, the refrigerant (hence water vapour) under low 
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pressure conditions is evaporated and flows into the porous adsorbents of bed. The combination 

of sensible and latent heat flow is involved in the evaporator by (i) the transfer of heat from 

chilled/cooling – water to the refrigerant through the heat exchanger tubes and (ii) energy 

transmission from the evaporated water vapour to the adsorption bed. Both the mass and heat 

interactions between the evaporator and the adsorption bed evolve the energy balance within the 

evaporator as given by the following equation 

(𝑀𝑐𝑝)
𝑒

𝑑𝑇𝑒

𝑑𝑡
=  −ℎ𝑓𝑔𝑀𝑠

𝑑𝑞𝑎

𝑑𝑡
+ (𝑈𝐴)𝑒

1

𝑁
 ∑ (𝑇𝑒 − 𝑇𝑖) −  ℎ𝑓𝑀𝑠

𝑑𝑞𝑑

𝑑𝑡

𝑁
𝑖=1 ,             (5.1) 

The adsorption and desorption rates 
𝑑𝑞𝑎

𝑑𝑡
 and 

𝑑𝑞𝑑

𝑑𝑡
 are calculated by the adsorption isotherms and 

kinetics models. Hence, the heat capacity of copper tube-heat exchanger as presented in the left 

hand side of Eq. (5.1) becomes (𝑀𝑐𝑝)
𝑒
[= 𝑀𝑒ℎ𝑥𝑐𝑝,𝑒ℎ𝑥 + 𝑀𝑤𝑐𝑝,𝑤]. The first item of the right-

hand-side of Eq. (5.1) shows the latent heat involved during evaporation, the second term 

presents the heat transfer between the chilled water and the evaporator, and the third term stands 

for the load generating from the supply of chilled/warm/cooling water. The chilled water 

temperature for each segment of the heat exchanger tube (Ti) becomes 

𝑉𝑒(𝜌𝑐𝑝)𝑐𝑤

𝑁

𝑑𝑇𝑖

 𝑑𝑡
= (𝑚̇𝑐𝑝)𝑐𝑤(𝑇𝑖−1 − 𝑇𝑖) +

(𝑈𝐴)𝑒

𝑁
(𝑇𝑒 − 𝑇𝑖).              (5.2) 

The heat is evolved as the water vapour enters into the bed during adsorption. The generated heat 

in the bed-heat-exchanger is removed by flowing cooling water through the heat exchanger 

tubes. On the other hand, during pre-heating and desorption periods, the hot water is transferred 

to the heat-exchanger-tubes of the bed. Therefore, the water vapour is rejected from the surface 

of porous adsorbents i.e. mass transfer of water vapour occurs. All these phenomena as observed 

in the adsorption bed can be expressed mathematically by  

(𝑀𝑐𝑝)
𝑏

𝑑𝑇𝑏,𝑘

𝑑𝑡
= ψ. 𝑀𝑠

𝑑𝑞𝑏,𝑘

𝑑𝑡
∆𝐻 −

(𝑈𝐴)𝑏,𝑘

𝑁
∑ (𝑇𝑏,𝑘 − 𝑇𝑗)𝑁

𝑗=1 ,              (5.3) 
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where k shows either adsorption or desorption condition with flag 𝜓 = 1 (for adsorption) and 𝜓 = 

-1 (for desorption). The left hand side of Eq. (5.3) represents the thermal heat capacity of the 

bed, e.g. (𝑀𝑐𝑝)
𝑏

= [𝑀𝑏ℎ𝑥𝑐𝑝,𝑏ℎ𝑥 + 𝑀𝑠(𝑐𝑝,𝑠 + 𝑞. 𝑐𝑝,𝑎)]. On the other hand, the right hand side of 

Eq. (5.3) is related to the amount of energy input and output in the bed control volume, in which 

the first term represents the latent-heat transfer due to the heat of adsorption, and the second term 

indicates the rejection of heat energy from the bed to the cooling water (during adsorption and 

pre-cooling periods) or the addition of heat to the bed by the driving heat source (hot water) 

during pre-heating and desorption periods. The amount of water vapour in the bed is calculated 

with respect to the bed temperature and evaporator/condenser pressure. The valves effects are 

considered to calculate the bed pressure under adsorption and desorption conditions.  However, 

the bed pressure is based on isosteric conditions during pre-heating and pre-cooling periods. All 

these phenomena as mentioned above depends on the flow rates and temperature of the heat 

transfer fluid. Hence the temperature, Ti of the heat transfer fluid (hence hot and cooling water) 

for N segment of heat-exchanger tubes is calculated by the following equation 

𝑉𝑏(𝜌𝑐𝑝)𝑓

𝑁

 𝑑𝑇𝑗

 𝑑𝑡
= (𝑚̇𝑐𝑝)𝑓(𝑇𝑗−1 − 𝑇𝑗) +

(𝑈𝐴)𝑏,𝑘

𝑁
(𝑇𝑏 − 𝑇𝑗).              (5.4) 

The term 𝑉𝑏(𝜌𝑐𝑝)𝑓 as shown in left-hand side defines the total heat capacity of cooling/heating 

water passing through the tubes. On the other hand, the right-hand side relates to the heat input 

and output involved in fluid control volume in tubes. The water vapour is desorbed from the 

porous adsorbents by the supply of heating fluid to the heat exchanger tubes of bed. The 

desorbed water vapour enters into the condenser and condensation occurs. Cooling water flows 

through the condenser tubes and heat is rejected to the environment at the same time. Finally, the 

condensed fluid reflux-back to the evaporator via a U-tube or an expansion valve, which 

maintains the pressure difference between the condenser and the evaporator. In the present 
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modelling, it is assumed that the condenser tube holds some liquid condensate. Therefore, the 

energy balance in the condenser is calculated on the basis of (i) heat input from the desorbed 

water vapour as shown in the first term of right-hand side of Eq. (5.5), (ii) the heat transfer from 

the condenser to the heat sink as indicated by the second term of the right-hand side, and (iii) the 

transfer of warm condensate through the expansion valve (third term of Eq. (5.5)). The condenser 

temperature (Tc) is calculated by 

(𝑀𝑐𝑝)
𝑐

𝑑𝑇𝑐

𝑑𝑡
= −ℎ𝑓𝑔𝑀𝑠

𝑑𝑞𝑑

𝑑𝑡
+

(𝑈𝐴)𝑐

𝑁
∑ (𝑇𝑖 − 𝑇𝑐)𝑁

𝑖=1 + ℎ𝑓𝑀𝑠
𝑑𝑞𝑑

𝑑𝑡
            (5.5) 

Hence (𝑀𝑐𝑝)
𝑐

 is the total heat capacity of condensed water and heat exchanging tubes of 

condenser and is defined by [𝑀𝑐ℎ𝑥𝑐𝑝,𝑐ℎ𝑥 + 𝑀𝑤𝑐𝑝,𝑤]. The cooling water temperature at each 

segment (total N segment) of condenser heat exchanger tube is calculated by the following 

equation 

𝑉𝑐(𝜌𝑐𝑝)𝑐

𝑁

 𝑑𝑇𝑖

 𝑑𝑡
= (𝑚̇𝑐𝑝)𝑐𝑤(𝑇𝑖−1 − 𝑇𝑖) +

(𝑈𝐴)𝑐

𝑁
(𝑇𝑐 − 𝑇𝑖).             (5.6) 

The amount of water vapour per adsorption-desorption cycle is obtained by the mass interaction 

during adsorption-desorption operation and the switching periods. The sea water in the 

evaporator decreases as the evaporation of water vapour continues. Therefore, the mass balance 

in the evaporator becomes  
𝑑𝑀𝑠𝑤

𝑑𝑡
= 𝑚̇𝑠𝑤,𝑖 − 𝑀𝑠

𝑑𝑞𝑎

𝑑𝑡
− 𝑚̇𝑏𝑟,𝑜 , where Msw is the amount of sea 

water, 𝑚̇𝑠𝑤,𝑖 is the mass flow rate of feed sea water and 𝑚̇𝑏𝑟,𝑜 is the flow rate of concentrated 

brine solution drained from the evaporator. The water vapour is evaporated and adsorbed into the 

adsorbents. The salt rests in the evaporator and the concentration of brine solution (Xsw) 

increases, which is represented by the following equation 

𝑀𝑠𝑤
𝑑𝑋𝑠𝑤

𝑑𝑡
= 𝑋𝑠𝑤,𝑖𝑚̇𝑠𝑤,𝑖 − 𝑋𝑠𝑤𝑚̇𝑏𝑟,𝑜 − (

𝑑𝑞𝑎

𝑑𝑡
+

𝑑𝑞𝑑

𝑑𝑡
) 𝑀𝑠,             (5.7) 
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where Ms is the mass of adsorbent, Xsw,i and Xsw are the concentrations for the inlet feed water 

and the remaining water in the evaporator. 

Hence the TES (thermal energy storage) is used to store energy, which could be further used for 

pumping heat or increasing evaporation rate in the evaporator for desalination purposes. In the 

TES system, the energy balance of the thermal storage system for mass recovery is written as 

(𝑀𝑐𝑝)
𝑡𝑠

𝑑𝑇𝑡𝑠

𝑑𝑡
= α. 𝑀𝑠

𝑑𝑞𝑡𝑠

𝑑𝑡
∆𝐻, where 𝛼 is the flag. 𝛼 = 1 for adsorption and -1 for desorption. 

During the switching period, the valve connected the adsorber and desorber is open and the 

initial conditions are Tts (t = 0) = Tads,initial and Tdes (t = 0) = Tdes,initial. The boundary condition is 

that the valve is closed when Pads = Pdes. The energy and mass balance equations are solved 

numerically and a finite difference method is applied with the initial and boundary conditions. 

The computational region is discretised into many discrete elements having equal steps. In the 

programming code, the fins and MOFs adsorbents are considered as a control volume and 

considered as the same temperature at initial condition. In the modelling, the heat conduction 

along the fin is assumed one dimensional. Figure 5.3 shows the schematic layout of adsorption 

bed for net distribution of tube-fin-MOF in the bed structure [22]. The temperature difference in 

the heat-exchanging tubes is approximated by a forward difference scheme. The adsorption 

isotherms and kinetics are correlated by a series of subroutines. Double precision is applied with 

the tolerance of 1×10-6. The simulated variables such as the water vapour uptake-offtake, 

temperature of sorption beds are continuously updated by numerical integration momentarily. 

The overall simulation of the AHT system begins with the initial conditions and subsequent 

simulation automatically, from the transient to the cyclic steady state.  
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Figure 5.3: Schematic diagram of adsorption bed for net distribution of tube-fin-MOF in the bed 

structure [22]. 

The parameters [22, 194] for energy and mass balance equations are furnished in Table 5.1. 

Table 5.1: Key parameters for the simulation of MOFs plus water assisted heat transformation 

system. 

Parameter  Numerical description 

𝑐𝑝 750 (J/kg ∙ K) at 300 K 

      Ms 18 kg 

(𝑀𝑐𝑝)𝒃 184.1 W/(m2 ∙ K) [38] 

(𝑀𝑐𝑝)𝒄 (24 kg × 386 J/(kg ∙ K)  + 5 kg× 4180 J/(kg ∙ K)) [38] 
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(𝑀𝑐𝑝)𝒆 (8.9 kg × 386 J/(kg ∙ K) + 40 kg×4180 J/(kg ∙ K)) [38] 

𝑇𝑓
𝑖 30 ℃  

𝑇𝑓
𝑗
 60 ~ 80 ℃  

𝑇𝑐ℎ𝑖𝑙𝑙
𝑖𝑛  14.8 ~ 30 ℃ (Maintained by TES) 

(𝑈𝐴)𝑒 (2557 W/(m2 ∙ K)  × 1.37 m2) [22] 

(𝑈𝐴)𝑐 (4115 W/(m2 ∙ K) × 3.71 m2) [22] 

(𝑈𝐴)𝑎 10.3 kW/K (experimental investigation)  

(𝑈𝐴)𝑑 9.85 kW/K (experimental investigation) 

𝑢𝑐𝑤 0.20 m/s 

𝑢𝑐𝑤 0.15 m/s (chilled water) 

𝑢𝑓 0.20 m/s (for heating) 

𝑉𝑏 = 𝜋𝑟0
2𝐿𝑡 𝑟0= 8.6 mm, 𝐿𝑡= 2.5 m  

𝑉𝑒 = 𝜋𝑟0
2𝐿𝑒 𝐿𝑒 = 2.0 m, 𝑟0= 8.6 mm 

𝑉𝑐 = 𝜋𝑟0
2𝐿𝑐 𝐿𝑐 = 2.0 m, 𝑟0= 8.6 mm 

𝑚̇𝑓 2.08 kg/s for both beds 

𝑚̇𝑐𝑤 1.4 kg/s 

 

Under cyclic steady state conditions, the performance parameters such as SCP, SHP, SDWP and 

COP are calculated on the basis of the cycle time (tcycle) consisting of adsorption-desorption 

operation and pre-cooling/pre-heating time. The energy involved in evaporation (Qe) and 

desorption (Qh) are calculated by the following equations 

𝑄𝑒 = ∫
(𝑚̇𝑐𝑝)𝑐𝑤 (𝑇𝑐𝑤,𝑖−𝑇𝑐𝑤,𝑜)𝑑𝑡

𝑡𝑐𝑦𝑐𝑙𝑒

𝑡𝑐𝑦𝑐𝑙𝑒

0

                (5.8) 

𝑄ℎ = ∫
(𝑚̇𝑐𝑝)ℎ𝑤 (𝑇ℎ𝑤,𝑖−𝑇ℎ𝑤,𝑜𝑢𝑡)𝑑𝑡

𝑡𝑐𝑦𝑐𝑙𝑒

𝑡𝑐𝑦𝑐𝑙𝑒

0

                (5.9) 

The specific cooling power (SCP) and the coefficient of performance (COP) are written as 

𝑆𝐶𝑃 = ∫
(𝑚̇𝑐𝑝)𝑐𝑤

𝑀𝑠

(𝑇𝑐𝑤,𝑖−𝑇𝑐𝑤,𝑜)𝑑𝑡

𝑡𝑐𝑦𝑐𝑙𝑒

𝑡𝑐𝑦𝑐𝑙𝑒

0

                (5.10) 

𝐶𝑂𝑃 =
𝑄𝑒

𝑄ℎ
                   (5.11) 



116 
 

The performance of the AHP (adsorption heat pump) is assessed in terms of cycle average 

specific heating power (SHP) and heating coefficient of performance (COPh) as defined by 

𝑆𝐻𝑃 = ∫
(𝑚̇𝑐𝑝)𝑎𝑑

𝑀𝑠

(𝑇𝑎𝑑,𝑜−𝑇𝑎𝑑,𝑖)𝑑𝑡

𝑡𝑐𝑦𝑐𝑙𝑒
+

𝑡𝑐𝑦𝑐𝑙𝑒

0

∫
(𝑚̇𝑐𝑝)𝑐𝑜𝑛

𝑀𝑠

(𝑇𝑐𝑜𝑛,𝑜−𝑇𝑐𝑜𝑛,𝑖)𝑑𝑡

𝑡𝑐𝑦𝑐𝑙𝑒

𝑡𝑐𝑦𝑐𝑙𝑒

0

           (5.12) 

𝐶𝑂𝑃ℎ =

(𝑚̇𝑐𝑝)𝑎𝑑 ∫
(𝑇𝑎𝑑,𝑜−𝑇𝑎𝑑,𝑖)𝑑𝑡

𝑡𝑐𝑦𝑐𝑙𝑒
+

𝑡𝑐𝑦𝑐𝑙𝑒

0

(𝑚̇𝑐𝑝)𝑐𝑜𝑛 ∫
(𝑇𝑐𝑜𝑛,𝑜−𝑇𝑐𝑜𝑛,𝑖)𝑑𝑡

𝑡𝑐𝑦𝑐𝑙𝑒

𝑡𝑐𝑦𝑐𝑙𝑒

0

 

(𝑚̇𝑐𝑝)ℎ𝑤 ∫
(𝑇ℎ𝑤,𝑖−𝑇ℎ𝑤,𝑜𝑢𝑡)𝑑𝑡

𝑡𝑐𝑦𝑐𝑙𝑒

𝑡𝑐𝑦𝑐𝑙𝑒

0

              (5.13) 

Furthermore, the performance of the AD (adsorption desalination) system is evaluated in terms 

of the specific daily water production (SDWP) [6] i.e. 

𝑆𝐷𝑊𝑃 = 𝑁 ∫
𝑄𝑐𝑜𝑛

ℎ𝑓𝑔(𝑇𝑐)𝑀𝑠
𝑑𝑡

𝑡𝑐𝑦𝑐𝑙𝑒

0
                  (5.14) 

where N is the total number of cycle operated by the AD plant daily and energy involved during 

condensation 𝑄𝑐𝑜𝑛 = (𝑚̇𝑐𝑝)
𝑐𝑜𝑛

(𝑇𝑐𝑜𝑛,𝑜 − 𝑇𝑐𝑜𝑛,𝑖). 

5.3 Entropy flow and entropy generation modelling 

The entropy change (dS) of any system consists of two terms i.e. dS = dSflow + dSgen, where the 

first term dSflow indicates the transfer of entropy across the boundaries of the system, and the 

second term dSgen defines the entropy production within the system [195]. The Second Law of 

Thermodynamics states that for an isolated system or the thermodynamics universe (system + 

surroundings), the entropy production inside the system is positive or zero, dSgen ≥ 0. Therefore, 

the rate of entropy change can be expressed by 

𝑑𝑆

𝑑𝑡
=

𝑑𝑆𝑓𝑙𝑜𝑤

𝑑𝑡
+

𝑑𝑆𝑔𝑒𝑛

𝑑𝑡
                                                                                                              (5.15) 
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The entropy generation for each component of AHT system is furnished in Table 5.2. 

Table 5.2: Entropy flow and entropy generation models for AHT. 

Components Entropy flow and generation model 

Evaporator 

The transfer of entropy due to heat and water vapour flow inside the evaporator 

(outside the chilled water contained heat-exchanging tubes) becomes 
𝑑𝑆𝑓𝑙𝑜𝑤,𝑒𝑣𝑎𝑝

𝑑𝑡
= −𝑀𝑠 ∙

𝑑𝑞𝑎𝑑𝑠

𝑑𝑡
∙ {

ℎ𝑔(𝑃𝑒𝑣𝑎𝑝,𝑇𝑎𝑑𝑠)−ℎ𝑔(𝑃𝑒𝑣𝑎𝑝)

𝑇𝑒𝑣𝑎𝑝
} − 𝑀𝑠 ∙

𝑑𝑞𝑑𝑒𝑠

𝑑𝑡
∙

{
ℎ𝑓(𝑇𝑐𝑜𝑛)−ℎ𝑓(𝑃𝑒𝑣𝑎𝑝)

𝑇𝑒𝑣𝑎𝑝
 + (

𝑈𝐴

𝑁
)

𝑒𝑣𝑎𝑝
∙ ∑

(𝑇𝑖−𝑇𝑒𝑣𝑎𝑝)

𝑇𝑒𝑣𝑎𝑝

𝑁
𝑖=1 }                                         (5.16) 

where the first term of the right-hand side defines the energy flow related to the 

transfer of water vapour migrating from the evaporator to the adsorption-bed; 

the second term shows the entropy flow of liquid water from the condenser to 

the evaporator for de-superheating process, and the third term  relates to the 

entropy flow due to heat transfer from N segments of evaporator tube to the 

evaporator.  

Employing Eq. (5.15), the entropy generation inside the evaporator and the 

chilled water inside the tube are calculated as 
𝑑𝑆𝑔𝑒𝑛,𝑒𝑣𝑎𝑝

𝑑𝑡
= −𝑀𝑠 ∙

𝑑𝑞𝑎𝑑𝑠

𝑑𝑡
∙ {𝑠𝑔(𝑃𝑒𝑣𝑎𝑝, 𝑇𝑎𝑑𝑠) − 𝑠𝑔(𝑃𝑒𝑣𝑎𝑝)} + 𝑀𝑠 ∙

𝑑𝑞𝑎𝑑𝑠

𝑑𝑡
∙

{
ℎ𝑔(𝑃𝑒𝑣𝑎𝑝,𝑇𝑎𝑑𝑠)−ℎ𝑔(𝑃𝑒𝑣𝑎𝑝)

𝑇𝑒𝑣𝑎𝑝
} − (

𝑈𝐴

𝑁
)

𝑒𝑣𝑎𝑝
∙ ∑

(𝑇𝑖−𝑇𝑒𝑣𝑎𝑝)

𝑇𝑒𝑣𝑎𝑝

𝑁
𝑖=1 + 𝑀𝑠 ∙

𝑑𝑞𝑑𝑒𝑠

𝑑𝑡
∙

{𝑠𝑓(𝑇𝑒𝑣𝑎𝑝) − 𝑠𝑓(𝑇𝑐𝑜𝑛𝑑)} + 𝑀𝑠 ∙
𝑑𝑞𝑑𝑒𝑠

𝑑𝑡
∙ {

ℎ𝑓(𝑇𝑐𝑜𝑛)−ℎ𝑓(𝑃𝑒𝑣𝑎𝑝)

𝑇𝑒𝑣𝑎𝑝
}                         (5.17) 

𝑑𝑆𝑔𝑒𝑛,𝑐ℎ𝑖𝑙𝑙

𝑑𝑡
=

𝑚̇𝑐ℎ𝑖𝑙𝑙𝑒𝑑

𝑁
∙ ∑ [

ℎ𝑓(𝑇𝑖−1)−ℎ𝑓(𝑇𝑖)

𝑇𝑖
− {𝑠𝑓(𝑇𝑖−1) − 𝑠𝑓(𝑇𝑖)}]𝑁

𝑖=1                (5.18) 

Combining these two equations, the total entropy generation in the evaporator 

of AHT can be written by 
𝑑𝑆𝑔𝑒𝑛,𝑒𝑣𝑎𝑝,𝑡𝑜𝑡

𝑑𝑡
= 𝑆̇𝑔,𝑒𝑣𝑎𝑝,𝑀𝑇 + 𝑆̇𝑔,𝑒𝑣𝑎𝑝,𝐻𝑇 + 𝑆̇𝑔,𝑒𝑣𝑎𝑝,𝐷𝑆 + 𝑆̇𝑔,𝑒𝑣𝑎𝑝,𝐹𝐻, 

where the entropy generation inside the evaporator due to (i) mass transfer 

during adsorption ( 𝑆̇𝑔,𝑒𝑣𝑎𝑝,𝑀𝑇 ) and desuper-heating during desorption 

( 𝑆̇𝑔,𝑒𝑣𝑎𝑝,𝐷𝑆 ), (ii) heat transfer into the evaporator ( 𝑆̇𝑔,𝑒𝑣𝑎𝑝,𝐻𝑇 ) and (iii) the 

flushing of chilled water (𝑆̇𝑔,𝑒𝑣𝑎𝑝,𝐹𝐻) inside the tube. 

𝑆̇𝑔,𝑒𝑣𝑎𝑝,𝑀𝑇 = −𝑀𝑠 ∙
𝑑𝑞𝑎𝑑𝑠

𝑑𝑡
∙ {𝑠𝑔(𝑃𝑒𝑣𝑎𝑝, 𝑇𝑎𝑑𝑠) − 𝑠𝑔(𝑃𝑒𝑣𝑎𝑝)} + 𝑀𝑠 ∙

𝑑𝑞𝑎𝑑𝑠

𝑑𝑡
∙

{
ℎ𝑔(𝑃𝑒𝑣𝑎𝑝,𝑇𝑎𝑑𝑠)−ℎ𝑔(𝑃𝑒𝑣𝑎𝑝)

𝑇𝑒𝑣𝑎𝑝
}                                                                               (5.19) 

𝑆̇𝑔,𝑒𝑣𝑎𝑝,𝐷𝑆 = 𝑀𝑠 ∙
𝑑𝑞𝑑𝑒𝑠

𝑑𝑡
∙ {𝑠𝑓(𝑇𝑒𝑣𝑎𝑝) − 𝑠𝑓(𝑃𝑐𝑜𝑛𝑑)} + 𝑀𝑠 ∙

𝑑𝑞𝑑𝑒𝑠

𝑑𝑡
∙

{
ℎ𝑓(𝑇𝑐𝑜𝑛)−ℎ𝑓(𝑃𝑒𝑣𝑎𝑝)

𝑇𝑒𝑣𝑎𝑝
}                                                                                        (5.20) 

𝑆̇𝑔,𝑒𝑣𝑎𝑝,𝐻𝑇 = (
𝑈𝐴

𝑁
)

𝑒𝑣𝑎𝑝
∙ ∑ (𝑇𝑒𝑣𝑎𝑝 − 𝑇𝑖)

𝑁
𝑖=1 ∙ (

1

𝑇𝑖
−

1

𝑇𝑒𝑣𝑎𝑝
)                              (5.21) 

 

𝑆̇𝑔,𝑒𝑣𝑎𝑝,𝐹𝐻 =
𝑚̇𝑐ℎ𝑖𝑙𝑙𝑒𝑑

𝑁
∙ ∑ [

ℎ𝑓(𝑇𝑖−1)−ℎ𝑓(𝑇𝑖)

𝑇𝑖
− {𝑠𝑓(𝑇𝑖−1) − 𝑠𝑓(𝑇𝑖)}]𝑁

𝑖=1               (5.22) 
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Condenser 

The entropy flow in the condenser occurs as a result of heat and water vapour 

transfer inside the condenser as given by 
𝑑𝑆𝑓𝑙𝑜𝑤,𝑐𝑜𝑛𝑑

𝑑𝑡
= −𝑀𝑠 ∙

𝑑𝑞𝑑𝑒𝑠

𝑑𝑡
∙ {

ℎ𝑔(𝑃𝑐𝑜𝑛𝑑,𝑇𝑑𝑒𝑠)−ℎ𝑔(𝑃𝑐𝑜𝑛𝑑)

𝑇𝑐𝑜𝑛𝑑
} − (

𝑈𝐴

𝑁
)

𝑐𝑜𝑛𝑑
∙

∑
(𝑇𝑐𝑜𝑛𝑑−𝑇𝑗)

𝑇𝑐𝑜𝑛𝑑

𝑁
𝑗=1 + 𝑀𝑠 ∙

𝑑𝑞𝑑𝑒𝑠

𝑑𝑡
∙ {

ℎ𝑓(𝑇𝑐𝑜𝑛)−ℎ𝑓(𝑃𝑒𝑣𝑎𝑝)

𝑇𝑐𝑜𝑛𝑑
}                                         (5.23) 

where the first term of the right-hand side defines the energy flow related to the 

transfer of water vapour from the bed to the condenser, the second term 

indicates the entropy flow due to heat transfer from the desorbed water vapour 

to cooling water inside the condenser tubes, and the third term shows the 

entropy flow of liquid water from the condenser to the evaporator. Employing 

Eq. (5.15), the entropy generation inside the condenser and cooling water in 

tubes are given by 
𝑑𝑆𝑔𝑒𝑛,𝑐𝑜𝑛𝑑

𝑑𝑡
= −𝑀𝑠 ∙

𝑑𝑞𝑑𝑒𝑠

𝑑𝑡
∙ {𝑠𝑔(𝑃𝑐𝑜𝑛𝑑, 𝑇𝑑𝑒𝑠) − 𝑠𝑔(𝑃𝑐𝑜𝑛𝑑) −

ℎ𝑔(𝑃𝑐𝑜𝑛𝑑,𝑇𝑑𝑒𝑠)−ℎ𝑔(𝑃𝑐𝑜𝑛𝑑)

𝑇𝑐𝑜𝑛𝑑
} + (

𝑈𝐴

𝑁
)

𝑐𝑜𝑛𝑑
∙ ∑

(𝑇𝑐𝑜𝑛𝑑−𝑇𝑗)

𝑇𝑐𝑜𝑛𝑑

𝑁
𝑗=1 − 𝑀𝑠 ∙

𝑑𝑞𝑑𝑒𝑠

𝑑𝑡
∙

{
ℎ𝑓(𝑇𝑐𝑜𝑛)−ℎ𝑓(𝑃𝑒𝑣𝑎𝑝)

𝑇𝑐𝑜𝑛𝑑
− [𝑠𝑓(𝑇𝑐𝑜𝑛𝑑) − 𝑠𝑓(𝑇𝑒𝑣𝑎𝑝)]}                                            (5.24) 

 
𝑑𝑆𝑔𝑒𝑛,𝑐𝑜𝑜𝑙𝑖𝑛𝑔

𝑑𝑡
=

𝑚̇𝑐𝑜𝑜𝑙𝑖𝑛𝑔

𝑁
∙ ∑ [

ℎ𝑓(𝑇𝑗)−ℎ𝑓(𝑇𝑗−1)

𝑇𝑗
− {𝑠𝑓(𝑇𝑗) − 𝑠𝑓(𝑇𝑗−1)}]𝑁

𝑗=1          (5.25) 

Combining 
𝑑𝑆𝑔𝑒𝑛,𝑐𝑜𝑛𝑑

𝑑𝑡
 and 

𝑑𝑆𝑔𝑒𝑛,𝑐𝑜𝑜𝑙𝑖𝑛𝑔

𝑑𝑡
 the total entropy generation in the 

condenser is written as 

 
𝑑𝑆𝑔𝑒𝑛,𝑐𝑜𝑛𝑑

𝑑𝑡
= 𝑆̇𝑔,𝑐𝑜𝑛𝑑,𝑀𝑇 + 𝑆̇𝑔,𝑐𝑜𝑛𝑑,𝐻𝑇 + 𝑆̇,𝑐𝑜𝑛𝑑,𝐹𝐻 

where the entropy generation inside the condenser is observed here for (i) the 

transfer of water vapour mass during desorption ( 𝑆̇𝑔,𝑐𝑜𝑛𝑑,𝑀𝑇 ) and desuper-

heating during desorption (𝑆̇𝑔,𝑐𝑜𝑛𝑑,𝐷𝑆), (ii) heat transfer into the condenser tube 

(𝑆̇𝑔,𝑒𝑣𝑎𝑝,𝐻𝑇) and (iii) the flushing of chilled water (𝑆̇𝑔,𝑒𝑣𝑎𝑝,𝐹𝐻) inside the tube. 

𝑆̇𝑔,𝑐𝑜𝑛𝑑,𝑀𝑇 = −𝑀𝑠 ∙
𝑑𝑞𝑑𝑒𝑠

𝑑𝑡
∙ {𝑠𝑔(𝑃𝑐𝑜𝑛𝑑, 𝑇𝑑𝑒𝑠) − 𝑠𝑔(𝑃𝑐𝑜𝑛𝑑) −

ℎ𝑔(𝑃𝑐𝑜𝑛𝑑,𝑇𝑑𝑒𝑠)−ℎ𝑔(𝑃𝑐𝑜𝑛𝑑)

𝑇𝑐𝑜𝑛𝑑
}                                                                                (5.26) 

𝑆̇𝑔,𝑐𝑜𝑛𝑑,𝐷𝑆 = −𝑀𝑠 ∙
𝑑𝑞𝑑𝑒𝑠

𝑑𝑡
∙ {

ℎ𝑓(𝑇𝑐𝑜𝑛)−ℎ𝑓(𝑃𝑒𝑣𝑎𝑝)

𝑇𝑐𝑜𝑛𝑑
− [𝑠𝑓(𝑇𝑐𝑜𝑛𝑑) − 𝑠𝑓(𝑇𝑒𝑣𝑎𝑝)]}   (5.27) 

𝑆̇𝑔,𝑐𝑜𝑛𝑑,𝐻𝑇 = (
𝑈𝐴

𝑁
)

𝑐𝑜𝑛𝑑
∙ ∑ (𝑇𝑐𝑜𝑛𝑑 − 𝑇𝑗)𝑁

𝑗=1 ∙ (
1

𝑇𝑗
−

1

𝑇𝑐𝑜𝑛𝑑
)                             (5.28) 

𝑆̇𝑔,𝑐𝑜𝑛𝑑,𝐹𝐻 =
𝑚̇𝑐𝑜𝑜𝑙𝑖𝑛𝑔

𝑁
∙ ∑ [

ℎ𝑓(𝑇𝑗)−ℎ𝑓(𝑇𝑗−1)

𝑇𝑗
− {𝑠𝑓(𝑇𝑗) − 𝑠𝑓(𝑇𝑗−1)}]𝑁

𝑗=1            (5.29) 

 

Adsorption- 

bed  

Employing the basic equation as presented in (5.15), the entropy flow and 

generation in the bed during adsorption process are given by 
𝑑𝑆𝑓𝑙𝑜𝑤,𝑎𝑑𝑠

𝑑𝑡
= 𝑀𝑠 ∙

𝑑𝑞𝑎𝑑𝑠

𝑑𝑡
∙

∆𝐻̅̅ ̅̅

𝑇𝑎𝑑𝑠
− (

𝑈𝐴

𝑁
)

𝑎𝑑𝑠
∙ ∑

(𝑇𝑎𝑑𝑠−𝑇𝑘)

𝑇𝑎𝑑𝑠

𝑁
𝑘=1                                (5.30) 
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𝑑𝑆𝑔𝑒𝑛,𝑎𝑑𝑠

𝑑𝑡
=  𝑀𝑠 ∙

𝑑𝑞𝑎𝑑𝑠

𝑑𝑡
∙ [

∆𝐻̅̅ ̅̅

𝑇𝑎𝑑𝑠
− {𝑠𝑔(𝑃𝑒𝑣𝑎𝑝, 𝑇𝑎𝑑𝑠) − 𝑠𝑓(𝑃𝑒𝑣𝑎𝑝)}] +  (

𝑈𝐴

𝑁
)

𝑎𝑑𝑠
∙

∑
(𝑇𝑎𝑑𝑠−𝑇𝑘)

𝑇𝑎𝑑𝑠

𝑁
𝑘=1                                                                                                (5.31) 

𝑑𝑆𝑔𝑒𝑛,𝑐𝑜𝑜𝑙

𝑑𝑡
=

𝑚̇𝑐𝑜𝑜𝑙𝑖𝑛𝑔

𝑁
∙ ∑ [

ℎ𝑓(𝑇𝑘)−ℎ𝑓(𝑇𝑘−1)

𝑇𝑘
− {𝑠𝑓(𝑇𝑘) − 𝑠𝑓(𝑇𝑘−1)}]𝑁

𝑘=1             (5.32) 

𝑑𝑆𝑔𝑒𝑛,𝑎𝑑𝑠,𝑡𝑜𝑡

𝑑𝑡
=  𝑀𝑠 ∙

𝑑𝑞𝑎𝑑𝑠

𝑑𝑡
∙ [

∆𝐻̅̅ ̅̅

𝑇𝑎𝑑𝑠
− {𝑠𝑔(𝑃𝑒𝑣𝑎𝑝, 𝑇𝑎𝑑𝑠) − 𝑠𝑓(𝑃𝑒𝑣𝑎𝑝)}] +

 (
𝑈𝐴

𝑁
)

𝑎𝑑𝑠
. ∑

(𝑇𝑎𝑑𝑠−𝑇𝑘)

𝑇𝑎𝑑𝑠
+

𝑚̇𝑐𝑜𝑜𝑙𝑖𝑛𝑔

𝑁
∙ ∑ [

ℎ𝑓(𝑇𝑘)−ℎ𝑓(𝑇𝑘−1)

𝑇𝑘
− {𝑠𝑓(𝑇𝑘) −𝑁

𝑘=1
𝑁
𝑘=1

𝑠𝑓(𝑇𝑘−1)}]                                                                                                     (5.33) 

𝑜𝑟,
𝑑𝑆𝑔𝑒𝑛,𝑎𝑑𝑠,𝑡𝑜𝑡

𝑑𝑡
= 𝑆̇𝑔,𝑎𝑑𝑠,𝑀𝑇 + 𝑆̇𝑔,𝑎𝑑𝑠,𝐻𝑇 + 𝑆̇𝑔,𝑎𝑑𝑠,𝐹𝐻, 

where the total entropy generation in the bed during adsorption process are due 

to (i) mass transfer into the porous materials (𝑆̇𝑔,𝑎𝑑𝑠,𝑀𝑇), (ii) the heat transfer 

between the adsorption bed and the cooling water inside the heat exchanger 

tube (𝑆̇𝑔,𝑎𝑑𝑠,𝐻𝑇), and (iii) the mass transfer of cooling water in and out of the 

tubes (𝑆̇𝑔,𝑎𝑑𝑠,𝐹𝐻). These terms are separately written as  

 

𝑆̇𝑔,𝑎𝑑𝑠,𝑀𝑇 = 𝑀𝑀𝑂𝐹𝑠 ∙
𝑑𝑞𝑎𝑑𝑠

𝑑𝑡
∙ [

∆𝐻̅̅ ̅̅

𝑇𝑎𝑑𝑠
− {𝑠𝑔(𝑃𝑒𝑣𝑎𝑝, 𝑇𝑎𝑑𝑠) − 𝑠𝑓(𝑃𝑒𝑣𝑎𝑝)}]            (5.34) 

𝑆̇𝑔,𝑎𝑑𝑠,𝐻𝑇 =  (
𝑈𝐴

𝑁
)

𝑎𝑑𝑠
. ∑

(𝑇𝑎𝑑𝑠−𝑇𝑘)

𝑇𝑎𝑑𝑠

𝑁
𝑘=1                                                             (5.35) 

𝑆̇𝑔,𝑎𝑑𝑠,𝐹𝐻 =
𝑚̇𝑐𝑜𝑜𝑙𝑖𝑛𝑔

𝑁
∙ ∑ [

ℎ𝑓(𝑇𝑘)−ℎ𝑓(𝑇𝑘−1)

𝑇𝑘
− {𝑠𝑓(𝑇𝑘) − 𝑠𝑓(𝑇𝑘−1)}]𝑁

𝑘=1            (5.36) 

 

Desorption- 

bed 

Similarly, employing the basic equation (5.15), the entropy flow and generation 

in the bed during desorption process are given by  
𝑑𝑆𝑓𝑙𝑜𝑤,𝑑𝑒𝑠

𝑑𝑡
= 𝑀𝑠 ∙

𝑑𝑞𝑑𝑒𝑠

𝑑𝑡
∙

∆𝐻̅̅ ̅̅

𝑇𝑑𝑒𝑠
+ (

𝑈𝐴

𝑁
)

𝑑𝑒𝑠
∙ ∑

(𝑇𝑑𝑒𝑠−𝑇𝑚)

𝑇𝑑𝑒𝑠

𝑁
𝑚=1                                (5.37) 

 
𝑑𝑆𝑔𝑒𝑛,𝑑𝑒𝑠

𝑑𝑡
=  −𝑀𝑠 ∙

𝑑𝑞𝑑𝑒𝑠

𝑑𝑡
∙ [

∆𝐻̅̅ ̅̅

𝑇𝑑𝑒𝑠
− {𝑠𝑔(𝑃𝑐𝑜𝑛𝑑, 𝑇𝑑𝑒𝑠) − 𝑠𝑓(𝑃𝑐𝑜𝑛𝑑)}] + (

𝑈𝐴

𝑁
)

𝑑𝑒𝑠
∙

∑ (𝑇𝑚 − 𝑇𝑑𝑒𝑠)𝑁
𝑚=1 ∙ (

1

𝑇𝑑𝑒𝑠
−

1

𝑇𝑚
)                                                                    (5.38) 

𝑑𝑆𝑔𝑒𝑛,ℎ𝑜𝑡

𝑑𝑡
=  

𝑚̇ℎ𝑜𝑡

𝑁
∙ ∑ [

ℎ𝑓(𝑇𝑚−1)−ℎ𝑓(𝑇𝑚)

𝑇𝑚
− {𝑠𝑓(𝑇𝑚−1) − 𝑠𝑓(𝑇𝑚)}]𝑁

𝑘=1               (5.39) 

 
𝑑𝑆𝑔𝑒𝑛,𝑑𝑒𝑠,𝑡𝑜𝑡

𝑑𝑡
=  −𝑀𝑠 ∙

𝑑𝑞𝑑𝑒𝑠

𝑑𝑡
∙ [

∆𝐻̅̅ ̅̅

𝑇𝑑𝑒𝑠
− {𝑠𝑔(𝑃𝑐𝑜𝑛𝑑, 𝑇𝑑𝑒𝑠) − 𝑠𝑓(𝑃𝑐𝑜𝑛𝑑)}] + (

𝑈𝐴

𝑁
)

𝑑𝑒𝑠
∙

∑ (𝑇𝑚 − 𝑇𝑑𝑒𝑠)𝑁
𝑚=1 ∙ (

1

𝑇𝑑𝑒𝑠
−

1

𝑇𝑚
) +  

𝑚̇ℎ𝑜𝑡

𝑁
∙ ∑ [

ℎ𝑓(𝑇𝑚−1)−ℎ𝑓(𝑇𝑚)

𝑇𝑚
− {𝑠𝑓(𝑇𝑚−1) −𝑁

𝑘=1

𝑠𝑓(𝑇𝑚)}]                                                                                                        (5.40) 

 
𝑑𝑆𝑔𝑒𝑛,𝑑𝑒𝑠

𝑑𝑡
= 𝑆̇𝑔,𝑑𝑒𝑠,𝑀𝑇 + 𝑆̇𝑔,𝑑𝑒𝑠,𝐻𝑇 + 𝑆̇𝑔,𝑑𝑒𝑠,𝐹𝐻 
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where the total entropy generation in the bed during desorption process occurs 

by (i) mass transfer out of the porous materials (𝑆̇𝑔,𝑑𝑒𝑠,𝑀𝑇), (ii) the heat transfer 

between the adsorption bed and the hot water inside the heat exchanger tube 

(𝑆̇𝑔,𝑑𝑒𝑠,𝐻𝑇 ), and (iii) the mass transfer of hot water in and out of the tubes 

(𝑆̇𝑔,𝑑𝑒𝑠,𝐹𝐻). These terms are separately written as 

𝑆̇𝑔,𝑑𝑒𝑠,𝑀𝑇 = −𝑀𝑠 ∙
𝑑𝑞𝑑𝑒𝑠

𝑑𝑡
∙ [

∆𝐻̅̅ ̅̅

𝑇𝑑𝑒𝑠
− {𝑠𝑔(𝑃𝑐𝑜𝑛𝑑, 𝑇𝑑𝑒𝑠) − 𝑠𝑓(𝑃𝑐𝑜𝑛𝑑)}]                (5.41) 

𝑆̇𝑔,𝑑𝑒𝑠,𝐻𝑇 = (
𝑈𝐴

𝑁
)

𝑑𝑒𝑠
∙ ∑ (𝑇𝑚 − 𝑇𝑑𝑒𝑠)𝑁

𝑚=1 ∙ (
1

𝑇𝑑𝑒𝑠
−

1

𝑇𝑚
)                                 (5.42) 

𝑆̇𝑔,𝑑𝑒𝑠,𝐹𝐻 =
𝑚̇ℎ𝑜𝑡

𝑁
∙ ∑ [

ℎ𝑓(𝑇𝑚−1)−ℎ𝑓(𝑇𝑚)

𝑇𝑚
− {𝑠𝑓(𝑇𝑚−1) − 𝑠𝑓(𝑇𝑚)}]𝑁

𝑘=1               (5.43) 

 

 

5.4 Adsorption isotherms and kinetics 

The water uptake, q as a function of pressure (P) and temperature (T) under equilibrium 

condition is calculated by [196] 𝑞 = 𝑞0
𝛼 exp[𝑚(𝑄𝑠𝑡

∗ −ℎ𝑓𝑔) 𝑅𝑇⁄ ].(
𝑃

𝑃𝑠
)

𝑚

1+(𝛼 exp [𝑚(𝑄𝑠𝑡
∗ −ℎ𝑓𝑔) 𝑅𝑇⁄ ]−1).(

𝑃

𝑃𝑠
)

𝑚 , where 𝑞0 is the limiting 

uptake, 𝛼 defines the pre-exponential coefficient, 𝑚 denotes the heterogeneous coefficient, 𝑄𝑠𝑡
∗  

represents the isosteric heat at zero coverage and ℎ𝑓𝑔  stands for the evaporation-enthalpy. In 

addition, 𝑅 is the universal gas constant. On the other hand the uptake rates are estimated by 

[98]
𝑑𝑞

𝑑𝑡
= 𝑘𝑎𝑑𝑠 (1 − 𝑞) (

𝑃

𝑃𝑠
)

𝑚

− 𝑘𝑑𝑒𝑠 𝑞 [1 − (
𝑃

𝑃𝑠
)

𝑚

] , where the isotherm coefficient 𝐾 =

𝑘𝑎𝑑𝑠 𝑘𝑑𝑒𝑠⁄  and 𝑘𝑎𝑑𝑠 =
𝑀𝑃

√2𝜋𝑀𝑅𝑇
𝛽0exp (𝐸𝑎 𝑅𝑇⁄ )𝐴𝑠. Here 𝐴𝑠 is the specific surface area, 𝛽0 is the 

frequency factor; 𝐸𝑎 represents the activation energy and 𝑀 is the adsorbate molecular weight. 

Both the isotherms and kinetics equations are fitted with experimentally confirmed data of MOFs 

+ water systems and the curve fitting parameters for isotherms and kinetics are furnished in 

Table 5.3 and Table 5.4. The errors of experimental data range from 2 to 10%. It is noted that the 

frequency factor 𝛽0 is equivalent to 1 since a thin adsorbent layer is considered for modelling 

purposes. 
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Table 5.3: Adsorption isotherms parameters for assorted MOFs + water systems. 

System 𝑞0 (kg/kg) 𝑄𝑠𝑡
∗  (kJ/kg) 𝑚 𝛼 

Al-Fum+Water 0.40 2786.5 6.8 9.98 × 10−5 

5%Li-Al-Fum+Water 0.41 2861.4 5.7 1.86 × 10−5 

30%AFI-Al-Fum+Water 0.34 2877.5 5.6 1.12 × 10−5 

30%CHA-Al-Fum+Water 0.39 2781.2 5.9 3.49 × 10−4 

UiO-66 +Water 0.45 2566.5 8.0 4.41 × 10−1 

N-UiO-66 +Water 0.38 2723.4 2.2 9.15 × 10−1 

OH-UiO-66 +Water 0.19 2974.1 2.1 2.93 × 10−2 

NH2-UiO-66 +Water 0.41 2601.8 6.3 9.49 × 10−1 

MOF-801+Water 0.31 3132.5 3.2 4.54 × 10−3 

(CH3)2-MOF-801+Water 0.30 3110.5 3.3 7.78 × 10−4 

 

Table 5.4: Parameters of adsorption kinetics equations for assorted MOFs + water systems. 

System 𝑘𝑎𝑑𝑠(1/s) 𝐸𝑎@30℃(J/mol) 𝛽0 𝑘𝑑𝑒𝑠(1/s) 𝐸𝑎@60℃(J/mol) 

Al-Fum+Water 1.177 41200 1 0.0041 40100 

5%Li-Al-Fum+Water 1.183 41100 1 0.0039 43500 

30%AFI-Al-Fum+Water 1.122 42700 1 0.0052 42600 

30%CHA-Al-Fum+Water 2.177 39500 1 0.0068 40780 

UiO-66 +Water 0.645 43200 1 0.0017 43000 

N-UiO-66 +Water 0.135 46800 1 0.0055 47600 

OH-UiO-66 +Water 0.334 43100 1 0.0062 46400 

NH2-UiO-66 +Water 0.774 42050 1 0.0019 41000 

MOF-801+Water 1.694 39800 1 0.0037 43300 

(CH3)2-MOF-801+Water 3.193 37900 1 0.0061 42000 

 

5.5 Temperature-entropy Analysis 

The entropy generation for each component of AHT system for cooling/heat pump and 

desalination systems are presented from transient to cyclic steady state. The operational 

behaviour is reflected by the change in internal storage temperature of each component as well as 

the thermal source and sink temperatures of the AHT system. The inlet temperature of hot water 

is one variable ranging from 60 oC to 80 oC, and the other variable is cooling water inlet 
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temperature as 30 oC whereas the chilled water outlet temperature is maintained at 12 oC for 

cooling/heat pump operations. The other key parameter to be analysed is the 

adsorption/desorption cycle time, which ranges from 150 s to 1000 s. 

From the 𝑆̇𝑔𝑒𝑛 analysis, one can easily know the following information: 

(i) which component (desorber, adsorber, condenser or evaporator) generates the highest 

proportion of the entropy change and which component generates the least; 

(ii) which operation process (mass transfer, heat transfer, flushing or de-superheating) generates 

the highest proportion of the entropy change and which operation process generates the least; 

(iii) the optimum operation cycle time and regeneration temperature which result in the least 

𝑆̇𝑔𝑒𝑛.  

Because of that 𝑆̇𝑔𝑒𝑛 is directly related to the dissipative losses during the AHT operation process 

and it has a significant effect on the performance of AHT system. These 𝑆̇𝑔𝑒𝑛  information 

provide valuable references on the AHT system design and AHT performance improvement. For 

example, based on the information of 𝑆̇𝑔𝑒𝑛 inside each component, re-implementation works can 

be performed to multiple adsorber-desorber beds [197]. From the information of 𝑆̇𝑔𝑒𝑛 raises from 

each process, specific heat and mass recovery schemes could be applied for AHT operation [198]. 

In addition, by analysing the effect of cycle time and regeneration temperature on 𝑆̇𝑔𝑒𝑛 , 

optimised cycle time allocations and heat input can be selected [199]. Furthermore, by 

comparing the 𝑆̇𝑔𝑒𝑛  among different MOF materials, adsorbents with the strongest host-guest 

interaction and least 𝑆̇𝑔𝑒𝑛 can be tailored and fabricated. 
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5.5.1 Al-Fum/composites + water systems 

The temporal history of entropy generation (W/K) for each component of AHT system under 

batch operating condition is shown in Figure 5.4. Hence, the results are presented for various 

assorted matrials such as parent aluminium fumarate (Al-fum) and Al-fum/zeolite composites 

plus water systems. These results are simulated for the operating conditions of 14.8 °C, 30 °C 

and 80 °C as the chilled water, the cooling water, and the hot water inlet temperature, 

respectively. Secondly, the adsorption-desorption time and the switching time are considered 500 

s and 25 s. It is observed that the desorption-bed generates the most percentage of the entropy, 

followed by the adsorption-bed, evaporator, and condenser in the descending order. The entropy 

generation ( 𝑆̇𝑔𝑒𝑛 ) inside the sorption heat exchanger is mainly due to the heat transfer 

(cooling/heating surge) from external source and the mass transfer (water vapour during 

adsorption/desorption) from the evaporator or to the condenser. Furthermore, the 𝑆̇𝑔𝑒𝑛  in the 

evaporator is the results of (i) heat transfer to the chill-water, (ii) mass transfer to the bed, (iii) 

flushing of fluids inside the evaporator tubes and (iv) mass transfer from the condenser to the 

evaporator. On the other hand, the 𝑆̇𝑔𝑒𝑛 in the condenser is due to (i) the heat transfer from 

desorbed water vapour to the cooling water through the condenser tubes, (ii) the mass transfer 

from the bed, (iii) the flushing of liquid fluid in the condenser tubes and (iv) the mass transfer 

from the condenser. The various effects of entropy generation for each component of AHT 

system are also provided in the Appendix. It is found that the entropy generation in each thermal 

storage component increases at the beginning of adsorption/desorption due to the transfer of 

more water vapour as latent heat, and the enthalpy of adsorption is found higher at the beginning 

of adsorption. For both adsorption and desorption beds, the entropy generation drops slightly 

when adsorption/desorption progresses as the adsorption/desorption rate decreases. It is also 
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found that the most entropy generation is attributed to the heat and mass transfer during 

adsorption and desorption processes whilst the fluid flushing inside the tubes does not contribute 

significantly to the entropy generation. It should be noted here that the entropy generation 

reflects the batch-operation process of the AHT cycle and there is a sudden surge in the entropy 

generation during the switching process. 

 

Figure 5.4: The entropy generation (𝑆̇𝑔𝑒𝑛) for the main components of the Al-Fum + water based 

AHT system at the regeneration temperature of 80 °C: (a) Al-Fum; (b) 5% Li-Al-Fum; (c) 30% 

AFI-Al-Fum and (d) 30% CHA-Al-Fum. 

The higher entropy generation obtained in the bed are ranked as: 5% Li-Al-Fum (Fig. 5.4b) > 30% 

CHA-Al-Fum (Fig. 5.4d) > 30% AFI Al-Fum (Fig. 5.4c) > parent Al-Fum (Fig. 5.4a). The parent 

Al-Fum based AHT provides the least 𝑆̇𝑔𝑒𝑛 as compared with the modified materials, which is 
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due to its poor interaction with water or longer hydrophobic length at the beginning of adsorption. 

On the other hand, for evaporator and condenser cases, relatively higher entropy generation is 

entailed at the beginning of each cycle. This is due to the fact that more water vapour is adsorbed 

into the unsaturated adsorbent during adsorption-triggered-evaporation as well as desorbed from 

the saturated adsorbent during desorption-activated-condensation. The entropy generation detects 

the nature of heat and mass transfer inside the evaporator and the condenser. However, these 

contributions are very small as compared with those found in the adsorber and the desorber. For 

example, the highest 𝑆̇𝑔𝑒𝑛 in the evaporator, condenser, adsorber and desorber is 0.99 W/K, 0.50 

W/K, 94.68 W/K and 104.01 W/K for the parent Al-Fum, respectively. By adding the 

hydrophilic lithium dopants or AFI/CHA type zeolite into the structure of the Al-Fum, the 

hydrophobic length is decreased with the increase in adsorption kinetics, which enhances the 

interactions of water vapour into the porous adsorbents. Therefore, the entropy flow and 

generation increase in each component of the AHT. The simulation results show that the 𝑆̇𝑔𝑒𝑛 in 

the evaporator, condenser, adsorber and desorber of 5% Li-doped AL-Fum MOFs based AHT 

are increased up to 2.68 W/K, 1.55 W/K, 107.77 W/K and 127.21 W/K, respectively.  

Figure 5.5 (a – d) shows the 𝑆̇𝑔𝑒𝑛  for each component of the parent Al-Fum, Li-doped and 

zeolite-Al-Fum composites + water based adsorption heat transformation systems in which the 

regeneration temperatures vary from 60 to 80 ℃ with the optimum half cycle time of 500 s. With 

the increase in regeneration temperature, the 𝑆̇𝑔𝑒𝑛 increases for each component of AHT systems. 

The higher regeneration temperature in the thermal compressor results in the greater temperature 

gap between the adsorption and the desorption beds. Therefore, the pressure difference also 

increases during batch operation of AHT and the irreversibility increases. In other words, with 

the input of higher thermal energy, the enhanced heat and mass transfer leads to larger entropy 
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production in adsorbed water vapour, especially at the initial stage of adsorption/desorption. 

Additionally, the 𝑆̇𝑔𝑒𝑛 by the desorption-bed is the highest followed by the adsorption-bed, the 

evaporator, and the condenser in descending order. Furthermore, the entropy generation in every 

component escalates with the increase of hot water inlet temperature along with the cooling 

capacity, which is because of that the cooling capacity is an increasing function of hot water inlet 

temperature. At the regeneration temperatures ranging from 60 °C to 80 oC, the overall 𝑆̇𝑔𝑒𝑛 for 

the parent Al-Fum, Li-doped and Al-Fum/zeolite composites are summarised as: 5% Li-Al-Fum > 

30% AFI-Al-Fum > 30% CHA-Al-Fum > Al-Fum. This is due to the fact that with the addition 

of lithium ions or zeolite adsorbents into the parent aluminium fumarate MOF, the hydrophilicity 

at low pressure region is enhanced. Therefore, more water vapours are adsorbed at the beginning 

of adsorption with higher enthalpy of adsorption, and the entropy generation in the bed increases. 

In addition, the higher hot water inlet temperature enhances the desorption rates which provides 

more de-super-heating process inside the evaporator and the condenser and results in higher 

entropy generation. Furthermore, the higher regeneration temperature provides large temperature 

lift (ΔT) inside the adsorption bed resulting in higher 𝑆̇𝑔𝑒𝑛 in both adsorption and desorption beds. 

At 60 °C, the maximum  𝑆̇𝑔𝑒𝑛 values for water adsorption on 5% Li-Al-Fum, 30% AFI-Al-Fum, 

30% CHA-Al-Fum and the parent Al-Fum are found to be 34.11 W/K, 33.16 W/K, 33.64 W/K, 

and 32.98 W/K), respectively.  It should also be noted here that the entropy generations for the 

modified MOFs and composite structures are found due to higher adsorption/desorption kinetics. 

As the regeneration temperature increases up to 80 °C, the overall 𝑆̇𝑔𝑒𝑛 of all the Al-Fum based 

MOFs could be ranked as: 5% Li-Al-Fum > 30% CHA-Al-Fum > 30% AFI-Al-Fum > Al-Fum. 

The higher 𝑆̇𝑔𝑒𝑛  also relates to the higher uptake-offtake difference per cycle (understanding 
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from isotherm graphs). For example, 5% Li-Al-Fum delivers the most water vapour (∆q) whilst 

Al-Fum transfers the least ∆q per operation cycle. 

 

Figure 5.5: Entropy generation analysis for each component (evaporator, condenser, adsorber 

and desorber) of original and modified Al-Fum based AHT operation cycle at various 

regeneration temperatures: (a) Al-Fum; (b) 5% Li-Al-Fum; (c) 30% AFI-Al-Fum and (d) 30% 

CHA-Al-Fum. (The AHT working conditions: 25 s/500 s/14.8 °C/30 °C/60 °C - 80 °C) 

5.5.2 Functional-UiO-66 (Zr) MOFs + water systems 

The effects of the regeneration temperature on entropy generation for UiO-66 (Zr) based AHT 

systems are presented in Figure 5.6, where the chilled water and the cooling water inlet are 

maintained 14.8 and 30 oC, respectively whilst the operation and the switching times are 500 s 
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and 25 s. It is found that the 𝑆̇𝑔𝑒𝑛 (entropy generation) for all the major components increases 

monotonically with the increase in regeneration temperature due to the fact that the heat 

exchange between the heat exchanger and adsorbent materials is enhanced with the increase of 

irreversibility and the 𝑆̇𝑔𝑒𝑛  inside the adsorption bed is increased. Additionally, the higher 

regeneration temperature also leads to the generation of more water vapour through the 

desorption process. Therefore, larger mass transfer of water vapour are resulted during 

desorption-activated-condensation process plus liquid water during condenser-evaporator 

interaction process, which increase the entropy generation for each component of the AHT. On 

the other hand, at very high regeneration temperature, the water vapour transfer per AHT cycle is 

not increased due to the structural capacity of adsorbent materials. As a result, the extra heating 

energy is not properly utilised, which also increases the entropy generation of the bed. Hence, 

higher 𝑆̇𝑔𝑒𝑛  are observed in all the major parts of the AHT system. At the regeneration 

temperature of 60 °C – 80 °C, the total 𝑆̇𝑔𝑒𝑛 could be ranked as: parent UiO-66 > NH2-UiO-66 > 

N-UiO-66 > OH-UiO-66. The maximum 𝑆̇𝑔𝑒𝑛 as found in the parent UiO-66 (Zr) based AHT 

system is due to its super-hydrophobic behaviours as well as the slow adsorption kinetics with 

water adsorption. In addition, the weak interactions between water vapour and adsorbent 

materials lead to the waste of the thermal input (in terms of cooling and heating) in the 

adsorption beds, as the water uptake-offtake difference per cycle is not improved even though 

more heating and cooling are provided to the beds. Higher entropy generation for the parent 

UiO-66 (Zr) + water systems results in the lower performances in terms of cooling and heat 

pumping capacities. After implanting the hydrophilic functional groups onto the UiO-66 (Zr) 

structure, the shorter hydrophobic length in low pressure region is obtained, which results in the 

faster adsorption kinetics with stronger affinity to the water vapour. Therefore, for functional-
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UiO-66 (Zr) MOFs + water assisted AHT systems, the thermal input to the thermal compressor 

is utilised more efficiently, which results in the lower entropy generation with higher cooling or 

heating capacity and the COP. For example, at the regeneration temperature of 60 °C, the total 

entropy generation (i.e. the summation of all components of AHT system) 𝑆̇𝑔𝑒𝑛_𝑜𝑣𝑒𝑟𝑎𝑙𝑙 for UiO-

66 (Zr), NH2-UiO-66 (Zr), N-UiO-66 (Zr) and OH-UiO-66 (Zr) are calculated 73.07 W/K, 71.47 

W/K, 70.28 W/K and 68.82 W/K, respectively. On the other hand, the 𝑆̇𝑔𝑒𝑛_𝑜𝑣𝑒𝑟𝑎𝑙𝑙 are found 

evident at higher regeneration temperature of 80 oC and the 𝑆̇𝑔𝑒𝑛_𝑜𝑣𝑒𝑟𝑎𝑙𝑙 is found to be 191.22 

W/K, 188.03 W/K, 180.86 W/K and 178.26 W/K for UiO-66 (Zr), NH2-UiO-66 (Zr), N-UiO-66 

(Zr) and OH-UiO-66 (Zr), respectively. 

 

Figure 5.6: Entropy generation analysis for each components (evaporator, condenser, adsorber 

and desorber) of original and functionalised UiO-66 (Zr) based AHT operation cycle at various 
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regeneration temperatures: (a) UiO-66 (Zr); (b) NH2-UiO-66 (Zr); (c) OH-UiO-66 (Zr) and (d) 

N-UiO-66 (Zr). (The AHT working conditions: 25 s/500 s/14.8 °C/30 °C/60 °C-80 °C) 

The entropy generation ( 𝑆̇𝑔𝑒𝑛 ) profiles under steady state conditions for each component 

(evaporator, condenser, adsorption-bed and desorption-bed) of NH2-UiO-66 (Zr) – water based 

AHT (for cooling conditions) are shown in Table 5.5. At the beginning of the half cycle period 

(i.e. switching time + operation time), the entropy generation inside the evaporator increases, 

which is related to the displacement of the water vapour from evaporator to the adsorption-bed. 

The same phenomenon is found in the condenser, where the desorbed water vapour is transferred 

for condensation. Furthermore, the entropy due to de-superheating of the evaporator is caused by 

the returning of condensed water from condenser to evaporator. The increases in 𝑆̇𝑔𝑒𝑛 due to heat 

transfer are found during the pre-heating and pre-cooling stages for both adsorption and 

desorption beds, which indicate that the temperature gap between the adsorption bed and the 

thermal fluid is the main reason for entropy production inside the AHT system. The evident mass 

transfer suggests an increased randomness at the adsorbate - adsorbent interface during water 

adsorption/desorption process, which is related to the displacement of water vapour on the pores 

of NH2-UiO-66 (Zr) MOF. The overall 𝑆̇𝑔𝑒𝑛 inside the desorption-bed is higher than that of the 

adsorption-bed, which is because of the fact that at the beginning of pre-heating process, the 

pores of the NH2-UiO-66 (Zr) are assumed to be filled with water vapour, and the heat applied to 

adsorbents is not completely used. Therefore, a large amount of entropy is produced due to the 

significant temperature difference (ΔT) between the adsorption bed and the heating source, as 

well as the intense mass transfer of water vapour caused by ΔT. Concomitantly, a continuous 

decrease of 𝑆̇𝑔𝑒𝑛 is observed when the adsorption bed approaches the heat source temperature 

and desorbed phase saturation, hence, the irreversibility of the AHT system is reduced, and the 
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relatively steady generation of entropy is found.. The present analysis shows that the overall 𝑆̇𝑔𝑒𝑛 

of each component is summarised as: 𝑆̇𝑔𝑒𝑛−𝑑𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛  > 𝑆̇𝑔𝑒𝑛−𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛  > 𝑆̇𝑔𝑒𝑛−𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟  > 

𝑆̇𝑔𝑒𝑛−𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟. 

From Table 5.5, it is observed that for NH2-UiO-66 (Zr) and water assisted AHT system (i) the 

mass transfer is the main entropy generation source (around 80%) for the evaporator and 

condenser, whilst the entropy generation inside the sorption-beds is dominated by the heat 

transfer (> 95%); (ii) the effect of the entropy generation inside the evaporator and condenser is 

small as compared to that of the sorption-bed; (iii) the mass transfer (liquid water) during the 

evaporation–adsorption process produces the least entropy generation; and (iv) the flushing 𝑆̇𝑔𝑒𝑛 

inside the heat-exchanger tubes for all the components are found negligible (< 0.01 W/K). Hence, 

these founding suggests that the major 𝑆̇𝑔𝑒𝑛 is attributed to the internal entropy generation (mass 

transfer and heat transfer) rather than the external ones (fluid flushing). 

Table 5.5: Entropy generation (𝑆̇𝑔𝑒𝑛) study on the major components of the NH2-UiO-66 (Zr) 

MOFs based AHT systems with the highlighting of the contributions by processes*. 

 𝑆̇𝑔𝑒𝑛,𝑀𝑇 

(W/K) 

𝑆̇𝑔𝑒𝑛,𝐻𝑇 

(W/K) 

𝑆̇𝑔𝑒𝑛,𝐹𝐻 

(W/K) 

𝑆̇𝑔𝑒𝑛,𝐷𝑆 

(W/K) 

𝑆̇𝑔𝑒𝑛,𝑜𝑣𝑒𝑟𝑎𝑙𝑙 

(W/K) 

Evaporator 0.019 0.003 0.003 0.013 0.038 

Condenser 0.023 0.028 0.002 - 0.053 

Adsorber 0.47 90.93 12.81 - 104.21 

Desorber 0.29 97.50 16.13 - 113.92 

* Operating conditions: switching time/ operating time = 25 s/ 500 s; chilled water inlet/cooling 

water inlet/regeneration temperature = 14.8 °C/30 °C/80 °C. 

5.5.3 MOF-801 (Zr) + water systems 

Figure 5.7 shows the effects of the regeneration temperatures on the entropy generation for both 

functional and parent MOF-801 (Zr) + water based AHT systems. The major 𝑆̇𝑔𝑒𝑛 are found in 
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thermal heat exchanger per adsorption-desorption cycle whereas the minimum 𝑆̇𝑔𝑒𝑛 effects are 

captured in evaporation/condensation processes (< 1.0 W/K). The 𝑆̇𝑔𝑒𝑛  for each component 

increases with temperature. The present formulation shows that the total 𝑆̇𝑔𝑒𝑛 of parent MOF-

801 (Zr) > (CH3)2-MOF-801 (Zr). At the regeneration temperature of 60 °C, 70 °C and 80 °C, 

the 𝑆̇𝑔𝑒𝑛_𝑜𝑣𝑒𝑟𝑎𝑙𝑙  for the parent MOF-801 (Zr) are 72.53 W/K, 120.17 W/K and 183.0 W/K, 

respectively. For (CH3)2-MOF-801 (Zr), these values are 70.11 W/K, 113.86 W/K and 166.38 

W/K, respectively. As the regeneration temperature increases, the 𝑆̇𝑔𝑒𝑛_𝑜𝑣𝑒𝑟𝑎𝑙𝑙  differences 

between the parent and functional MOF-801 (Zr) becomes bigger, which indicates that the 

thermal input is better utilised in (CH3)2-MOF-801 (Zr) at higher regeneration temperatures and 

therefore, better AHT performances are expected in terms of cooling/heating capacities, COP 

and daily water production. 

 

Figure 5.7: Entropy generation analysis for each component (evaporator, condenser, adsorber 

and desorber) of original and modified MOF-801 (Zr) based AHT operation cycle at various 

regeneration temperatures: (a) MOF-801 (Zr) and (b) (CH3)2-MOF-801 (Zr). (The AHT working 

conditions: 25 s/500 s/14.8 °C/30 °C/60 °C-80 °C) 
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The factors of 𝑆̇𝑔𝑒𝑛  for each component of the synthesised (CH3)2-MOF-801 (Zr) + water 

systems are furnished in Table 5.6, from which one can analyse the 𝑆̇𝑔𝑒𝑛-contribution of each 

process. Hence, the switching time, half-cycle time, chilled water inlet, cooling water inlet and 

hot water inlet temperature are 25 s, 500 s, 14.8 °C, 30 °C and 80 °C, respectively. The 𝑆̇𝑔𝑒𝑛 

raised in the evaporator is mainly caused by the mass transfer and the de-superheating of water 

vapour generated from the condenser. The main contribution to entropy generation inside the bed 

is due to the heat transfer. In condenser, the heat-transfer contributions for 𝑆̇𝑔𝑒𝑛 are higher as 

compared to that of the evaporator. 

Table 5.6: Entropy generation (𝑆̇𝑔𝑒𝑛) study on the major components of the (CH3)2-MOF-801 (Zr) 

MOFs based AHT systems with the highlighting of the contributions by processes*. 

 𝑆̇𝑔𝑒𝑛,𝑀𝑇 

(W/K) 

𝑆̇𝑔𝑒𝑛,𝐻𝑇 

(W/K) 

𝑆̇𝑔𝑒𝑛,𝐹𝐻 

(W/K) 

𝑆̇𝑔𝑒𝑛,𝐷𝑆 

(W/K) 

𝑆̇𝑔𝑒𝑛,𝑜𝑣𝑒𝑟𝑎𝑙𝑙 

(W/K) 

Evaporator 0.17 0.021 0.002 0.041 0.23 

Condenser 0.074 0.46 0.002 - 0.54 

Adsorber 4.21 77.96 10.31 - 92.48 

Desorber 9.04 81.86 13.22 - 104.12 

* Operating conditions: switching time/ operating time = 25 s/ 500 s; chilled water inlet/cooling 

water inlet/regeneration temperature = 14.8 °C/30 °C/80 °C. 

5.6 Temperature-entropy maps 

Temperature-entropy for adsorption cooling/heat pump 

The temperature-entorpy (T-s) diagrams for the operating conditions of each component of 

adsorption cooling/heat pump are shown in Figure 5.8. To understand the MOFs’ performances, 

the functional adsorbents such as 30% CHA-Al-Fum, (CH3)2-MOF-801 (Zr) and NH2-UiO-66 

(Zr) plus water systems are added in Figure 5.8. These results are presented on the operating 

conditions of the chilled water/cooling water/hot water inlet temperature of 14.8 °C/30 °C/80 °C. 

The T-s maps are plotted here under the optimal operation conditions of maximum 



134 
 

heating/cooling power, where the half cycle times for (CH3)2-MOF-801 (Zr), 30% CHA-Al-Fum 

and NH2-UiO-66 (Zr) are optimised 500 s, 700 s and 1000 s, respectively. From the T-s diagrams, 

one can see that closed loops are formed (Fig. 5.8a, Fig. 5.8b and Fig. 5.8c) at all the internal 

energy storage components. From Figure 5.8 (a), it is found that during the switching period, the 

evaporator temperature rises from 13.3 °C to 14.6 °C for the (CH3)2-MOF-801 (Zr) AHT system 

whilst the 𝑆̇𝑔𝑒𝑛 increases from 0 up to 0.306 W/K. Similar profiles are observed for 30% CHA-

Al-Fum and NH2-UiO-66 (Zr) AHT systems where larger 𝑆̇𝑔𝑒𝑛  (0.40 W/K, 0.72 W/K, 

respectively) are obtained within the similar temperature ranges. For T-s maps of condenser as 

shown in Figure 5.8 (b), NH2-UiO-66 (Zr) AHT system exhibits the largest 𝑆̇𝑔𝑒𝑛 (0.94 W/K) 

with a larger temperature gap (29.9 °C to 32.8 °C). On the other hand, smaller temperature 

changes are found for (CH3)2-MOF-801 (Zr) and 30% CHA-Al-Fum AHT systems during the 

swtiching period where the highest temperature of the condenser is around 32.1 °C, and the 

highest 𝑆̇𝑔𝑒𝑛 values are 0.37 W/K and 0.71 W/K, respectively. Furthermore, as shown in Figure 

5.8 (c), it is found that during the pre-heating + desorption processes (for the temperature ranges 

from 30 °C to 80 °C), the NH2-UiO-66 (Zr) AHT system generates the largest 𝑆̇𝑔𝑒𝑛 (97.43 W/K) 

whilst the (CH3)2-MOF-801 (Zr) + water system  provides lower 𝑆̇𝑔𝑒𝑛 (89.29 W/K). As can be 

seen from Figure 5.8 (c), the temperautre difference between the hot water inlet and the 

desorption bed for  (CH3)2-MOF-801 (Zr) is higher as compared with 30% CHA-Al-Fum or 

NH2-UiO-66 (Zr) + water systems due to the strong hydrophilic behaviours of MOF-801(Zr) 

adsorbent. Therefore, large amounts of the heating energy are required to desorb the water 

vapour from the pores of the (CH3)2-MOF-801 (Zr) structure. On the contrary, the desorption 

process could be completed under lower desorption temperature for the materials with longer 

hydrophobic length such as 30% CHA-Al-Fum, and NH2-UiO-66 (Zr) + water  systems. The 



135 
 

overall 𝑆̇𝑔𝑒𝑛  is summarised as: NH2-UiO-66 (Zr) > CHA-Al-Fum > (CH3)2-MOF-801 (Zr), 

which suggest that  (CH3)2-MOF-801 (Zr) can achieve relatively higher SCP under moderate half 

cycle time.  

 

Figure 5.8: Temperature-entropy (T-s) maps of 30% CHA-Al-Fum composite vs (CH3)2-MOF-

801 (Zr) vs NH2-UiO-66 (Zr) system under cyclic-steady-state: (a) Evaporator; (b) Condenser 

and (c) Adsorption/Desorption-bed. Here, A→B represents the switching period (pre-cooling or 

pre-heating) process and B→C indicates the half-cycle-operation (adsorption/desorption) process 

under adsorption cooling condition. Here, the red line indicates the NH2-UiO-66 (Zr), the green 

line is the (CH3)2-MOF-801 (Zr) and the black line represents the 30% CHA-Al-Fum. 

Temperature-entropy for adsorption desalination 

The temperature-entropy (T-s) maps for understanding the operating principle of adsorption 

desalination is shown in Figure 5.9. Hence the entropy generation results for 30% CHA-Al-Fum, 

(CH3)2-MOF-801 (Zr) and N-UiO-66 (Zr) plus water systems are presented for comparison 
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purposes.  The entropy generation (𝑆̇𝑔𝑒𝑛) are calculated for the chilled water, cooling water  and 

hot water inlet temperature of 30 °C, 30 °C and 80 °C, respectively with the optimal cycle time 

(in terms of maximum water production) of 500 s for 30% CHA-Al-Fum composite and 300 s 

for  (CH3)2-MOF-801 (300 s) and N-UiO-66 (300 s) MOFs based AHT systems. As shown in 

Figure 5.9.(a), the T-s maps of the evaporator for adsorption desalination process exhibit 

different profiles as compared with those for the adsorption cooling process. During the 

switching period of the evaporator, 30% CHA-Al-Fum composite shows the largest 𝑆̇𝑔𝑒𝑛 (from 0 

to 0.55) whilst the evaporator temperature fluctuates within a small range (26.7 °C to 28.9 °C). 

On the other hand, the evaporator temperature of the (CH3)2-MOF-801 (Zr) + water changes 

tremendously (from 22.2 °C to 29.7 °C) with smaller 𝑆̇𝑔𝑒𝑛 (0.32 W/K). In addition, N-UiO-66 

(Zr) generates the lowest 𝑆̇𝑔𝑒𝑛 (0.17 W/K). Similar results are found for the condenser, where the 

𝑆̇𝑔𝑒𝑛 increases to the maximum during the switching period and decreases to zero during the 

adsorption processes. Additionally, as the temperature of the condenser increases during the pre-

heating and pre-cooling process, 30% CHA-Al-Fum composite achieves the largest 𝑆̇𝑔𝑒𝑛 (1.59 

W/K), followed by the (CH3)2-MOF-801 (0.77 W/K) and N-UiO-66 (0.60 W/K). Although 30% 

CHA-Al-Fum composite provides higher 𝑆̇𝑔𝑒𝑛 within the condenser and evaporator as compared 

with the (CH3)2-MOF-801 (Zr) and N-UiO-66 (Zr), it provides narrower loop per cycle. For 

example, during the pre-heating and desorption process, the temperature of the 30% CHA-Al-

Fum composite based desorption-bed increases from 37 °C to 79 °C, and the 𝑆̇𝑔𝑒𝑛 reaches the 

maximum value of 72.69 W/K. The entropy generation for 30% CHA-Al-Fum + water system is 

smaller than that of N-UiO-66 + water (76.91 W/K) /(CH3)2-MOF-801 + water (98.59 W/K) 

systems. These results also indicate that the modified MOFs with shorter hydrophobic length 

generate larger 𝑆̇𝑔𝑒𝑛 within the adsorption-beds, which contributes to the majority of the overall 
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𝑆̇𝑔𝑒𝑛. The overall 𝑆̇𝑔𝑒𝑛 of these three modified MOFs for adsorption desalination purpose are 

ranked as: (CH3)2-MOF-801 (99.68 W/K) > N-UiO-66 (77.68 W/K) > 30% CHA-Al-Fum (74.83 

W/K). The maximum SDWP (in terms of m3 per tonne of MOF per day) of all the modified 

MOFs is summarised as: N-UiO-66 (37.6) > 30% CHA-Al-Fum (33.19) > (CH3)2-MOF-801 

(25.02). Collectively, N-UiO-66 (Zr) achieves the highest SDWP with shorter operation half 

cycle time as it provides relatively lower 𝑆̇𝑔𝑒𝑛  in the adsorption beds Hence, N-UiO-66 (Zr) 

MOF is the most promising material for adsorption desalination application. 

 

Figure 5.9: Temperature-entropy (T-s) maps of 30% CHA-Al-Fum composite vs (CH3)2-MOF-

801 (Zr) vs N-UiO-66 (Zr) system under cyclic-steady-state: (a) Evaporator; (b) Condenser and 

(c) Adsorption/Desorption-bed. Here, A→B represents the switching period (pre-cooling or pre-

heating) process and B→C indicates the half-cycle-operation (adsorption/desorption) process 

under adsorption desalination condition. Here, the black line represents the N-UiO-66 (Zr), the 

red line indicates the (CH3)2-MOF-801 (Zr) and the green line stands for the 30% CHA-Al-Fum. 
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5.7 Performance Analysis 

5.7.1 Al-Fum/composites + water systems 

Employing the AHT modelling, Figure 5.10 demonstrates the performance of original and 

modified Al-Fum based MOFs – water adsorption chiller/heat pump at different half cycle time 

(thalf cycle) for the heat source (hot water) temperature of 60 ℃ and the heat sink (cold water) 

temperature of 30 ℃. As shown in Figure 5.10(a.1), the COP increases monotonically with thalf 

cycle for all the adsorbents. The reason is that with a shorter cycle time, the water vapour is not 

completely desorbed because of the poor utilisation of the heating energy, which leads to the low 

uptake – offtake difference (∆q) per adsorption cooling cycle, therefore, low COP is caused. As 

the cycle time increases, the consumption of the heat energy is reduced significantly as compared 

with the reduction in the production of the cooling power, which results in a favourable impact 

on the COP. Hence, higher COP is obtained. From this standpoint, saturated COP is excepted 

when a relatively long cycle time is considered. For Al-Fum-based adsorbent system, the largest 

COP (thalf cycle = 1000 s) for Al-Fum, 5% Li-Al-Fum, 30% AFI-Al-Fum and 30% CHA-Al-Fum is 

0.45, 0.476, 0.54 and 0.56, respectively. As shown in Figure 5.10(b.1), similar trends are found 

for AHP system, where all the adsorbents obtain the lowest COPh at shorter half cycle time (thalf 

cycle = 150 s) and highest COPh at longer half cycle time (thalf cycle ≥ 900s), except for 30% AFI-

Al-Fum. 30% AFI-Al-Fum achieves the best COPh at thalf cycle = 800 s, which means that 

redundant heating energy provided at longer operation period results unfavourable effect on the 

overall performance of 30% AFI-Al-Fum – water AHP system. The maximum COPh for all the 

system with various Al-Fum based MOFs is summarised as: Al-Fum, 5% Li-Al-Fum, 30% AFI-

Al-Fum and 30% CHA-Al-Fum is 1.67 (thalf cycle = 1000 s), 1.66 (thalf cycle = 1000 s), 1.65 (thalf cycle 

= 800 s) and 1.67 (thalf cycle = 900 s), respectively. 
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Unlike COP, the SCP delivers the non-monotonic behaviours with the change of thalf cycle for 

majority of the adsorbents (Figure 5.10(a.2)). For Al-Fum-based ADC system, SCP increases 

steeply up to 300 s and the effect of 𝜏 becomes weak when longer half cycle time is applied.  

Hence, the highest SCP is labelled in red colour and the lowest SCP is marked in green. At 

shorter half cycle time (150 to 300 s), the insufficient cooling and heating of the beds result in 

the reduced level of adsorption and desorption, which will lead to the lower ∆q and SCP. At 

longer half cycle time, more heat energy is utilised in the adsorption beds and all the Al-Fum 

based adsorbents approaches their adsorption limit. In addition, due to the strong interaction 

between the lithium dopants and CHA type zeolite framework with water, adsorption may also 

occur if longer desorption periods are applied. These constraints will result in poor cooling 

capacity and unfavourable SCP. Hence, a decrease of SCP is found for 5% Li-Al-Fum and 30% 

CHA-Al-Fum when longer half cycle time is applied (thalf cycle > 700 s). The highest SCP for all 

the system with various MOF adsorbents is summarised as: Al-Fum, 5% Li-Al-Fum, 30% AFI-

Al-Fum and 30% CHA-Al-Fum is 0.35 (thalf cycle = 1000 s), 0.39 (thalf cycle = 1000 s), 0.47 (thalf cycle 

= 800 s) and 0.55 (thalf cycle = 700 s), respectively. On the other hand, it is found in Figure 5.9(b.2) 

that SHP decreases monotonically with the increase of thalf cycle. For example, for 30% CHA-Al-

Fum, the SHP drops from 1.15 kW/kg to 0.98 kW/kg when the half cycle time increases from 

150 s to 1000 s. It is because of this at the beginning of adsorption, water vapour will 

preferentially be adsorbed onto the Al-Fum based MOF high energy pore sites and this intense 

process will generate significant adsorption heat. As the time increases, the interaction between 

water and porous structures become weak and less heat is delivered. In addition, once the 

desorption limit is reached, there is no more water vapour transferred to the condenser even at 

longer operation time, therefore, no more condensation heat is produced and the SHP will drop. 
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These results suggest that short thalf cycle should be considered when the combined effects of 

enthalpies of condensation and adsorption are used for heat-pumping applications. 

The results demonstrate that the performance of AC system could be enhanced significantly by 

employing the modified Al-Fum as adsorbent as compared with the original MOF. For example, 

among the four Al-Fum based adsorbents, original Al-Fum shows the poorest AC performance 

(COP and SCP) for its strong hydrophobic behaviours at low pressure region as well as the slow 

adsorption kinetics. By mixing the parent Al-Fum with the AQSOA-Z02 (CHA type) zeolite, the 

modified 30% CHA-Al-Fum delivers the best ADC performance with a highest COP of 0.56 

(thalf cycle = 1000 s) and SCP of 0.55 (thalf cycle = 700 s). Evident improvements are also observed 

for 5% Li-Al-Fum and 30% AFI-Al-Fum for their enhanced hydrophilicity, higher ∆q and faster 

kinetics. For example, at half cycle time of 300 s, a 14.3% larger COP and 18.8% higher SCP are 

found for 30% AFI-Al-Fum as compared with the original Al-Fum. Even better results are 

obtained for 5% Li-Al-Fum (+35.0% COP and +44.7% SCP) and 30% CHA-Al-Fum (+35.0% 

COP and +44.7% SCP). At other half cycle times such as 500 s, obvious enhancements of AC 

performance are also found, which is shown in Figure 5.10(a.1) and 5.10(a.2). The overall 

performance for different Al-Fum based adsorbent – water AC in terms of COP and SCP could 

be summarised as: 30% CHA-Al-Fum > 5% Li-Al-Fum > 30% AFI-Al-Fum > Al-Fum. On the 

other hand, as shown in Figure 5.10(b.1) and 5.10(b.2), improved SHP are found for all the 

modified Al-Fum based MOFs while no obvious COPh enhancements are observed. For example, 

at half cycle time of 500 s, 13.4% higher of SHP are found for 30% AFI-Al-Fum as compared 

with the parent Al-Fum while only 0.24% larger COPh is obtained. Additionally, it is also found 

that at the half cycle time of 500 s, all the Al-Fum based MOFs – water AC or AHP system 

could reach 80% of their optimal performance. 
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Figure 5.10: Effects of half cycle time on: (a.1-a.2) the performance of AC (in terms of COP and 

SCP (kW/kg)); (b.1-b.2) AHP (in terms of COPh and SHP (kW/kg)) for original Al-Fum, alkali-

ions doped Al-Fum and Al-Fum + zeolite composites based MOFs – water AHT systems. 

The hot water (driving heat source) inlet temperature (55 – 90 ℃) effects on the performance for 

various original and modified Al-Fum based AC or AHP systems are shown in Figure 5.11. Here, 

the cooling water inlet temperature is 30 ℃ and the half cycle time is fixed at 500 s. For all the 

Al-Fum based adsorbent – water AC system, the highest COP and COPh is found at the hot water 
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inlet temperatures between 55 ℃ and 60 ℃. The COP and COPh starts to drop when the heat 

source temperature is higher than 60 ℃. The reason is that all the Al-Fum based adsorbents 

exhibit “S-shaped” isotherms for water adsorption and the hydrophobic length is smaller than 

0.22 (𝑃/𝑃𝑠 ≤0.22), therefore, no significant increase of the water vapour transfer per adsorption-

desorption cycle is yielded at 𝑇𝑑𝑒𝑠 > 60℃. As shown in Figure 5.11(a.1), the maximum COP for 

30% CHA-Al-Fum is 0.390 (𝑇𝑑𝑒𝑠 = 60℃) while the largest COP for 5% Li-Al-Fum, 30% AFI-

Al-Fum and Al-Fum is 0.37, 0.32 and 0.28, respectively (𝑇𝑑𝑒𝑠 = 55 ℃). It is also found in 

Figure 5.11(b.1) that all the adsorbents achieve the largest COPh at 𝑇𝑑𝑒𝑠 = 60 ℃, which is 1.63, 

1.63, 1.63 and 1.64 for Al-Fum, 5% Li-Al-Fum, 30% AFI-Al-Fum and 30% CHA-Al-Fum, 

respectively.  

Figure 5.11(a.2) shows that the SCP rises quickly between the regeneration temperatures of 55 

℃ and 60 ℃ for the increase of the water vapour delivery per adsorption cooling cycle. It begins 

to drop when 𝑇𝑑𝑒𝑠 > 65℃  due to the incompletely utilisation of the applied heat to the 

desorption bed. The maximum SCP for all the four Al-Fum based adsorbents are found at 65 ℃ 

with the value of 0.54, 0.45, 0.37 and 0.31 kW/kg for 30% CHA-Al-Fum, 5% Li-Al-Fum, 30% 

AFI-Al-Fum and Al-Fum, respectively. On the other hand, it is found that the highest SHPs are 

obtained at higher regeneration temperature (Figure 5.10(b.2)). It is because of that at higher 

regeneration temperature, the desorption process could be finished more completely, this process 

results drier adsorbents and more water vapour is transferred to the condenser. In the next cycle, 

more water is adsorbed on the drier porous adsorbents and intense adsorption heat is generated. 

Hence, the enthalpies of both the adsorption and condensation process are enhanced and larger 

SHP is achieved. 
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These results indicate that all the modified MOFs present substantially better results as compared 

with the original MOFs. For example, under the low regeneration temperature (60 ℃) condition, 

a 42.3% higher COP and 70.0% larger SCP are found for 30% CHA-Al-Fum as compared with 

the parent Al-Fum while similar results are also found for 5% Li-Al-Fum (+33.3% COP and 

+43.5% SCP) and 30% AFI-Al-Fum (+12.6% COP and +17.0% SCP). Hence, impressive AC 

performance enhancements are obtained by the post-modification works on the original MOF 

materials. Furthermore, slightly superior performances are achieved for AHP system when 

modified Al-Fum MOFs are used. By balancing the AC and AHP performance, the outcomes 

described above suggest an optimal regeneration temperature between 55 ℃ and 65 ℃ for Al-

Fum based AHT systems, which means the modified Al-Fum based MOFs AHT systems could 

be readily driven by the low-grade heat source such as solar energy. 
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Figure 5.11: Effects of hot water inlet temperature on: (a.1-a.2) the performance of AC (in terms 

of COP and SCP (kW/kg)); (b.1-b.2) AHP (in terms of COPh and SHP (kW/kg)) for original and 

modified Al-Fum based MOFs – water AHT systems. 

Figure 5.12 (a.1-a.2) shows the effect of cold water inlet temperature (20 – 35 ℃) on the AC 

performance for all the MOFs based adsorption chiller. Generally, the cooling water inlet 

temperature plays a key role in the adsorption process as well as the condensation process. As 

shown in Figure 5.12 (a.1-a.2), both the COP and SCP drops monotonically for all the MOF 
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adsorbents with the cooling water inlet temperature increases. This is because that a higher 

cooling water inlet temperature will lead to a higher temperature in the adsorption bed and 

condenser. Hence, adsorption process degrades, refrigerating energy is wasted and low AC 

performance (COP and SCP) is caused. Normally, water at room temperature is used as the heat 

sink for energy saving purpose. At 25 ℃, the original Al-Fum MOF results in a moderate 

performance with the COP of 0.39 and SCP of 0.43 kW/kg. By doping the lithium ions onto the 

Al-Fum structure, a 17.5% higher COP (0.46) and 23.9% larger SCP (0.54 kW/kg) is obtained 

for 5% Li-Al-Fum. In addition, 30% AFI-Al-Fum shows a 4.7% higher COP (0.41) and 17.5% 

larger SCP (0.49 KW/kg) as compared with the original Al-Fum. The best performance is found 

for 30% CHA-Al-Fum – water adsorption chiller, where the COP is 0.483 (+24.1%) and SCP is 

0.594 kW/kg (+37.6%).  

Figure 5.12 (b.1-b.2) shows the effects of chilled water inlet temperature on AHP system 

performances. It is found that both the COPh and SHP increase monotonically with the increase 

of chilled water inlet temperature. Generally, chilled water flow with high inlet temperature will 

result high evaporator temperature. Hence, more water vapour is transferred to the adsorption 

bed with faster evaporation kinetics. This process induces more adsorption heat generation and 

better AHP performance. For example, at 15 ℃, the COPh and SHP for parent Al-Fum are only 

1.21 and 0.27 KW/kg, respectively. As the chilled water inlet temperature increases to 30 ℃, a 

134.5% larger COPh (1.625) and 3.5 times higher SHP (0.971 KW/kg) are obtained. All the 

modified Al-Fum based MOFs provide similar AHP performances where superior COPh (1.62–

1.64) and SHP (1.08–1.10 KW/kg) are obtained.  
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Figure 5.12: (a.1-a.2) Effect of cooling water inlet temperature on the performance of AC (in 

terms of COP and SCP (kW/kg)); (b.1-b.2) the effect of chilled water inlet temperature on the 

performance of AHP (in terms of COPh and SHP (kW/kg)) for original and modified Al-Fum 

based MOFs – water AHT systems. 

The effects of half cycle time on SDWP of adsorption desalination performance are shown in 

Figure 5.13. Here, SDWP profiles for all the parent and modified Al-Fum based MOFs are 

shown under different regeneration temperatures (60 - 80 ℃) for comparison purpose. Hence, the 
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highest SDWP is marked in red colour and the lowest SDWP is labelled in green. It is found that 

there exists an optimal thalf cycle ranging from 400 s to 600 s. At lower half cycle time, the 

desorption process could not be completed and low water vapour transformation per adsorption-

desorption cycle (Δq) are compromised. Hence, poor SDWP performance is obtained. As the 

operation time increases, more water vapour is desorbed from the porous Al-Fum based 

materials and higher Δq as well as larger SDWP are achieved. Once the AD system reaches the 

adsorption/desorption limit, there is no more Δq could be delivered no matter how long the half 

cycle time it is. Hence, at longer thalf cycle, heating energy input is wasted, total daily desalination 

cycles are reduced and decrease of SDWP is observed. Furthermore, it is found that for all the 

materials at different regeneration temperatures, the overall SDWP performance could be 

summarised as: SDWP (70 ℃) > SDWP (80 ℃) > SDWP (60 ℃). The reason is that for Al-Fum 

based MOFs with “S-shaped” isotherm (𝑃/𝑃𝑠 ≤0.22), a completed desorption process could be 

achieved under regeneration temperature of around 70 ℃ . Either too low regeneration 

temperature (incomplete offtake) or too high regeneration temperature (waste of thermal energy 

input) will lead to unfavourable results on SDWP. At the regeneration temperature of 70 ℃, the 

highest SDWP achieved by Al-Fum, 5% Li-Al-Fum, 30% AFI-Al-Fum and 30% CHA-Al-Fum 

is 29.92 (thalf cycle = 600 s), 33.02 (thalf cycle = 400 s), 32.78 (thalf cycle = 400 s) and 33.85 (thalf cycle = 

400 s), respectively. Hence, AD systems employing modified Al-Fum shows higher SDWP with 

faster water production rates as compared with original Al-Fum. 
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Figure 5.13: Effects of half cycle time on SDWP (in terms of m3 per tonne of MOF per day) for 

original Al-Fum, alkali-ions doped Al-Fum and Al-Fum + zeolite composites based MOFs - 

water adsorption desalination systems under various regeneration temperatures. 

5.7.2 Functional UiO-66 (Zr) MOFs + water systems 

Employing the adsorption chiller modelling, the simulation is carried for the cooling water and 

chilled water inlet temperatures of 30 oC and 14.8 oC. Figure 5.14 demonstrates the COP and the 

SCP of the parent and functionalised UiO-66 + water assisted adsorption chiller at different half 
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cycle time (thalf cycle) for the heat source (hot water) temperature ranging from 60 ℃ to 80 ℃ and 

the heat sink (cooling water) temperature of 30 ℃. As shown in Figure 5.14, the COP increases 

monotonically with thalf cycle. The main reason is that with a shorter cycle time, the water vapour 

is not completely desorbed because of the poor utilisation of the heating energy, which leads to 

the lower uptake – offtake difference (∆q) per adsorption cooling cycle, therefore, low COP 

results. On the other hand, at longer cycle time, the heat energy is fully utilised to release water 

vapour from the adsorbents, which results the higher COP. Hence the functional-UiO-66 (Zr) 

shows higher COP as compared with the parent UiO-66 (Zr). 

Unlike COP, the SCP delivers the non-monotonic behaviours with the change of cycle time 

(Figure 5.14). For the parent UiO-66 (Zr) MOFs, the SCP increases steeply up to 400 s and the 

slope becomes gently for the half cycle time above 500 s. For N-UiO-66 and OH-UiO-66 + 

water assisted adsorption chiller, at shorter half cycle time (150 to 400 s), the insufficient cooling 

and heating of the beds result in the reduced level of adsorption and desorption effects, which 

lead to the lower ∆q. As a result, the lower SCP is obtained. At longer half cycle time, more heat 

energy is utilised for desorption purposes and all the UiO-66 (Zr) based adsorbents approach to 

their adsorption limit. In addition, due to the strong interaction between N-UiO-66/OH-UiO-66 

adsorbent with water, adsorption may also occur if longer desorption periods are applied. These 

constraints will result poor and unfavourable SCP. Therefore, a decreasing trend of SCP is the 

result for longer half cycle time (thalf cycle > 500 s). 

The performance of adsorption chiller also depends on the regeneration temperature. Both the 

COP and the SCP increase at higher regeneration temperature due to higher ∆q and faster 

kinetics. For the hot water inlet temperature of 60 ℃, the maximum COP for UiO-66, N-UiO-66, 

OH-UiO-66 and NH2-UiO-66 are found to be 0.15, 0.47, 0.42 and 0.82, respectively. Hence, the 
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COP of all functionalised adsorbents are found higher as compared with that of parent UiO-66 

(Zr) MOFs. This is due to the fact that as compared with other functional materials, OH-UiO-66 

(Zr) and NH2-UiO-66 exhibit impressively fast water adsorption kinetics and could complete 

about 80% of equilibrium state within 700 s. Hence, no significant COP enhancement is 

observed for longer cycle time operation cases (700 < thalf cycle < 1000 s) as the uptake-offtake 

difference per adsorption cooling cycle is not improved significantly. Furthermore, it is observed 

that as compared with the parent UiO-66 (Zr), all the functionalised materials show higher COP. 

The main reasons are higher uptake-offtake difference per adsorption-desorption periods and 

faster kinetics. With the enhanced hydrophilic behaviours at the low pressure region as well as 

the faster adsorption-desorption rates, the functionalised UiO-66 (Zr) MOFs utilise the applied 

heating energy completely to drive the AHT system, which therefore leads to restively higher 

SCP and COP. 

The effects of regeneration temperature (60 – 80 ℃) on the AC performances are also plotted in 

Figure 5.14. For the parent UiO-66 (Zr) and NH2-UiO-66 (Zr) MOFs, the COP decreases with 

the increase of regeneration temperature while the SCP remains almost unchanged. The reason is 

that these two adsorbents exhibit “S-shaped” isotherms for water adsorption and the hydrophobic 

length is smaller than 0.4 (𝑃/𝑃𝑠 ≤0.4), therefore, no significant increase in the water vapour 

transfer per adsorption cooling cycle is yielded at higher desorption temperatures (> 70 ℃) even 

though more heating energies are consumed at higher hot water inlet temperature. 

On the other hand, N-UiO-66 and OH-UiO-66 MOFs exhibit the hydrophilic behaviours at low 

pressure region and higher regeneration temperatures are needed to achieve complete desorption 

processes. Hence, the higher COP and SCP are observed at higher hot water inlet temperature. 
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The overall performances of different UiO-66 (Zr) MOFs + water based adsorption chiller could 

be ranked as: NH2-UiO-66 > OH-UiO-66 > N-UiO-66 > UiO-66. 

 

Figure 5.14: The COP and SCP (in terms of kW/kg) in terms of half cycle time under various 

regeneration temperatures (60 – 80 °C) for (a) UiO-66, (b) N-UiO-66, (c) OH-UiO-66 and (d) 

NH2-UiO-66 and water based adsorption chillers. 

Figure 5.15 shows the effects of thalf cycle on COPh and SHP for various heat source (here hot 

water) temperatures ranging from 60 ℃  to 80 ℃ . Hence, the heat sink or cooling water 

temperature and the chilled water temperature are considered 30 ℃ and 14.8 ℃, respectively. For 

all the parent and functionalised UiO-66 (Zr) MOFs adsorbents, monotonic increase of COPh and 

the decrease of SHP are found with the increase of half cycle time. At shorter half cycle time, the 

water vapour is not completely adsorbed and it leads to the poor uptake – offtake difference (∆q), 

hence, low COPh is obtained. When the half cycle time increases, the adsorption-desorption 

process could be fully completed resulting higher COP. However, the effect of the cycle time on 
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COPh becomes insignificant for the longer cycle time (thalf cycle > 800 s) due to the requirement of 

more heat. On the other hand, all the adsorbents provide higher SHP at very short half cycle time 

(150 – 200 s) and then decreases at higher thalf cycle. This finding suggests that for the AHP system, 

the heating power is mainly generated at the beginning of the adsorption – desorption process as 

well as the switching period (mass – heat recovering process). This phenomenon also conforms 

to the adsorption mechanism i.e. water vapour will preferentially be adsorbed onto the high 

energy pore sites at first and delivers significant adsorption heat. As the time increases, the 

adsorption process becomes less intense, less heating power is generated and the SHP decreases. 

Additionally, the superior heat pumping effects are found for functionalised UiO-66 (Zr) 

adsorbents as compared with the parent UiO-66 (Zr) adsorbent. Hence, the parent UiO-66 (Zr) 

shows the lowest efficiency in terms of COPh and SHP due to its strong hydrophobic behaviours 

at low pressure region and the slow adsorption kinetics. 

At the hot water temperature of 80 ℃, N-UiO-66 shows the best AHP performance with the 

COPh of 1.46 (at thalf cycle =1000 s) and the SHP of 1.1 kW/kg (at thalf cycle = 700 s). Evident 

improvements are also observed for OH-UiO-66 due to its enhanced hydrophilicity, higher ∆q 

and faster kinetics. For example, at the half cycle time of 1000 s, (i) NH2-UiO-66 (Zr) shows 

13.7% higher COPh, and (ii) OH-UiO-66 (Zr) provides 28.9% higher COPh and 37.4% higher 

SHP as compared with that of the parent UiO-66 (Zr). 
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Figure 5.15: The COPh and SHP (in terms of KW/kg) are presented in terms of half cycle time 

under various regeneration temperatures of (a) UiO-66, (b) N-UiO-66, (c) OH-UiO-66 and (d) 

NH2-UiO-66 and water based adsorption heat pump. 

Figure 5.16 shows the effects of chilled water (load) inlet temperature (15 – 30 ℃) on the AHP 

performance. Generally, the load temperature (generating from the supply of chilled water or the 

heat source of the TES) plays a key role in the evaporation process. As shown in Figure 5.16, 

both the COP and SCP increase monotonically with the increase in load temperature due to the 

fact that the evaporation rate increases and more water vapour is transferred to the adsorption 

bed, which also increases the adsorption uptake rates. Therefore, the amount of total heat release 

from the adsorption bed is increased and higher AHP performances in terms of COPh ad SHP are 

obtained. At 15 ℃, the original UiO-66 MOF results a moderate performance with the COPh of 

0.7 and SHP of 0.2 kW/kg. By implanting amine functional group onto the UiO-66 structure, a 
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12.8% higher COPh (1.21) and 34.7% more SHP (0.27 kW/kg) are obtained for NH2-UiO-66. 

The best performance is found for N-UiO-66 + water adsorption heat pump, where the COPh is 

1.36 (25.8% higher) and SHP is 0.73 kW/kg (3.6 times more). As the chilled water inlet 

temperature increases up to 30 ℃, the AHP performance is improved for all types of UiO-66 (Zr) 

MOFs. For example, UiO-66 (Zr) based AHP yields high COPh (1.55) and SHP (1.39 kW/kg) at 

chilled water inlet temperature of 30 ℃. 

 

Figure 5.16: Effects of chilled water inlet temperature on COPh and SHP for (a) UiO-66, (b) N-

UiO-66, (c) OH-UiO-66 and (d) NH2-UiO-66 and water based adsorption heat pump under 

optimal regeneration temperature/cycle time conditions. 

Figure 5.17 (a – d) shows the effects of SDWP on cycle time for various hot water inlet 

temperatures. Hence, the cooling water inlet temperature and the chilled water inlet temperature 

are kept at 30 ℃. Overall, non-monotonic profiles are observed. The SDWP first increases then 
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decreases with the increase of half cycle time. Generally, both adsorption and desorption 

processes are not completed within short half cycle time. Therefore, at shorter cycle time, the 

incomplete regeneration process leads to poor water transfer (i.e. lower uptake-offtake difference 

or Δq) per desalination cycle, which results lower SDWP. However, very long cycle time may 

also generate poor SDWP especially for the adsorbents with faster adsorption kinetics, such as 

N-UiO-66 and OH-UiO-66. This is due to the fact that superfluous thermal energy input is 

applied into the AD system while the regenerative process already completed. With the longer 

half cycle time, the input-energy is wasted. Therefore, the total daily numbers of operation cycles 

are dampened and lower SDWP results. The simulation results show that the maximum SDWP 

(m3 per tonne of MOFs per day) for UiO-66, N-UiO-66, OH-UiO-66 and NH2-UiO-66 are 

calculated as 24.9 (thalf cycle = 700 s), 37.6 (thalf cycle = 300 s), 35.5 (thalf cycle = 200 s) and 30.0 (thalf 

cycle = 500 s), respectively. In addition, the SDWP increases with the hot water temperature due 

to the fact that the desorption process is completed with shorter cycle time interval at higher 

regeneration temperature. The increase in hot water temperature improves desorption processes, 

thanks to which the adsorbent is better prepared for the next stage of adsorption. For example, 

for N-UiO-66 + water AD systems, the maximum SDWP at different regeneration temperature 

are 19.9 (60 ℃), 29.7 (70 ℃) and 37.6 (80 ℃) m3 of water per tonne of adsorbent per day. 
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Figure 5.17: Effects of half cycle time on SDWP (in terms of m3 per tonne of MOF per day) for 

(a) UiO-66, (b) N-UiO-66, (c) OH-UiO-66 and (d) NH2-UiO-66 and water based adsorption 

desalination under various regeneration temperatures. Hence, the cooling water and the chilled 

water inlet temperature are kept at 30 °C. 

5.7.3 Functional MOF-801 (Zr) + water systems 

The SCP and the COP of the parent and CH3 functionalised MOF-801 (Zr) + water assisted 

adsorption chiller are shown in Figures 5.18(a-b). Hence the COP and the SCP are presented in 

terms of half cycle time for various hot water temperature ranging from 60 oC to 80 oC with the 

cooling water (hence the heat sink) temperature of 30 oC. The chilled water inlet temperature is 
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fixed at 14.8 oC. Both the COP and the SCP are observed as increasing function of the driving 

heat source/hot water temperature.  

At first, the SCP increases with the increase in cycle time, and reaches its maximum value. Later, 

the SCP drops with longer cycle time. At shorter cycle time, the ∆q is found lower due to 

incomplete adsorption and desorption of water vapour. At longer cycle time, the uptake and 

offtake difference is not changed significantly i.e. ∆q is nearly the same. At very long cycle time, 

momentarily adsorption of water vapour occurs in the bed during desorption periods. As a result, 

the offtake increases and the ∆q per adsorption cooling cycle decreases. In addition, the heat 

transfer losses from the condenser to the evaporator are increased during longer cycle time. 

Therefore, the SCP is found lower. 

The COP and SCP of the CH3-functionalised MOF-801(Zr) adsorbent are found higher as 

compared to those of the parent MOF-801 (Zr), which is due to the fact that the 

adsorption/desorption rate of (CH3)2-MOF-801 (Zr) is two times faster than the parent MOF. For 

the parent MOF-801 (Zr) + water system, the maximum SCP is 0.54 kW/kg at the hot water inlet 

temperature of 80 °C. The optimum SCP is found 0.78 kW/kg for (CH3)2-MOF-801 (Zr) + water 

based adsorption chiller. This means the SCP is improved 40% employing CH3 ligand on the 

parent MOF-801 adsorbent, which is the key finding of this research. On the other hand, the 

COP also increases from 0.5 to 0.65, which is 30% higher as compared with the parent MOF-801 

(Zr) + water assisted adsorption chiller. It is also observed that the modified (CH3)2-MOF-801(Zr) 

works well at the desorption temperature of 60 °C for cooling applications. 
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Figure 5.18: Effects of half cycle time on COP and SCP (KW/kg) for (a) MOF-801 (Zr) and (b) 

(CH3)2-MOF-801 (Zr) + water based adsorption chillers at the cooling water temperature of 

30 °C, chilled water temperature of 14.8 °C and hot water temperature ranging from 60 °C to 

80 °C. 

Figure 5.19 shows the effects of the half cycle time on COPh and SHP (KW/kg) for the parent 

and functionalised MOF-801 + water based adsorption heat pump at various regeneration 

temperatures (60 °C to 80 °C). It is found that for both the MOF-801 (Zr) and (CH3)2-MOF-801 

(Zr): (i) the COPh increases and SHP decreases monotonically with increases of the half cycle 

time; (ii) higher AHP performances in terms of COPh and SHP are obtained at higher 

regeneration temperature (where the mechanism has been explained in the previous section). For 

the parent MOF-801 (Zr), the best performance is obtained at the regeneration temperature of 

80 °C with the COPh of 1.21 (thalf cycle = 1000 s) and SHP of 1.0 kW/kg (thalf cycle = 100 s). With 

the implanting of methyl functional groups into the MOF-801 framework, the best COPh of 
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(CH3)2-MOF-801 is 1.41 and the best SHP is 1.07 kW/kg, which is 17.0% and 7.3% higher than 

those of the original MOF-801 (Zr). 

 

Figure 5.19: Effects of half cycle time on COPh and SHP (KW/kg) for (a) MOF-801 (Zr) and (b) 

(CH3)2-MOF-801 (Zr) + water based adsorption heat pumps at the cooling water temperature of 

30 °C, chilled water temperature of 14.8 °C and hot water temperature ranging from 60 °C to 

80 °C. 

The performances of the parent and original MOF-801 + water based adsorption desalination 

systems are shown in Figure 5.20 under various regeneration temperatures for the half cycle time 

ranging from 150 s to 1000 s. It is found that the SDWP (m3 per tonne of MOFs per day) 

increases monotonically with the increases of the regeneration temperatures. In addition, for both 

the MOF-801 (Zr) and (CH3)2-MOF-801 (Zr), different optimal thalf cycle is observed at various 

regeneration temperature. For example, the parent MOF-801 achieved the maximum SDWP at 

300 s, 400 s and 500 s with the regeneration temperatures of 60 °C, 70 °C and 80 °C, 
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respectively. In addition, due to the faster adsorption kinetics as compared with the original 

MOF-801, (CH3)2-MOF-801 (Zr) could achieve the best SDWP within 300 s for all the 

regeneration temperatures. The highest SDWP for the parent MOF-801 is 4.97 (m3 per tonne of 

MOFs per day) and this number increases up to 25.02 (m3 per tonne of MOFs per day) for the 

methyl functionalised MOF-801, which is four times bigger. It is also found that even low 

regeneration temperature of 60 °C, (CH3)2-MOF-801 (Zr) could achieve higher SDWP of 5.46 

within a shorter half cycle time of 200 s, as compared to that of the highest SDWP for the parent 

MOF-801. 

 

Figure 5.20: Effects of half cycle time on SDWP (in terms of m3 per tonne of MOF per day) for 

(a) MOF-801 (Zr) and (b) (CH3)2-MOF-801 (Zr) and water based adsorption desalination under 

various regeneration temperatures (60 – 80 °C). Hence, the cooling water and the chilled water 

inlet temperature are kept at 30 °C. 

5.8 Comparison study 

The overall AHT performances in terms of SCP, SHP and SDWP for the parent and modified 

MOFs are presented in Figure 5.21. The performances of AHT system based on silica gel (type 

RD) and zeolite (types AQSOA-Z01 and Z02) [22] plus water are also provided here (Figure 
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5.20) for comparison purposes. Here, the regeneration temperature, the heat sink (both the 

condenser and adsorption bed) temperature and the chilled water inlet temperature are kept at 80 

℃, 30 ℃ and 14.8 ℃, respectively for the calculations of SCP and SHP. The load (e.g. the 

cooling water supply to the evaporator tube) temperature is considered 30 oC for the calculation 

of SDWP. It is found that the SDWP for both the UiO-66 (Zr) based MOFs are higher than that 

of silica gel and zeolites due to higher evaporation pressure i.e. more water transfer (Ms × ∆q) 

per adsorption desorption cycle. Secondly, both the SHP and the SCP of AQSOA-Z01 and Z02 

are observed to be relatively lower. It should be noted here that silica gel based AHT system 

provides relatively higher SCP and SHP than those of the parent Al-Fum and UiO-66 (Zr) MOF. 

This due to the fact that the original Al-Fum and UiO-66 (Zr) MOF possesses the longer 

hydrophobic length. By doping lithium ions or mixing with zeolite composites, the performances 

of the Al-Fum based MOFs AHT system is improved dramatically, especially in terms of SHP 

and SDWP. In addition, the functional (based on OH, NH2 and N) UiO-66 (Zr) MOFs show the 

higher SHP and SCP as compared with those of silica gel and zeolite adsorbents. With the 

addition of functional groups, the hydrophilicity of the parent UiO-66 (Zr) is enhanced. 

Furthermore, the SHP and SDWP of the parent MOF-801 (Zr) are observed relatively lower than 

those of the conventional adsorbents as a result of the low water transfer (Ms × Δq) per 

adsorption-desorption cycle, which is due to the stronger hydrophilic behaviour of the parent 

MOF-801 (Zr) at low pressure region (uptake of 0.25 g/g at the relative pressure of 0.1). By 

tailoring the hydrophobic length with methyl-functional group, the hydrophobicity of the parent 

MOF-801 at Henry’s region is enhanced. Higher SCP, SHP and SDWP are found for methyl-

functionalised MOF-801 as compared with those of conventional adsorbents and original MOF-

801 (Zr). 
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Figure 5.21: Representation of various adsorbents + water based AHT-system-performances in 

terms of SCP, SHP and SDWP at optimum working conditions. 

For adsorption cooling application, the volumetric cooling power (i.e. cooling power per unit 

volume) is related to the density (ρ) of the adsorbent. It is known that the specific cooling power 

SCP = (Cooling power)/MassMOF (kW/kg). Hence, the volumetric cooling power VCP = 

(Cooling power)/MassMOF *ρ (kW/m3). Currently, due to the equipment limitation, the bulk 

density of fabricated adsorbents such as UiO-66 (Zr) based MOFs are not conducted. However, 

many works have been proposed to investigate the density of UiO-66 (Zr) MOFs. For example, 

Dhainaut et al. [200] reported that the bulk density of UiO-66 (tablet form) is 0.43 g/cm3. By 

implanting functional groups inside the MOF, the density of NH2-UiO-66 is increased to 0.93 

g/cm3. In another work, Khabzina et al. [201] showed that the density of COOH-UiO-66 ranges 

from 0.62 g/cm3 (pellet form) to 1.04 g/cm3 (extrudate form). Therefore, it could be predicted 

that the density of the functionalised UiO-66 (Zr) is higher than that of the conventional 

adsorbents such as silica gel (≈ 0.7 g/cm3) and comparable to that of the zeolite (≈ 1.0 g/cm3). 

The synthesis of the original UiO-66 (Zr) and NH2-UiO-66 (Zr) in this work is similar with those 
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proposed in these papers. Hence, reported densities of these materials could be used to predict 

the VCP. From Figure 5.20, the optimal SCP for zeolite (AQSOA-Z02), silica gel (type RD), 

UiO-66 (Zr) and NH2-UiO-66 (Zr) is 0.27 KW/kg, 0.45 KW/kg, 0.35 KW/kg and 0.83 KW/kg, 

respectively. Hence, their optimal VCP is calculated as 270 kW/m3, 315 kW/m3, 150.5 kW/m3 

and 771.9 kW/m3, respectively. Although no evident VCP improvement is found for the original 

UiO-66 (Zr), it is observed that the VCP of the amine-functionalised UiO-66 (Zr) based 

adsorption chiller is much higher as compared with that of the zeolite and silica gel. Therefore, it 

could be concluded that the functionalised MOF is qualified for adsorption cooling application in 

terms of both SCP and VCP. Hence, the comparison Figure of volumetric cooling power (VCP) 

and specific cooling power (SCP) of conventional adsorbent (zeolite and silica gel) and UiO-66 

(Zr) based MOFs (original and NH2-UiO-66) under optimal AAHT operation conditions is 

shown in Figure 5.22. 
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Figure 5.22: Comparison study of various adsorbents + water based AAHT-system-performances 

in terms of VCP and SCP at regeneration temperature and optimum cycle time. 

The simulation results can also be compared with other published works. For example, Kim et al. 

[6] pointed out that silica gel based two-bed AD could yield maximum 8.2 m3/tonne of silica gel 

per day and this number could be increased up to about 8.9 m3/tonne of silica gel per day (at hot 

water/cooling water/chilled water inlet = 85/29.8/30 °C). Youssef et al. [21] showed that zeolite 

(AQSOA-Z02) could only produce 6.2 m3/tonne of adsorbent per day under low chilled water 

temperature (at hot water/cooling water/chilled water inlet = 85/30/10 °C). which is much lower 

as compared with Al-Fum and UiO-66 (Zr) MOFs based AD system. Furthermore, Ahmed et al. 

[10] proposed one solar-energy driven ADC hybrid system where the average COP of 0.45 and 

SCP of 0.112 kW/kg with SDWP of 4.0 m3/tonne of silica gel per day (at hot water/cooling 

water/chilled water inlet = 85/25/15 °C). By coating SAPO-34 type zeolite onto the solar 

evacuated tube, Du et al. [202] achieved a relatively lower SCP of 0.170 KW/kg(at hot 
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water/cooling water/chilled water inlet = 60/31/15 °C). In addition, it is found that original silica 

gel could achieve a moderate SCP (0.2 kW/kg) at the regeneration temperature of 82.1 ℃ [203]. 

Evident improvements are obtained when activated carbon + silica/CaCl2 composites are applied, 

where 90% of increment is resulted for the SCP as compared with type RD silica gel. However, a 

higher regeneration temperature is required (85 ℃) [204]. As compared with zeolite FAM Z01 

[29], the parent MOF-801 (Zr) delivers the higher SCP (0.54 > 0.51 kW/kg). In addition, Melkon 

and Ayse [9] studied the metal mass effect on the performance of one zeolite 4A based 

adsorption heat pump and the highest AHP of 0.43 kW/kg is obtained with the heat exchanger 

tubes’ wall thickness of 0.1 mm . However, higher hot water temperature of 150 ℃ is needed for 

driving the desorption bed (at hot water/cooling water/chilled water inlet = 150/20/2 °C). Aristov 

et al. [12] conducted AHP experiments using SWS-1L (CaCl2 in silica) as adsorbent and over 1.0 

kW/kg of SHP is obtained under optimal conditions (at hot water/cooling water/chilled water 

inlet = 90/30/10 °C). These findings highlight that the modified Al-Fum/MOF-801 (Zr)/UiO-66 

(Zr) based adsorbent + water AHT systems have enormous potential in adsorption cooling, heat 

pump and desalination applications. 

 

5.9 Summary  

In this chapter, the entropy balance analysis of AHT system is established, and the performance 

results are presented in terms of cooling/heating capacity, COP and the specific daily water 

production. The entropy generation indicates the selection of suitable MOFs for various 

application with the use of lower hot water inlet temperature. The entropy analysis is explained 

here employing two important concepts namely entropy flow and generation for the first time. It 

is observed that all the modified MOFs show enhanced AHT performance as compared with that 
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of the original MOFs. In addition, combing the study of entropy generation and AHT 

performance, it is found that the functionalised (CH3)2-MOF-801 (Zr) shows the promising 

adsorbent for adsorption cooling application and N-UiO-66 (Zr) is found suitable for the 

development of adsorption desalination system. 
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Chapter 6. Conclusions and Recommendations for Future Work 

 

6.1 Conclusions 

 

The thesis presents comprehensive studies for water adsorption on metal-organic frameworks 

(MOFs). Firstly, Grand Canonical Monte Carlo (GCMC) simulations are conducted to predict 

water adsorption uptakes on designed functional MOFs and composites under AHT-operating 

conditions. Secondly, based on the simulation results, the MOFs (such as Al-Fum, MOF-801 (Zr) 

and UiO-66 (Zr)) and MOFs/zeolite composites are synthesised and modified via alkali ions 

doping, conventional adsorbent mixing and functional group implanting approaches. Thirdly, the 

synthesised adsorbents are characterised by XRD, SEM, TGA and N2 adsorption, and water 

adsorption on modified MOFs are measured. Finally, a thermodynamic model is developed for 

analysing the performances of AHT (adsorption assisted heat transformation) for various 

operating conditions with the basic concept of entropy generation. The performance parameters 

are shown here in terms of COP, SCP, COPh, SHP and SDWP. The key findings of this thesis are 

as follows: 

The selection of suitable MOFs and composite adsorbents are obtained from the screening of 

various MOFs employing GCMC simulation. The present simulation results suggest that the 

post-synthetisation methodology such as doping or organic-linker modification changes the 

MOF-structure with shorter hydrophobic length and faster kinetics with water adsorption. Based 

on simulation, the functional MOFs and composite adsorbents are designed and fabricated for 

cooling, heating and desalination applications.  

The contributions from this thesis are: 
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1. Based on surface characterisation results, the modified MOFs shows higher micro-pore 

distributions with enhanced structural and thermal stability as compared with 

conventional MOFs. In addition, the pore structure of the MOFs and composite 

adsorbents are not distorted by the alkali ions doping, zeolite mixing or functional group 

implanting process. 

2. Experimentally, the post-synthesised Al-Fum MOFs deliver higher hydrophilicity, which 

agrees well with the GCMC simulation results. Al-Fum based adsorbents can also be 

ranked with respect to kinetics and these are 30% CHA-Al-Fum composite > 30% AFI-

Al-Fum composite > 5% Li-Al-Fum-MOF > parent Al-Fum-MOF. Additionally, it is also 

found that 𝑁𝑎+  and 𝐾+  dopants with larger sizes are not suitable for increasing the 

hydrophilicity of Al-Fum MOFs.  

3. The hydrophobic length of functional (CH3)2-MOF-801 (Zr) is increased as compared 

with original MOF-801 (Zr) adsorbent. The higher water vapour transfer per thermal 

compression cycle (∆q) with faster kinetics are obtained for (CH3)2-MOF-801 (Zr). 

Experimentally, 25% higher ∆q with two-times faster uptake/offtake rates are found for 

(CH3)2-MOF-801 (Zr) adsorbents, which is one of the key findings as compared with the 

literature review. 

4. The linker functionalisation on MOFs has significant effects on water adsorption 

behaviours. As compared with original UiO-66 (Zr) MOFs, NH2-UiO-66 (Zr) shows the 

similar “S-shaped” isotherm with a shorter hydrophobic length ( 𝑃/𝑃𝑠 ≈ 0.20) and 

negligible water transfer per cycle. OH-UiO-66 (Zr) resembles a transition from “type I” 

to “type V” isotherm with a limiting uptake of 0.34 g/g (of adsorbent). N-UiO-66 (Zr) 

exhibits “type I” isotherm due to the intense hydrophilic adsorbent-adsorbate interaction 
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at 𝑃/𝑃𝑠 <0.1. Among all the UiO-66 (Zr) based MOFs, NH2-UiO-66 (Zr) adsorbent 

exhibits the best performance, where substantial ∆𝑞  (0.21) is achieved at the lower 

desorption temperature of 60℃ and relatively higher ∆𝑞  (0.33) is observed when the 

desorption temperature increases up to 70℃. 

5. Based on the numerical simulation of AHT systems, among all Al-Fum based MOFs, 5% 

Li-Al-Fum delivers the maximum water uptake/offtake difference (Δq) per AHT 

operation cycle. 30% CHA-Al-Fum exhibits the best cooling performance in terms of 

cooling capacity and COP. For the regeneration temperature of 60 ℃ and the cooling 

water inlet temperature of 30 ℃, 30% CHA-Al-Fum presents a promising COP of 0.39 

and the SCP of 0.52 kW/kg, which is 42.3% and 70% higher as compared with the parent 

Al-Fum MOFs. In addition, at shorter half cycle time, higher SDWP are obtained for 

modified Al-Fum MOFs. 

6. For (CH3)2 - MOF-801 (Zr) + water system, the optimum SCP is found 0.78 KW/kg, 

which is 40% higher as compared with parent MOF-801 (Zr) adsorbent. Furthremore, 

(CH3)2 - MOF-801 (Zr) achieves 17.0%, 7.3% and 40.4% higher in terms of COPh, SHP 

and SDWP as compared with those of the original MOF-801 (Zr). 

7. As compared with parent UiO-66 (Zr), NH2-UiO-66 (Zr) yields over four times higher of 

COP in cooling applications; whereas OH-UiO-66 (Zr) and N-UiO-66 (Zr) could produce 

10.6 and 12.7 m3 more desalinated water per tonne of adsorbent per day, respectively. 

Employing the proposed functional UiO-66 (Zr) adsorbents, the thermal compressor can 

be operated with the driving heat source temperature of 60 oC or even lower for higher 

cooling/heating performances, COP and SDWP. The lower regeneration temperature also 

provides lower entropy generation. 
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8. The present results show that the smaller entropy generation (𝑆̇𝑔𝑒𝑛) of AHT system is 

excepted under lower regeneration temperature and shorter half cycle time, which leads 

to the reduction of system irreversibility and the improvement of system-efficiency. By 

analysing temperature-entropy maps for each component of adsorption heat 

transformation process, the functionalised (CH3)2-MOF-801 (Zr) shows the promising 

adsorbent for adsorption cooling and N-UiO-66 (Zr) is found suitable for adsorption 

desalination application. 

These findings confirm that the performances of adsorption heat transformation depend on water 

adsorption behaviours on adsorbents, which are mainly governed by interactions between 

adsorbate and adsorbent. The GCMC simulation is a reliable method to predict the water 

adsorption performances on various MOFs and composite adsorbents. Furthermore, the 

hydrophobic length for water adsorption on MOFs is controlled by modifying the micro-

structures of MOFs with alkali ions doping, zeolite addition and functional group implanting on 

organic linker. Additionally, 𝑆̇𝑔𝑒𝑛  reflects the irreversibilities of the AHT system. The 

temperature-entropy maps could be used to analyse the 𝑆̇𝑔𝑒𝑛 with the change of temperature in 

each component of the AHT system, which could be used as a tool to enhance the performances 

of the AHT system. These contributions provide a benchmark for new MOFs design, fabrication 

and the optimisation of adsorption assisted cooling/heat pump and desalination systems. 

6.2 Recommendations for Future Work 

Novel MOFs design and modification  

Theoretically, the number of self-assembly combinations of metal ions and organic ligands is 

limitless. Key parameters such as temperature, pressure, concentration of the reagent, acidity or 
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alkalinity may affect the crystalline network significantly, even same metal-organic-precursors 

are used [123]. Hence, there is still enormous potential in novel MOFs design. To achieve that, 

detailed research activities such as the functionality of multitopic organic ligands, the critical 

formation conditions of metal building blocks, the possible morphologies as well as the 

nucleation kinetics are required for future exploration. Additionally, as described in this thesis, 

the adsorption behaviours of MOFs could be tailored to fulfill the requirements of a specific task. 

The main objective of MOFs modification (direct or post-synthesis) is to create the formation 

conditions that lead to the desired metal-organic-coordination while the original crystalline-

integrity is not decomposed. Further research is certainly required to disentangle the 

complexities in MOFs design, synthesis and modification, both experimentally and theoretically. 

Mass-Rapid-Production (MRP) of MOFs 

One challenging problem is the low production rate of MOFs. Currently, the conventional MOF 

synthesis involves multi-steps namely preparation, crystallisation, purification and activation, 

where both pre-heating and pre-cooling are necessary. This process leads to long fabrication 

times. Furthermore, the laboratory yield of MOFs is usually in milligram-scale, which is far from 

enough to construct the bench scale adsorption-bed or thermal compressor. The rapid synthesis 

of MOFs will reduce the labor costs, reaction times as well as reactor volumes. One way to 

overcome these problems is to increase the number of same-sized reactors in parallel, however, it 

is not applicable because of the limitation of laboratory equipment. Another strategy is to use the 

reactor with larger diameter/size. This method is also not ideal because of that the nucleation of 

the MOFs chemical reaction mainly takes place at the vessel surface of reactors. Hence, the size 

(especially the surface to volume ratio) of the reactor is a crucial parameter and MOFs with low 

quality may be obtained if wrong size reactor is applied. Recently, Marta et al. [205] proposed 
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one large-scale, batch reaction system for continuous production of MOFs (Al-Fum), where high 

STYs (space-time-yields) of 97159 kg/m3/day and a production rate of 5.6 kg/h are achieved. 

Besides that, advanced hydrothermal synthesis methods such as ultrasonic or microwave 

radiation are used to accelerate the rate of MOFs fabrication [206]. However, these approaches 

have only been tested on few MOFs (less than ten) [205]. Therefore, revised synthesis 

methodology should be studied.  

MOFs characterisation 

Currently, nitrogen adsorption is preferably chosen for the porosities study on porous materials, 

for it is usually readily available and easy-packing traits. However, the key problem with this 

technique is that due to the quadrupole nature of nitrogen molecule, the pore filling pressures 

could be significantly affected by its surface charges. In addition, the nitrogen adsorption 

temperature is kept at 77 K (boiling point of nitrogen), the low temperature and low absolute 

pore filling pressures will result in long equilibrium times, especially for super-micro-materials. 

Nowadays, argon with the boiling point of 87 K is recommended by IUPAC for adsorptive 

porosities determination. As compared with nitrogen, argon molecule exhibits monoatomic, 

spherical shape with non-polar character, hence, it is free-orientation-issue on porous materials’ 

surface and the surface charge effect is negligible. Furthermore, the adsorption kinetics of argon 

at 87 K are much faster than that of nitrogen at 77 K, and less equilibrium times are required. For 

example, Thommes et al. [207] showed that argon performs better than nitrogen when porous 

materials with polar or oxidic surfaces (such as zeolites) are involved. Future research could 

examine whether more comprehensive results of MOFs porosities will be obtained if argon is 

used. Additionally, traditional characterisation-technique such as SEM could only reflect the 

superficial topologies and morphologies of MOFs, however, the mechanisms of the functional 
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group additives are not fully reveled. For example, whether the functional group additives are 

implanted onto the organic linkers or embedded into the CUSs (coordinatively unsaturated metal 

sites) of MOFs. Besides these, powder properties such as density and thermal conductivity could 

affect the AHT system performance significantly [208], which have rarely been studied directly. 

In future research, more advanced techniques such as DLS/ELS (Dynamic & Electrophoretic 

light scattering) and TEM (Transmission electron microscopy) are needed to apply and 

characterise MOFs properties.  

Experimental investigation of AHT 

Besides the unsolved Mass-Rapid-Production (MRP) of MOFs issue, the proper assembly of 

MOFs onto the sorption-bed heat exchanger with efficient heat-mass transfer remains 

problematic. Conventionally, silica gel or activated carbon used in AHT systems are usually 

served in granule, pellet or bulk phases, which are easy to handle. However, MOFs are in powder 

forms and difficult to be packed. To date, researchers have tried methods such as metal coating 

to solve this problem [131]. MOFs coating will reduce the adsorptive surface area of the 

adsorbents, degrade the thermal conductivity and lower the limit water uptake of the system. 

Recently, with the development in manufacturing area, robocasting or 3D printing techniques 

have already been applied to synthesis porous materials for various applications. For example, 

Couck et al. [209] produced a honeycomb-shaped SAPO-34 zeolite monolith by DIW (direct ink 

writing) 3D printing method, where methyl cellulose is used for binding purpose. It is found that 

3D-printed SAPO-34 delivers efficient performance on CO2/N2 separation with stable geometry. 

Tubio et al. [210] fabricated one 3D-printed Cu/Al2O3 catalyst and proposed promising catalytic 

efficiency. Furthermore, a hybrid 3D-printed MOF-74 (Ni) and UTSA-16 (Co) monolith is 

developed by Harshul et al. [211], using for CO2 adsorption with good kinetics. However, few 
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studies have focused on the 3D-printing MOFs used for AHT applications (adsorption chiller, 

heat pump, desalination or dehumidification). It is believed that MOFs-based AHT applications 

will be fruitfully explored by future investigations on 3D-printing MOFs. 

Modelling and simulation 

The universal force field (12-6 Lennard-Jones bonding + Coulomb potential) used to study the 

adsorbent – adsorbate interactions could only reveal 85-90% of the total binding energy [161]. 

Besides the interaction between molecules, the interaction contributed by bonds, angles should 

also be taken into account. In addition, based on the energy expansion equation [212], charge-

charge plus high order effects such as dipolar moment and quadrupole moment have significant 

effects on total adsorbent – adsorbate interactions when polar adsorbate molecules are involved. 

Hence, for the future molecular dynamic simulation, more advanced and comprehensive force 

field should be applied. Currently, the calculation of thermodynamic property surfaces (such as 

the isosteric heat or the entropy of adsorption) for single-component adsorbate on MOFs is 

GCMC-energy-derivation based, which is not a direct calculation method. Other classic models 

are usually only applicable to simple parallel slit-channel or cylindrical-shape models. Therefore, 

more complicated thermodynamic models related to the real MOFs structures should be derived. 

In addition, the kinetics investigation of GCMC adsorption on MOFs has not yet been fully 

developed. Future research should be devoted to the development of these simulation models. 
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Appendices 

A1. Porous Characteristics  

UiO-66 (Zr) based MOFs 

The N2 adsorption isotherms for all UiO-66 based MOFs are shown in Figure A1. The results 

show type I isotherms. The N2-MOF interaction is very strong in the Henry’s law region. 

 

Figure A1: N2 adsorption isotherms for original and functionalised UiO-66 MOFs adsorbents. 

The pore size distribution (PSD) curves calculated by density functional theory (DFT) and the 

results are shown in Figure A2. It is found that the parent and the functionalised UiO-66 (Zr) 

MOFs are highly microporous. However, the number of micro-pores is decreased for–NH2 

functional groups assisted UiO-66 (Zr) MOFs. 
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Figure A2: Pore size distribution of functionalised UiO-66 MOFs adsorbents employing DFT 

analysis. 

MOF-801 (Zr) based MOFs 

Figure A3 shows the N2 adsorption isotherm results. All the functionalised adsorbents show the 

similar N2 adsorption performance without major differences. It is found that the original MOF-

801 has the higher N2 uptake as compared with functionalised MOF-801 (Zr) adsorbent, which 

indicates that the additional methyl functional groups may obstruct the N2 molecules from being 

adsorbed into the pores of the MOFs framework.  
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Figure A3: N2 adsorption isotherms for original and functionalised fumarate-based MOFs 

adsorbents. Here, (□) is MOF-801 (Zr) and ( ) indicates (CH3)2-MOF-801 (Zr). 

Figure A4 shows the pore size distribution (PSD) curves of functionalised adsorbents, and the 

parent MOF is presented for comparison purpose. It is observed that the pore width mainly varies 

from 5.0 Å to 15 Å, which indicates that fumarate-based MOFs consists majority of micropores 

through their surface. With the addition of dual-methyl functional groups, (CH3)2-MOF-801 (Zr) 

results an increment of pore distributions with the pore size ranging from 12.0 Å to 20 Å. 
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Figure A4: Pore size distribution of functionalised fumarate-based MOFs adsorbents employing 

DFT analysis. Here, (□) is MOF-801 (Zr) and ( ) indicates (CH3)2-MOF-801 (Zr). 

Al-Fum based MOFs 

Figure A5 shows N2 adsorption isotherms of 5% doped 𝐿𝑖+, 𝑁𝑎+, 𝐾+ Al-Fum, 10%, 30%, 50% 

mixed AFI/CHA-Al-Fum and parent Al-Fum. It is found that original Al-Fum has the highest N2 

uptake as compared to post-synthesised adsorbent samples. This is due to the fact that some of 

the doped alkali metal cations may obstruct the N2 molecules from being adsorbed into the pores 

of the adsorbents, and the poor affinity between the AFI/CHA zeolite and nitrogen also results a 

lower N2  uptake. Furthermore, all the post-synthesised Al-Fum adsorbents (10%, 30%, 50% 

mixed AFI/CHA-Al-Fum and 5% doped 𝐿𝑖+, 𝑁𝑎+, 𝐾+ Al-Fum) shares the similar N2 adsorption 

performance without any major difference. 
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Figure A5: N2 adsorption isotherm for the original and post-synthesis Al-Fum adsorbents. 

Figure A6 (a-c) shows pore size distribution (PSD) curves of both the parent and the post-

synthesised adsorbents. It is found that the pore widths of alkali metal cations doped and zeolite-

based adsorbent mixed Al-Fum adsorbents vary from 6 Å  to 15 Å  with similar amount of 

increment in pore volume, which implies the majority of micropores throughout the material 

surface. The existence of alkali dopants or zeolite results the decrement of adsorbent’s 

mesopores distribution, which indicates that the post-synthesis process would be a reliable 

method to achieve the “S-shaped” isotherm.  
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Figure A6: Pore size distribution of the original and post-synthesis Al-Fum adsorbents 

employing DFT analysis. 
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A2. Entropy Generation (𝑺̇𝒈𝒆𝒏) Sutdy   

Al-Fum based MOFs 

For Al-Fum + water AHT system, the cyclic-steady-state entropy generation (𝑆̇𝑔𝑒𝑛) profiles of 

each component (evaporator, condenser, adsorption-bed and desorption-bed) are shown in Figure 

A7, where the switching time, half-cycle time, chilled water inlet, cooling water inlet and 

regeneration temperature is 25 s, 500 s, 14.8 °C, 30 °C and 80 °C, respectively. Furthermore, the 

detailed entropy analysis for modified Al-Fum based AHT systems are furnished in Table A.1-

A.3, from where one can easily analyse the entropy generation performances of AHT operation 

cycle.  
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Figure A7: The entropy generation (𝑆̇𝑔𝑒𝑛) for each major component of Al-Fum + water AHT 

system: (a) evaporator; (b) condenser; (c) adsorption-bed and (d) desorption-bed. 

Table A.1: Entropy generation (𝑆̇𝑔𝑒𝑛) study on the major components of the 5% Li-Al-Fum 

MOFs based AHT systems with the highlighting of the contributions by processes. 

 𝑆̇𝑔𝑒𝑛−𝑀𝑇 

(W/K) 

𝑆̇𝑔𝑒𝑛−𝐻𝑇 

(W/K) 

𝑆̇𝑔𝑒𝑛−𝑓𝑙𝑢𝑠ℎ𝑖𝑛𝑔 

(W/K) 

𝑆̇𝑔𝑒𝑛−𝑑𝑒𝑠𝑢𝑝𝑒𝑟ℎ𝑒𝑎𝑡𝑖𝑛𝑔 

(W/K) 

𝑆̇𝑔𝑒𝑛−𝑜𝑣𝑒𝑟𝑎𝑙𝑙 

(W/K) 

Evaporator 2.03 0.005 0.004 0.61 2.65 

Condenser 0.83 0.74 0.035 - 1.605 

Adsorber 5.95 89.64 12.20 - 107.79 

Desorber 6.03 93.36 15.60 - 114.99 
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Table A.2: Entropy generation (𝑆̇𝑔𝑒𝑛) study on the major components of the 30% AFI-Al-Fum 

MOFs based AHT systems with the highlighting of the contributions by processes. 

 𝑆̇𝑔𝑒𝑛−𝑀𝑇 

(W/K) 

𝑆̇𝑔𝑒𝑛−𝐻𝑇 

(W/K) 

𝑆̇𝑔𝑒𝑛−𝑓𝑙𝑢𝑠ℎ𝑖𝑛𝑔 

(W/K) 

𝑆̇𝑔𝑒𝑛−𝑑𝑒𝑠𝑢𝑝𝑒𝑟ℎ𝑒𝑎𝑡𝑖𝑛𝑔 

(W/K) 

𝑆̇𝑔𝑒𝑛−𝑜𝑣𝑒𝑟𝑎𝑙𝑙 

(W/K) 

Evaporator 1.84 0.006 0.004 0.64 2.49 

Condenser 0.65 1.30 0.01 - 1.96 

Adsorber 4.79 89.53 12.17 - 106.49 

Desorber 4.75 93.09 15.56 - 113.40 

 

Table A.3: Entropy generation (𝑆̇𝑔𝑒𝑛) study on the major components of the 30% CHA-Al-Fum 

MOFs based AHT systems with the highlighting of the contributions by processes. 

 𝑆̇𝑔𝑒𝑛−𝑀𝑇 

(W/K) 

𝑆̇𝑔𝑒𝑛−𝐻𝑇 

(W/K) 

𝑆̇𝑔𝑒𝑛−𝑓𝑙𝑢𝑠ℎ𝑖𝑛𝑔 

(W/K) 

𝑆̇𝑔𝑒𝑛−𝑑𝑒𝑠𝑢𝑝𝑒𝑟ℎ𝑒𝑎𝑡𝑖𝑛𝑔 

(W/K) 

𝑆̇𝑔𝑒𝑛−𝑜𝑣𝑒𝑟𝑎𝑙𝑙 

(W/K) 

Evaporator 1.82 0.005 0.005 0.51 2.34 

Condenser 0.76 0.74 0.03 - 1.53 

Adsorber 5.57 89.56 12.19 - 107.32 

Desorber 5.63 93.21 15.60 - 114.44 

 

UiO-66 (Zr) based MOFs 

Figure A8 shows the 𝑆̇𝑔𝑒𝑛 analysis of each component of the UiO-66 (Zr) based AHT systems 

where the operation conditions are : switching time/half-cycle time/chilled water inlet/cooling 

water inlet/regeneration temperature = 25 s/500 s/14.8 °C/30 °C/80 °C, respectively. It is found 

that the 𝑆̇𝑔𝑒𝑛 trends of the UiO-66 (Zr) based AHT system is similar as compared with those of 

the Al-Fum + water AHT system. However, it is found that for the adsorber/desorber, the 𝑆̇𝑔𝑒𝑛 

by the heat transfer contributes the most percentage (> 95%) of the overall 𝑆̇𝑔𝑒𝑛. It is because of 

that due to the extremely long hydrophobic length of the UiO-66 (Zr), rarely no water transfer is 

recorded in the AHT loop (∆q ≈ 0). Hence, the effect of the 𝑆̇𝑔𝑒𝑛 caused by the mass transfer is 
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negligible. The 𝑆̇𝑔𝑒𝑛 analysis of the functionalised UiO-66 (Zr) is furnished in Table A4 – A6. It 

is observed that by implanting the hydrophilic functional groups into the structure of the parent 

UiO-66 (Zr), the hydrophilicity of the adsorbents at the low pressure region is enhanced, more 

water transfer per adsorption/desorption cycle (∆q) is obtained, and the effect of the 𝑆̇𝑔𝑒𝑛 caused 

by the mass transfer becomes more significant. Furthermore, the overall 𝑆̇𝑔𝑒𝑛 is ranked as: NH2-

UiO-66 (Zr) > OH-UiO-66 (Zr) > N-UiO-66 (Zr) > UiO-66 (Zr). 

 

Figure A8: The entropy generation (𝑆̇𝑔𝑒𝑛) for each major component of UiO-66 (Zr) + water 

AHT system: (a) evaporator; (b) condenser; (c) adsorption-bed and (d) desorption-bed. 
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Table A.4: Entropy generation (𝑆̇𝑔𝑒𝑛) study on the major components of the OH-UiO-66 (Zr) 

MOFs based AHT systems with the highlighting of the contributions by processes. 

 𝑆̇𝑔𝑒𝑛−𝑀𝑇 

(W/K) 

𝑆̇𝑔𝑒𝑛−𝐻𝑇 

(W/K) 

𝑆̇𝑔𝑒𝑛−𝑓𝑙𝑢𝑠ℎ𝑖𝑛𝑔 

(W/K) 

𝑆̇𝑔𝑒𝑛−𝑑𝑒𝑠𝑢𝑝𝑒𝑟ℎ𝑒𝑎𝑡𝑖𝑛𝑔 

(W/K) 

𝑆̇𝑔𝑒𝑛−𝑜𝑣𝑒𝑟𝑎𝑙𝑙 

(W/K) 

Evaporator 0.17 0.012 0.002 0.043 0.227 

Condenser 0.078 0.33 0.001 - 0.409 

Adsorber 2.16 86.67 11.71 - 100.54 

Desorber 7.99 89.59 14.97 - 112.55 

 

Table A.5: Entropy generation (𝑆̇𝑔𝑒𝑛) study on the major components of the N-UiO-66 (Zr) 

MOFs based AHT systems with the highlighting of the contributions by processes. 

 𝑆̇𝑔𝑒𝑛−𝑀𝑇 

(W/K) 

𝑆̇𝑔𝑒𝑛−𝐻𝑇 

(W/K) 

𝑆̇𝑔𝑒𝑛−𝑓𝑙𝑢𝑠ℎ𝑖𝑛𝑔 

(W/K) 

𝑆̇𝑔𝑒𝑛−𝑑𝑒𝑠𝑢𝑝𝑒𝑟ℎ𝑒𝑎𝑡𝑖𝑛𝑔 

(W/K) 

𝑆̇𝑔𝑒𝑛−𝑜𝑣𝑒𝑟𝑎𝑙𝑙 

(W/K) 

Evaporator 0.081 0.006 0.003 0.022 0.112 

Condenser 0.038 0.157 0.001 - 0.196 

Adsorber 2.56 86.66 12.08 - 101.3 

Desorber 1.72 92.19 15.35 - 109.26 

 

MOF-801 (Zr) based MOFs 

The 𝑆̇𝑔𝑒𝑛 analysis of the major component of the MOF-801 (Zr) based AHT systems is shown in 

Figure A9, from where one can analyse the 𝑆̇𝑔𝑒𝑛  contribution of each process. Hence, the 

switching time, half-cycle time, chilled water inlet, cooling water inlet and regeneration 

temperature is 25 s, 500 s, 14.8 °C, 30 °C and 80 °C, respectively. It is observed that the 𝑆̇𝑔𝑒𝑛 

raised in the evaporator and condenser is mainly caused by the mass transfer and the 𝑆̇𝑔𝑒𝑛 

generated in the sorption-bed is mainly due to the heat transfer. It is because of that the parent 

MOF-801 (Zr) is a super hydrophilic adsorbent and rarely no water vapour is released during the 

desorption process (∆q ≈ 0). By introducing the hydrophobic methyl functional groups, the 

hydrophilicity of the parent MOF-801 (Zr) is weaken and more water is desorbed at the current 
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regeneration temperature (80 °C). Therefore, more water vapour is transferred through the 

sorption-bed and the effect of the mass transfer become evident.  

 

Figure A9: The entropy generation (𝑆̇𝑔𝑒𝑛) for each major component of MOF-801 (Zr) + water 

AHT system: (a) evaporator; (b) condenser; (c) adsorption-bed and (d) desorption-bed. 

A3. Comparison Study on GCMC Simulation and Experiment 

Al-Fum based MOFs 
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Figure A10: The GCMC simulated water adsorption isotherms on various original modified Al-

Fum based adsorbents. Here, experimental data is shown for comparison purpose. (black-solid 

line: GCMC simulation results; red-dotted marker: experimental data) 

Figure A10 shows the comparison study between the GCMC results and experimental data for 

Al-Fum based MOFs + water adsorption system. Good agreements are found between the 

GCMC predicted water adsorption isotherm and experimentally obtained data for all the original 

and modified MOF systems within a reasonable error range (5% – 10 %). In addition, the 

differences between the GCMC simulation and experimental data may be caused by the 

limitation of the simulation. For example, the simulation framework of Al-Fum is assumed as 

perfect crystal without any defects, which could not be achieved in the experiment conditions. 
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Furthermore, the quality of the MOFs is not the only reason caused the differences between the 

experimental and GCMC results. Many other factors as well as the simulation limitations could 

also affect the results in predicting the hydrophobic length of water adsorption. For example, as 

mentioned in the manuscript, research works have pointed out that smaller hydrophobic length 

will be obtained if SPC/E water molecule model is used instead of the TIP4P water molecule 

model, even under the same GCMC algorithm. Hence, in our research, all the simulations are 

carried under the same conditions using the same water molecule model. The only variable is the 

framework of the materials (adsorbents).  

UiO-66 (Zr) based MOFs 
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Figure A11: The GCMC simulated water adsorption isotherms on various original and 

functionalised UiO-66 (Zr) adsorbents. Here, experimental data is shown for comparison purpose. 

(black-solid line: GCMC simulation results; red-dotted marker: experimental data) 

MOF-801 (Zr) based MOFs 
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Figure A12: The GCMC simulated water adsorption isotherms on various original and 

functionalised MOF-801 (Zr) adsorbents. Here, experimental data is shown for comparison 

purpose. (black-solid line: GCMC simulation results; red-dotted marker: experimental data) 

A4. Comparison Study on Adsorption Isotherm and Kinetics Fitting 

Al-Fum based MOFs 
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Figure A13: Adsorption isotherms of water vapour on (a) Al-Fum, (b) 5% Li-doped Al-Fum, (c) 

30% AFI-mixed Al-Fum and (d) 30% CHA-mixed Al-Fum MOFs for the pressures up to 

saturated condition with temperatures ranging from 30 ℃ to 60 ℃. Hence, the black markers 

represent the experimental data and the red lines stand for the fitting curves. 
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Figure A14: The amount of water uptake/offtake under dynamic conditions for (a) Al-Fum, (b) 5% 

Li-doped Al-Fum, (c) 30% AFI-mixed Al-Fum and (d) 30% CHA-mixed Al-Fum MOFs 

(adsorption: 30 ℃ and 1.0 kPa; desorption: 60 ℃ and 5.0 kPa). Hence, the black markers denote 

the experimental data and the red lines represent the fitting results. 

A5. Pressure-Temperature-Uptake diagram analysis 

Al-Fum based MOFs 

The variation of the Al-Fum based adsorbents’ temperature and water vapours’ pressure under 

the AAHT cyclic steady operations is shown on the Dühring diagram (Figure A15). Here, the 

regeneration temperature, cold water inlet temperature and chilled water inlet temperature, 

switching time and half cycle time is kept at 80 ℃, 30 ℃, 14.8 ℃, 25 s and 500 s, respectively. 

Dühring diagrams under other regeneration temperature (60, 70 and 90 ℃) conditions are also 

displayed in the Figure A16-A18 for comprehensive understanding. Four AAHT operation stages 

are shown as: adsorption stage, pre-heating stage, desorption stage and pre-cooling stage, from 

where one could observe the momentary water vapour uptake/offtake under various pressure and 
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temperature conditions. It is found that the maximum water vapour uptake-offtake difference (Δq) 

of all the Al-Fum based MOFs could be ranged as: 5% Li-Al-Fum > 30% CHA-Al-Fum > 30% 

AFI Al-Fum > parent Al-Fum. First, hot-to-cold swing occurs and the pressure drops down to 

and maintain as evaporator pressure during the adsorption process. The entire bed follows the 

isosteric path during the switching period. It is noted here that a rise of pressure may be found 

during the adsorption process as there is more water vapour in the adsorber with the addition of 

isosteric heats. Additionally, both the pressure and temperature increase at the end of the 

following cold-to-hot thermal swing section. Hence, desorption process occurs within the bed. 

Finally, both the bed temperature and pressure decrease as cooling water is flowed to the heat 

exchange and the AAHT operation cycle continues. 
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Figure A15: The Dühring (pressure-temperature, P-T) diagram of water - AAHT system under 

cyclic-steady-state adopting parent and modified Al-Fum based MOFs as adsorbents. 

Figure A16 shows the Dühring  diagram of Al-Fum MOFs based AAHT systems with the 

regeneration temperature of 60 ℃. Here, four AAHT operation phases are labelled as: adsorption 

stage (G-B), pre-heating stage (B-D), desorption stage (D-F) and pre-cooling stage (F-G), 
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Figure A16: The 𝐷𝑢̈ℎ𝑟𝑖𝑛𝑔 (pressure-temperature, P-T) diagram of Al-Fum MOFs and zeolite 

composites based AAHT system at the inlet conditions of 60 ℃ /30 ℃ /14.8 ℃ /25 s/500 s 

(regeneration temperature/cold water inlet temperature/chilled water inlet temperature/switching 

time/half cycle time). 

Figure A17 shows the Dühring  diagram of Al-Fum MOFs based AAHT systems with the 

regeneration temperature of 70 ℃, where significant improvements of water vapour uptake-

offtake difference (Δq) are found for all the adsorbents (especially for modified Al-Fum MOFs). 
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Figure A17: The 𝐷𝑢̈ℎ𝑟𝑖𝑛𝑔 (pressure-temperature, P-T) diagram of Al-Fum MOFs and zeolite 

composites based AAHT system at the inlet conditions of 70 ℃ /30 ℃ /14.8 ℃ /25 s/500 s 

(regeneration temperature/cold water inlet temperature/chilled water inlet temperature/switching 

time/half cycle time). 

Figure A18 displays the Dühring diagram of Al-Fum MOFs based AAHT systems under higher 

regeneration conditions (90 ℃ ), where complete desorption of water vapour is observed for all 

the systems and cooling capacity of all the materials is maximized.  
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Figure A18: The 𝐷𝑢̈ℎ𝑟𝑖𝑛𝑔 (pressure-temperature, P-T) diagram of Al-Fum MOFs and zeolite 

composites based AAHT system at the inlet conditions of 90 ℃ /30 ℃ /14.8 ℃ /25 s/500 s 

(regeneration temperature/cold water inlet temperature/chilled water inlet temperature/switching 

time/half cycle time). 

The water uptake-offtake difference (Δq) for Al-Fum based AAHT system at various 

regeneration temperatures (60 to 90 °C) is summarized in Table A.6. It is observed that due to 

the hydrophobic trait of the parent Al-Fum, it works well at the regeneration temperature of 

60 °C (Δq = 0.192 g/g). The maximum cooling capacity of the parent Al-Fum is achieved at the 

regeneration temperature of 70 °C (Δq = 0.195 g/g) and no improvement of Δq is found as the 

regeneration temperature increases up to 90 °C. On the other hand, higher Δq under higher 
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regeneration temperatures are found for all the modified Al-Fum based MOFs for their enhanced 

hydrophilicity. For example, at the regeneration temperature of 60 °C, the Δq for 5% Li-Al-Fum, 

30% AFI-Al-Fum and 30% CHA-Al-Fum is 0.311 g/g, 0.255 g/g and 0.285 g/g, respectively. As 

the regeneration temperature increases to 70 °C, the Δq for 5% Li-Al-Fum, 30% AFI-Al-Fum 

and 30% CHA-Al-Fum is 0.353 g/g (+13.5%), 0.284 g/g (+11.4) and 0.333 g/g (+16.8), 

respectively. As the regeneration temperature increases to 80 °C, small improvement of Δq 

(0.001 to 0.002 g/g) is found for all the modified Al-Fum and the maximum cooling capacity is 

reached.  

Table A.6: Water uptake-offtake difference (Δq) at various regeneration temperatures (60 to 

90 °C) for original and modified Al-Fum based AAHT systems (cold water inlet 

temperature/chilled water inlet temperature/switching time/half cycle time = 30 ℃/14.8 ℃/25 

s/500 s). 

 
Δq  

(Tregen= 60 °C) 

Δq  

(Tregen= 70 °C) 

Δq  

(Tregen= 80 °C) 

Δq  

(Tregen= 90 °C) 

Al-Fum 0.192 0.195 0.195 0.195 

5% Li-Al-Fum 0.311 0.353 0.355 0.355 

30%AFI-Al-Fum 0.255 0.284 0.285 0.285 

30%CHA-Al-Fum 0.285 0.333 0.335 0.335 
 

A6. MATLAB Code for Adsorption Assisted Heat Transformation Modelling 

function main = AlFumAHT() 

  

clc; clear all; close all; clf; 

  

global Flag1 

global Tcw_in Thw_in T_chw_in T_chw_out T_w_bedA_out T_w_bedD_out T_w_cond_out 

global P_bedA P_bedD w_bedA w_bedD   

global Mads Qst Rw A wm n D_so Rp Ea R Cpads hfg_C 

global m_dot_cw_bed m_dot_cw_cond m_dot_hw_bed m_dot_chw 

global Mhx_bedCphx_bed Mhx_condCphx_cond Mhx_evpCphx_evp M_ref_L_cond 

M_ref_L_evp; 

global UA_bedA UA_bedD U_cond A_cond U_evp A_evp As 

  

t_normal = 500;       %Time for normal operation 
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t_sw = 25;                       %Time for switching 

  

t_cycle = (t_normal+t_sw);       %Total cycle time 

  

step = 5;                         %Evaluate every 5 seconds 

N_cyc = 20;                       %No. of cycles evaluated 

  

Tcw_in = 30+273;                 %Kelvin 

Thw_in = 80+273;                %Kelvin 

T_chw_in = 14.8+273; 

  

As = 1056.26;                       %m^2/g 

Rw = 0.4619;                        %kj/kg-k 

A = 8.5E-4;                         %(1/Pa) 

wm = 0.4; 

n = 6.8; 

Qst = 2.74E3;                                  %kJ/kg 

hfg_C = 2442; 

  

D_so = 2.54E-4;           % m2/s 

Rp = 1E-4;            %m 

Ea = 41.20;              %kJ/mol 

R = 8.3144621E-3;           %kJ/mol.K 

Cpads = 0.805;                      %Cp of MOF (kJ/kg.K) 

  

Mads = 18;                          %kg 

  

%================================================================== 

Heat Exchanger Parameters 

%=================================================================== 

Mhx_bedCphx_bed = 100;        % Kg*Kj/Kg-k 

UA_bedA = 1.5;         % kW/K 

UA_bedD = 2.8;        % kW/K 

m_dot_cw_bed =  1.52;                  %kg/s 

m_dot_hw_bed =  1.28;                %Hot water mass flow rate (kg/s) 

  

Mhx_condCphx_cond = 24*0.386;       % Kg*Kj/Kg-k 

U_cond = 4.115;  

A_cond =  3.73; 

M_ref_L_cond = 5; 

m_dot_cw_cond = 1.37; 

  

  

Mhx_evpCphx_evp = 8.9*0.386;       % Kg*Kj/Kg-k 

U_evp = 2.557;  

A_evp = 1.91; 
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M_ref_L_evp = 12; 

m_dot_chw = 0.71; 

    

%=================================================================== 

%Initial Values 

Time_i   = 0; 

  

T_evp_i = 30+273; 

T_cond_i = 30+273; 

  

T_bedA_i = 30+273;          %Kelvin 

  

Ps_bedA_i = 10^3*(-5.007261711E-15*T_bedA_i^6 + 1.249032418E-11*T_bedA_i^5 - 

1.135454979E-08*T_bedA_i^4 + 5.164337223E-06*T_bedA_i^3 - 1.275119405E-

03*T_bedA_i^2 + 1.643475641E-01*T_bedA_i - 8.706432224E+00); 

P_bedA_i = 10^3*(-5.007261711E-15*T_evp_i^6 + 1.249032418E-11*T_evp_i^5 - 

1.135454979E-08*T_evp_i^4 + 5.164337223E-06*T_evp_i^3 - 1.275119405E-03*T_evp_i^2 + 

1.643475641E-01*T_evp_i - 8.706432224E+00);       %kPa 

  

%hf_bedA_i = refpropm('H',  'T', T_bedA_i, 'Q', 0, 'water')*1E-3; 

%hg_bedA_i = refpropm('H',  'T', T_bedA_i, 'Q', 1, 'water')*1E-3; 

hfg_bedA_i = (10^3*(6.40224E-12*T_evp_i^5 - 3.93212E-08*T_evp_i^4 + 3.63907E-

05*T_evp_i^3 - 1.39601E-02*T_evp_i^2 + 4.34707E+00*T_evp_i + 1.82254E+03)- 

10^3*(1.95664E-10*T_evp_i^5 - 3.36772E-07*T_evp_i^4 + 2.34408E-04*T_evp_i^3 - 

8.21171E-02*T_evp_i^2 + 1.86089E+01*T_evp_i - 2.15617E+03))*1E-3; 

  

if(Ps_bedA_i <= P_bedA_i)      

     

       w_bedA_i = wm;              

        

else 

       w_bedA_i = wm*((A*exp(n*(Qst-

hfg_C)/(Rw*T_bedA_i))*(P_bedA_i/Ps_bedA_i)^n)/(1+(A*exp(n*(Qst-

hfg_C)/(Rw*T_bedA_i))-1)*(P_bedA_i/Ps_bedA_i)^n));             

        

end 

                

T_bedD_i = 30+273; 

  

Ps_bedD_i = 10^3*(-5.007261711E-15*T_bedD_i^6 + 1.249032418E-11*T_bedD_i^5 - 

1.135454979E-08*T_bedD_i^4 + 5.164337223E-06*T_bedD_i^3 - 1.275119405E-

03*T_bedD_i^2 + 1.643475641E-01*T_bedD_i - 8.706432224E+00); 

P_bedD_i = 10^3*(-5.007261711E-15*T_cond_i^6 + 1.249032418E-11*T_cond_i^5 - 

1.135454979E-08*T_cond_i^4 + 5.164337223E-06*T_cond_i^3 - 1.275119405E-

03*T_cond_i^2 + 1.643475641E-01*T_cond_i - 8.706432224E+00);    %kPa 
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%hf_bedD_i = refpropm('H',  'T', T_bedD_i, 'Q', 0, 'water')*1E-3; 

%hg_bedD_i = refpropm('H',  'T', T_bedD_i, 'Q', 1, 'water')*1E-3; 

hfg_bedD_i = (10^3*(6.40224E-12*T_cond_i^5 - 3.93212E-08*T_cond_i^4 + 3.63907E-

05*T_cond_i^3 - 1.39601E-02*T_cond_i^2 + 4.34707E+00*T_cond_i + 1.82254E+03)- 

10^3*(1.95664E-10*T_cond_i^5 - 3.36772E-07*T_cond_i^4 + 2.34408E-04*T_cond_i^3 - 

8.21171E-02*T_cond_i^2 + 1.86089E+01*T_cond_i - 2.15617E+03))*1E-3; 

  

if(Ps_bedD_i <= P_bedD_i)      

     

       w_bedD_i = wm;              

        

else 

       w_bedD_i = wm*((A*exp(n*(Qst-

hfg_C)/(Rw*T_bedD_i))*(P_bedD_i/Ps_bedD_i)^n)/(1+(A*exp(n*(Qst-

hfg_C)/(Rw*T_bedD_i))-1)*(P_bedD_i/Ps_bedD_i)^n));             

        

end 

  

%=================================================================== 

t = Time_i; 

s = 0;  

cycle = 0; 

  

g = 0; 

h = 0; 

  

for M =1:N_cyc              %Main loop for evaluating cycles 

     

    t_round = 0; 

    Q_D = 0; 

    Q_E = 0; 

    Q_C = 0; 

    Q_A = 0; 

     

       

                 

    for L = 1:step:t_cycle 

         

        s = s+1;                  %s is a counter. add counter 

         

        t = t+step;              %count elapsed time 

         

               

        Time(s) = t;             %Time is an array containing t where the process is evaluated at 

         

        t_round = t_round + step; %count elapsed time in one for-next loop 



A28 
 

         

        if(t_round <= t_normal)     %check whether the elapsed time has passed the normal 

operation time 

            Flag1 = 1 ;             %adsorption/desorption 

        elseif((t_round > t_normal)&&(t_round <= t_cycle)) 

            Flag1 = 0 ;            %switching mode 

        end; 

         

        Timerange1 = [Time_i t];        %set time range to be used to solve differential eqns. 

        Initialvalues = [w_bedA_i T_bedA_i w_bedD_i T_bedD_i T_cond_i T_evp_i];    %Initial 

values being used to solve diff. eqns. Being stored first to Y before it is being used. 

          

        option1 = odeset('RelTol', 1E-4, 'AbsTol', 1E-4);       %setting error tolerance 

         

        Y = ode45(@ddydwdt, Timerange1, Initialvalues, option1);    %solving all the diff eqns. in 

ddydwdt.m file --> the step is being decided by matlab 

         

        Y_t = deval(Y,t);        %Y_t's values are only Y's value at t; not all the values of Y 

evaluated 

         

        %Storing the newly calculated value into array of variables 

        

        w_bedA(s) = Y_t(1); 

        T_bedA(s) = Y_t(2); 

        w_bedD(s) = Y_t(3); 

        T_bedD(s) = Y_t(4); 

        T_cond(s) = Y_t(5); 

        T_evp(s)  = Y_t(6); 

         

                         

        if(Flag1 == 1) 

             

            Tcw_bed_in  = Tcw_in; 

            Tcw_bed_out = T_w_bedA_out; 

            Thw_bed_in  = Thw_in; 

            Thw_bed_out = T_w_bedD_out; 

                     

        elseif(Flag1 == 0)    

             

            Tcw_bed_in  = Tcw_in; 

            Tcw_bed_out = T_w_bedD_out; 

            Thw_bed_in  = Thw_in; 

            Thw_bed_out = T_w_bedA_out; 

          

        end  
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        T_cw_cond_in = Tcw_in; 

        T_cw_cond_out = T_w_cond_out; 

          

     

        %================================================================ 

Adsorption/Desorption Switching 

        %================================================================ 

         

         

        if ((mod(M,2)==1)||(M == 1)) 

  

        T_bed2(s) = T_bedD(s); 

        W_bed2(s) = w_bedD(s); 

        T_bed1(s) = T_bedA(s); 

        W_bed1(s) = w_bedA(s); 

        P_bed1(s) = P_bedA; 

        P_bed2(s) = P_bedD; 

         

        else 

  

        T_bed1(s) = T_bedD(s);  

        W_bed1(s) = w_bedD(s); 

        T_bed2(s) = T_bedA(s); 

        W_bed2(s) = w_bedA(s); 

        P_bed2(s) = P_bedA; 

        P_bed1(s) = P_bedD; 

         

        end; 

         

        Tcond_in(s)  = T_cw_cond_in; 

        Tcond_out(s) = T_cw_cond_out; 

        T_cw_in(s) = Tcw_bed_in; 

        T_cw_out(s) = Tcw_bed_out; 

        T_hw_in(s) = Thw_bed_in; 

        T_hw_out(s) = Thw_bed_out; 

        T_chill_in(s) = T_chw_in; 

        T_chill_out(s) = T_chw_out; 

                 

        Hcw_bed_out = 1E-3*10^3*(1.95664E-10*Tcw_bed_out^5 - 3.36772E-

07*Tcw_bed_out^4 + 2.34408E-04*Tcw_bed_out^3 - 8.21171E-02*Tcw_bed_out^2 + 

1.86089E+01*Tcw_bed_out - 2.15617E+03); 

        Hcw_bed_in = 1E-3*10^3*(1.95664E-10*Tcw_bed_in^5 - 3.36772E-07*Tcw_bed_in^4 + 

2.34408E-04*Tcw_bed_in^3 - 8.21171E-02*Tcw_bed_in^2 + 1.86089E+01*Tcw_bed_in - 

2.15617E+03); 
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        Hhw_bed_in = 1E-3*10^3*(1.95664E-10*Thw_bed_in^5 - 3.36772E-07*Thw_bed_in^4 + 

2.34408E-04*Thw_bed_in^3 - 8.21171E-02*Thw_bed_in^2 + 1.86089E+01*Thw_bed_in - 

2.15617E+03); 

        Hhw_bed_out = 1E-3*10^3*(1.95664E-10*Thw_bed_out^5 - 3.36772E-

07*Thw_bed_out^4 + 2.34408E-04*Thw_bed_out^3 - 8.21171E-02*Thw_bed_out^2 + 

1.86089E+01*Thw_bed_out - 2.15617E+03); 

            

        H_cw_cond_out = 1E-3*10^3*(1.95664E-10*T_cw_cond_out^5 - 3.36772E-

07*T_cw_cond_out^4 + 2.34408E-04*T_cw_cond_out^3 - 8.21171E-02*T_cw_cond_out^2 + 

1.86089E+01*T_cw_cond_out - 2.15617E+03); 

        H_cw_cond_in = 1E-3*10^3*(1.95664E-10*T_cw_cond_in^5 - 3.36772E-

07*T_cw_cond_in^4 + 2.34408E-04*T_cw_cond_in^3 - 8.21171E-02*T_cw_cond_in^2 + 

1.86089E+01*T_cw_cond_in - 2.15617E+03); 

         

        Hfg_cond =(10^3*(6.40224E-12*Y_t(5)^5 - 3.93212E-08*Y_t(5)^4 + 3.63907E-

05*Y_t(5)^3 - 1.39601E-02*Y_t(5)^2 + 4.34707E+00*Y_t(5) + 1.82254E+03)- 

10^3*(1.95664E-10*Y_t(5)^5 - 3.36772E-07*Y_t(5)^4 + 2.34408E-04*Y_t(5)^3 - 8.21171E-

02*Y_t(5)^2 + 1.86089E+01*Y_t(5) - 2.15617E+03))*1E-3; 

  

        H_chw_in = 1E-3*10^3*(1.95664E-10*T_chw_in^5 - 3.36772E-07*T_chw_in^4 + 

2.34408E-04*T_chw_in^3 - 8.21171E-02*T_chw_in^2 + 1.86089E+01*T_chw_in - 

2.15617E+03); 

        H_chw_out = 1E-3*10^3*(1.95664E-10*T_chw_out^5 - 3.36772E-07*T_chw_out^4 + 

2.34408E-04*T_chw_out^3 - 8.21171E-02*T_chw_out^2 + 1.86089E+01*T_chw_out - 

2.15617E+03); 

         

                     

        dq_D = (m_dot_hw_bed*step)*(Hhw_bed_in - Hhw_bed_out)/t_cycle; 

        Q_D = Q_D + dq_D; 

         

             

        dq_A = (m_dot_cw_bed*step)*(Hcw_bed_out - Hcw_bed_in)/t_cycle; 

        Q_A = Q_A + dq_A; 

                        

        dq_E = (m_dot_chw*step)*(H_chw_in - H_chw_out)/t_cycle; 

         

        Q_E = Q_E + dq_E; 

                    

        dq_C = (m_dot_cw_cond*step)*(H_cw_cond_out - H_cw_cond_in)/t_cycle; 

         

        Q_C = Q_C + dq_C; 

   

        %Storing the newly calculated value as the initial values for the next round of calculation                 

        Time_i = t; 

        w_bedA_i = Y_t(1); 

        T_bedA_i = Y_t(2); 
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        w_bedD_i = Y_t(3); 

        T_bedD_i = Y_t(4); 

        T_cond_i = Y_t(5); 

        T_evp_i = Y_t(6); 

         

        T_chw_in = T_chw_in; 

         

         if ((t >= (N_cyc*t_cycle - 2*t_cycle))&&(t <= (N_cyc*t_cycle - t_sw))) 

                                

           g = g+step; 

            

           h = h+1; 

            

           Time_plot(h) = g; 

            

           T_bed1_plot(h) = T_bed1(s) -273; 

           T_bed2_plot(h) = T_bed2(s) - 273; 

           T_cond_plot(h) = T_cond(s)-273; 

           T_evp_plot(h)  =  T_evp(s)-273; 

        

            

           W_bed1_plot(h) = W_bed1(s); 

           W_bed2_plot(h) = W_bed2(s); 

            

           P_bed1_plot(h) = P_bed1(s); 

           P_bed2_plot(h) = P_bed2(s);        

                

        else   

             

           a = 0 ; 

                                                      

        end 

         

              

    end   

     

    Q_evp(M) = Q_E 

    Q_des(M) = Q_D 

    Q_ads(M) = Q_A; 

    Q_cond(M)= Q_C; 

     

    Q_add(M) = (Q_evp(M) + Q_des(M)); 

    Q_rej(M) = (Q_ads(M) + Q_cond(M)); 

     

    Error(M)    = ((Q_evp(M) + Q_des(M)) - (Q_ads(M) + Q_cond(M)))*100/(Q_ads(M) + 

Q_cond(M)) 
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    COP(M) = Q_evp(M)/Q_des(M);                              %COP for adsorption cooling application 

    SCP(M) = Q_evp(M)/(2*Mads);                               %SCP for adsorption cooling application 

    COPh(M) = (Q_cond(M)+ Q_ads(M))/Q_des(M);   %COPh for adsorption heating application 

    SHP(M) = (Q_cond(M)+ Q_ads(M))/(2*Mads);      %SHP for adsorption heating application 

    PR(M) = (w_bedA(s)*hfg_C)/Q_des(M);                %PR (performance ratio)for desalination 

    SDWP(M) = t_cycle*(24*3600/t_cycle)*(Q_cond(M)/(hfg_C*Mads)); % for desalination 

    cycle(M) = M; 

     

    w_bedA_i = Y_t(3); 

    T_bedA_i = Y_t(4); 

    w_bedD_i = Y_t(1); 

    T_bedD_i = Y_t(2); 

       

     

end 

  

figure (1) 

plot(Time, (T_bed1), Time, (T_bed2), Time, (T_cond), Time, (T_evp)); 

hold all; 

  

figure (2) 

plot(Time, (P_bed1), Time, (P_bed2)); 

hold all; 

  

figure(3) 

plot(Time, W_bed1, Time, W_bed2); 

hold all; 

  

figure(4) 

plot(cycle,COP); 

  

hold all; 

  

figure(5) 

plot(cycle,SCP); 

  

hold all; 

  

figure(6) 

plot(cycle,COPh); 

  

hold all; 

  

figure(7) 

plot(cycle,SHP); 
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hold all; 

  

figure(8) 

plot(cycle,PR); 

  

hold all; 

  

figure(9) 

plot(cycle,SDWP); 

  

hold all; 

  

figure (10) 

plot(Time, (T_cw_out), Time, (T_hw_out), Time, (T_chill_out), Time, (Tcond_out)); 

  

hold all; 

  

end 

  

  

function dy = ddydwdt(t, Y) 

  

global Flag1; 

global Tcw_in Thw_in T_chw_in T_chw_out T_w_bedA_out T_w_bedD_out T_w_cond_out 

global P_bedA P_bedD w_bedA w_bedD  

global m_dot_cw_bed m_dot_hw_bed m_dot_cw_cond m_dot_chw  

global Mads Qst Rw A wm n D_so Rp Ea R Cpads hfg_C 

global Mhx_bedCphx_bed Mhx_condCphx_cond Mhx_evpCphx_evp M_ref_L_cond 

M_ref_L_evp As  

  

dy = zeros(6,1);        %dy is a 5x1 matrix; syntax = zeros(row, column) 

  

%Storing initial values from Main function to local variables 

  

 w_bedA = Y(1); T_bedA = Y(2);  

  

 T_evp = Y(6); 

  

 w_bedD = Y(3);  T_bedD = Y(4); 

  

 T_cond = Y(5); 

  

 %if T_cond <= 275 

      

  %   T_cond = 278; 
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 %elseif T_cond >= 370 

          

  %       T_cond = 368; 

%end 

  

 % if T_evp <= 275 

      

  %   T_evp = 278; 

      

 %elseif T_evp >= 370 

          

  %      T_evp = 365; 

 %end 

  

   %if T_bedA <= 280 

      

    %  T_bedA = 298; 

      

  %elseif T_bedA >= 370 

          

   %      T_bedA = 368; 

   %end 

  

% if T_bedD <= 290 

      

 %    T_bedD = 298; 

     

 %elseif T_bedD >= 370 

          

  %       T_bedD = 368; 

 %end 

 %==============================Bed1=================================% 

 %checking the current mode; normal mode or switching mode 

  

 if(Flag1 == 1)                         %Bed1 is under adsorption mode 

    T_w_bedA_in  = Tcw_in; 

    m_dot_w_bedA = m_dot_cw_bed; 

 elseif(Flag1 == 0)                       %Bed1 is under switching mode 

    T_w_bedA_in  = Thw_in;               %Pre-heating for the adsorption process 

    m_dot_w_bedA = m_dot_hw_bed; 

 end 

  

  

if(Flag1 == 1) 
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    P_bedA = 10^3*(-5.007261711E-15*T_evp^6 + 1.249032418E-11*T_evp^5 - 1.135454979E-

08*T_evp^4 + 5.164337223E-06*T_evp^3 - 1.275119405E-03*T_evp^2 + 1.643475641E-

01*T_evp - 8.706432224E+00);  

    Ps_bedA = 10^3*(-5.007261711E-15*T_bedA^6 + 1.249032418E-11*T_bedA^5 - 

1.135454979E-08*T_bedA^4 + 5.164337223E-06*T_bedA^3 - 1.275119405E-03*T_bedA^2 + 

1.643475641E-01*T_bedA - 8.706432224E+00); 

    %hf_bedA = refpropm('H',  'T', T_bedA, 'Q', 0, 'water')*1E-3; 

    %hg_bedA = refpropm('H',  'T', T_bedA, 'Q', 1, 'water')*1E-3; 

    %hfg_bedA = (10^3*(6.40224E-12*T_evp^5 - 3.93212E-08*T_evp^4 + 3.63907E-

05*T_evp^3 - 1.39601E-02*T_evp^2 + 4.34707E+00*T_evp + 1.82254E+03)- 

10^3*(1.95664E-10*T_evp^5 - 3.36772E-07*T_evp^4 + 2.34408E-04*T_evp^3 - 8.21171E-

02*T_evp^2 + 1.86089E+01*T_evp - 2.15617E+03))*1E-3; 

    hfg_bedA = (10^3*(6.40224E-12*T_bedA^5 - 3.93212E-08*T_bedA^4 + 3.63907E-

05*T_bedA^3 - 1.39601E-02*T_bedA^2 + 4.34707E+00*T_bedA + 1.82254E+03)- 

10^3*(1.95664E-10*T_bedA^5 - 3.36772E-07*T_bedA^4 + 2.34408E-04*T_bedA^3 - 

8.21171E-02*T_bedA^2 + 1.86089E+01*T_bedA - 2.15617E+03))*1E-3; 

    if(Ps_bedA <= P_bedA)      

     

       w_star_bedA = wm;              

        

    else 

       w_star_bedA = wm*((A*exp(n*(Qst-

hfg_C)/(Rw*T_bedA))*(P_bedA/Ps_bedA)^n)/(1+(A*exp(n*(Qst-hfg_C)/(Rw*T_bedA))-

1)*(P_bedA/Ps_bedA)^n));             

        

    end; 

     

    

    %w_bedA_const= 15*D_so/Rp^2; 

     

     

elseif(Flag1 == 0) 

     

    w_star_bedA = w_bedA; 

    theta_bedA = w_star_bedA/wm; 

    %hf_bedA = refpropm('H',  'T', T_bedA, 'Q', 0, 'water')*1E-3; 

    %hg_bedA = refpropm('H',  'T', T_bedA, 'Q', 1, 'water')*1E-3; 

    hfg_bedA = (10^3*(6.40224E-12*T_bedA^5 - 3.93212E-08*T_bedA^4 + 3.63907E-

05*T_bedA^3 - 1.39601E-02*T_bedA^2 + 4.34707E+00*T_bedA + 1.82254E+03)- 

10^3*(1.95664E-10*T_bedA^5 - 3.36772E-07*T_bedA^4 + 2.34408E-04*T_bedA^3 - 

8.21171E-02*T_bedA^2 + 1.86089E+01*T_bedA - 2.15617E+03))*1E-3; 

    %hfg_bedA = (10^3*(6.40224E-12*T_evp^5 - 3.93212E-08*T_evp^4 + 3.63907E-

05*T_evp^3 - 1.39601E-02*T_evp^2 + 4.34707E+00*T_evp + 1.82254E+03)- 

10^3*(1.95664E-10*T_evp^5 - 3.36772E-07*T_evp^4 + 2.34408E-04*T_evp^3 - 8.21171E-

02*T_evp^2 + 1.86089E+01*T_evp - 2.15617E+03))*1E-3; 

    K_bedA = A*exp(n*(Qst-hfg_C)/(Rw*T_bedA)); 
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    Ps_bedA = 10^3*(-5.007261711E-15*T_bedA^6 + 1.249032418E-11*T_bedA^5 - 

1.135454979E-08*T_bedA^4 + 5.164337223E-06*T_bedA^3 - 1.275119405E-03*T_bedA^2 + 

1.643475641E-01*T_bedA - 8.706432224E+00);       

    P_bedA = Ps_bedA*(theta_bedA/(K_bedA-theta_bedA*(K_bedA-1)))^(1/n); 

    %kads_A = 18*P_bedA/(2*pi*18*R*T_bedA)^0.5 * exp(-(Ea/(R*T_bedA)))*189.6; 

    %w_bedA_const= 0; %kads_A*(P_bedA/Ps_bedA)^n + (kads_A/K_bedA)*(1-

(P_bedA/Ps_bedA)^n);  

end 

  

T_w_bedA_out = BedHex(T_bedA, T_w_bedA_in, m_dot_w_bedA); 

  

h_w_bedA_in = 1E-3*10^3*(1.95664E-10*T_w_bedA_in^5 - 3.36772E-07*T_w_bedA_in^4 + 

2.34408E-04*T_w_bedA_in^3 - 8.21171E-02*T_w_bedA_in^2 + 1.86089E+01*T_w_bedA_in 

- 2.15617E+03); 

h_w_bedA_out = 1E-3*10^3*(1.95664E-10*T_w_bedA_out^5 - 3.36772E-

07*T_w_bedA_out^4 + 2.34408E-04*T_w_bedA_out^3 - 8.21171E-02*T_w_bedA_out^2 + 

1.86089E+01*T_w_bedA_out - 2.15617E+03); 

CpabeA = 10^3*(-1.35090E-11*T_bedA^5 + 2.40993E-08*T_bedA^4 - 1.71323E-

05*T_bedA^3 + 6.07609E-03*T_bedA^2 - 1.07591*T_bedA + 8.02982E01)*1E-3; 

  

%==============================Bed2================================% 

%checking the current mode; normal mode or switching mode 

  

  

 if(Flag1 == 1)                         %Bed2 is under desorption mode 

    T_w_bedD_in  = Thw_in; 

    m_dot_w_bedD = m_dot_hw_bed; 

     

 elseif(Flag1 == 0)                       %Bed2 is under switching mode 

    T_w_bedD_in  = Tcw_in;               %Pre-cooling for the desorption process 

    m_dot_w_bedD = m_dot_cw_bed; 

     

end 

  

if(Flag1 == 1) 

     

    P_bedD = 10^3*(-5.007261711E-15*T_cond^6 + 1.249032418E-11*T_cond^5 - 

1.135454979E-08*T_cond^4 + 5.164337223E-06*T_cond^3 - 1.275119405E-03*T_cond^2 + 

1.643475641E-01*T_cond - 8.706432224E+00);  

    Ps_bedD = 10^3*(-5.007261711E-15*T_bedD^6 + 1.249032418E-11*T_bedD^5 - 

1.135454979E-08*T_bedD^4 + 5.164337223E-06*T_bedD^3 - 1.275119405E-03*T_bedD^2 + 

1.643475641E-01*T_bedD - 8.706432224E+00); 

    %hf_bedD = refpropm('H', 'T', T_bedD, 'Q', 0, 'water')*1E-3; 

    %hg_bedD = refpropm('H', 'T', T_bedD, 'Q', 1, 'water')*1E-3; 

    %hfg_bedD = (10^3*(6.40224E-12*T_cond^5 - 3.93212E-08*T_cond^4 + 3.63907E-

05*T_cond^3 - 1.39601E-02*T_cond^2 + 4.34707E+00*T_cond + 1.82254E+03)- 
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10^3*(1.95664E-10*T_cond^5 - 3.36772E-07*T_cond^4 + 2.34408E-04*T_cond^3 - 8.21171E-

02*T_cond^2 + 1.86089E+01*T_cond - 2.15617E+03))*1E-3; 

    hfg_bedD = (10^3*(6.40224E-12*T_bedD^5 - 3.93212E-08*T_bedD^4 + 3.63907E-

05*T_bedD^3 - 1.39601E-02*T_bedD^2 + 4.34707E+00*T_bedD + 1.82254E+03)- 

10^3*(1.95664E-10*T_bedD^5 - 3.36772E-07*T_bedD^4 + 2.34408E-04*T_bedD^3 - 

8.21171E-02*T_bedD^2 + 1.86089E+01*T_bedD - 2.15617E+03))*1E-3; 

     

    if(Ps_bedD <= P_bedD)      

     

       w_star_bedD = wm;              

        

    else 

       w_star_bedD = wm*((A*exp(n*(Qst-

hfg_C)/(Rw*T_bedD))*(P_bedD/Ps_bedD)^n)/(1+(A*exp(n*(Qst-hfg_C)/(Rw*T_bedD))-

1)*(P_bedD/Ps_bedD)^n));             

        

    end; 

     

     

    %w_bedD_const= 15*D_so/Rp^2; 

       

elseif(Flag1 == 0) 

     

    w_star_bedD = w_bedD; 

    theta_bedD = w_star_bedD/wm; 

    %hf_bedD = refpropm('H', 'T', T_bedD, 'Q', 0, 'water')*1E-3; 

    %hg_bedD = refpropm('H', 'T', T_bedD, 'Q', 1, 'water')*1E-3; 

    hfg_bedD = (10^3*(6.40224E-12*T_bedD^5 - 3.93212E-08*T_bedD^4 + 3.63907E-

05*T_bedD^3 - 1.39601E-02*T_bedD^2 + 4.34707E+00*T_bedD + 1.82254E+03)- 

10^3*(1.95664E-10*T_bedD^5 - 3.36772E-07*T_bedD^4 + 2.34408E-04*T_bedD^3 - 

8.21171E-02*T_bedD^2 + 1.86089E+01*T_bedD - 2.15617E+03))*1E-3; 

    %hfg_bedD = (10^3*(6.40224E-12*T_cond^5 - 3.93212E-08*T_cond^4 + 3.63907E-

05*T_cond^3 - 1.39601E-02*T_cond^2 + 4.34707E+00*T_cond + 1.82254E+03)- 

10^3*(1.95664E-10*T_cond^5 - 3.36772E-07*T_cond^4 + 2.34408E-04*T_cond^3 - 8.21171E-

02*T_cond^2 + 1.86089E+01*T_cond - 2.15617E+03))*1E-3; 

    K_bedD = A*exp(n*(Qst-hfg_C)/(Rw*T_bedD)); 

    Ps_bedD = 10^3*(-5.007261711E-15*T_bedD^6 + 1.249032418E-11*T_bedD^5 - 

1.135454979E-08*T_bedD^4 + 5.164337223E-06*T_bedD^3 - 1.275119405E-03*T_bedD^2 + 

1.643475641E-01*T_bedD - 8.706432224E+00);       

    P_bedD =  Ps_bedD*(theta_bedD/(K_bedD-theta_bedD*(K_bedD-1)))^(1/n); 

    %kads_D = 18*P_bedD/(2*pi*18*R*T_bedD)^0.5 * exp(-(Ea/(R*T_bedD)))*189.6; 

    %w_bedD_const= 0; %kads_D*(P_bedD/Ps_bedD)^n + (kads_D/K_bedD)*(1-

(P_bedD/Ps_bedD)^n); 

     

end 
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T_w_bedD_out = BedHex(T_bedD, T_w_bedD_in, m_dot_w_bedD); 

  

h_w_bedD_in = 1E-3*10^3*(1.95664E-10*T_w_bedD_in^5 - 3.36772E-07*T_w_bedD_in^4 + 

2.34408E-04*T_w_bedD_in^3 - 8.21171E-02*T_w_bedD_in^2 + 1.86089E+01*T_w_bedD_in 

- 2.15617E+03); 

h_w_bedD_out = 1E-3*10^3*(1.95664E-10*T_w_bedD_out^5 - 3.36772E-

07*T_w_bedD_out^4 + 2.34408E-04*T_w_bedD_out^3 - 8.21171E-02*T_w_bedD_out^2 + 

1.86089E+01*T_w_bedD_out - 2.15617E+03); 

CpabeD = 10^3*(-1.35090E-11*T_bedD^5 + 2.40993E-08*T_bedD^4 - 1.71323E-

05*T_bedD^3 + 6.07609E-03*T_bedD^2 - 1.07591*T_bedD + 8.02982E01)*1E-3; 

  

%==============================Condenser============================== 

T_w_cond_in  = Tcw_in; 

m_dot_w_cond = m_dot_cw_cond; 

  

T_w_cond_out  = CondHex(T_cond, T_w_cond_in, m_dot_w_cond); 

  

h_fg_cond =(10^3*(6.40224E-12*T_cond^5 - 3.93212E-08*T_cond^4 + 3.63907E-

05*T_cond^3 - 1.39601E-02*T_cond^2 + 4.34707E+00*T_cond + 1.82254E+03)- 

10^3*(1.95664E-10*T_cond^5 - 3.36772E-07*T_cond^4 + 2.34408E-04*T_cond^3 - 8.21171E-

02*T_cond^2 + 1.86089E+01*T_cond - 2.15617E+03))*1E-3; 

  

h_f_cond = 1E-3*10^3*(1.95664E-10*T_cond^5 - 3.36772E-07*T_cond^4 + 2.34408E-

04*T_cond^3 - 8.21171E-02*T_cond^2 + 1.86089E+01*T_cond - 2.15617E+03); 

h_f_w_cond_in = 1E-3*10^3*(1.95664E-10*T_w_cond_in^5 - 3.36772E-07*T_w_cond_in^4 + 

2.34408E-04*T_w_cond_in^3 - 8.21171E-02*T_w_cond_in^2 + 1.86089E+01*T_w_cond_in- 

2.15617E+03); 

h_f_w_cond_out = 1E-3*10^3*(1.95664E-10*T_w_cond_out^5 - 3.36772E-

07*T_w_cond_out^4 + 2.34408E-04*T_w_cond_out^3 - 8.21171E-02*T_w_cond_out^2 + 

1.86089E+01*T_w_cond_out- 2.15617E+03); 

  

Cp_ref_L_cond = 10^3*(-1.35090E-11*T_cond^5 + 2.40993E-08*T_cond^4 - 1.71323E-

05*T_cond^3 + 6.07609E-03*T_cond^2 - 1.07591*T_cond + 8.02982E01)*1E-3; 

  

%==============================Evaporator============================= 

  

T_chw_out  = EvpHex(T_evp, T_chw_in, m_dot_chw); 

  

h_fg_evp =(10^3*(6.40224E-12*T_evp^5 - 3.93212E-08*T_evp^4 + 3.63907E-05*T_evp^3 - 

1.39601E-02*T_evp^2 + 4.34707E+00*T_evp + 1.82254E+03)- 10^3*(1.95664E-10*T_evp^5 - 

3.36772E-07*T_evp^4 + 2.34408E-04*T_evp^3 - 8.21171E-02*T_evp^2 + 

1.86089E+01*T_evp - 2.15617E+03))*1E-3; 

  

h_f_chw_in = 1E-3*10^3*(1.95664E-10*T_chw_in^5 - 3.36772E-07*T_chw_in^4 + 2.34408E-

04*T_chw_in^3 - 8.21171E-02*T_chw_in^2 + 1.86089E+01*T_chw_in - 2.15617E+03); 
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h_f_chw_out = 1E-3*10^3*(1.95664E-10*T_chw_out^5 - 3.36772E-07*T_chw_out^4 + 

2.34408E-04*T_chw_out^3 - 8.21171E-02*T_chw_out^2 + 1.86089E+01*T_chw_out- 

2.15617E+03); 

  

Cp_ref_L_evp = 10^3*(-1.35090E-11*T_evp^5 + 2.40993E-08*T_evp^4 - 1.71323E-

05*T_evp^3 + 6.07609E-03*T_evp^2 - 1.07591*T_evp + 8.02982E01)*1E-3; 

  

%=================================================================== 

  

%Linear Driving Force 

 %dy(1) = (w_bedA_const*exp(-Ea/(R*Y(2)))*(w_star_bedA - Y(1))); 

 %dy(1) = (1-exp(-(t*w_bedA_const)))*(w_star_bedA - Y(1)); 

 if (Flag1 == 1) 

 P_A = 10^3*(-5.007261711E-15*Y(6)^6 + 1.249032418E-11*Y(6)^5 - 1.135454979E-

08*Y(6)^4 + 5.164337223E-06*Y(6)^3 - 1.275119405E-03*Y(6)^2 + 1.643475641E-01*Y(6) - 

8.706432224E+00); 

 Ps_A = 10^3*(-5.007261711E-15*Y(2)^6 + 1.249032418E-11*Y(2)^5 - 1.135454979E-

08*Y(2)^4 + 5.164337223E-06*Y(2)^3 - 1.275119405E-03*Y(2)^2 + 1.643475641E-01*Y(2) - 

8.706432224E+00); 

 hfg_A =(10^3*(6.40224E-12*Y(2)^5 - 3.93212E-08*Y(2)^4 + 3.63907E-05*Y(2)^3 - 

1.39601E-02*Y(2)^2 + 4.34707E+00*Y(2) + 1.82254E+03)- 10^3*(1.95664E-10*Y(2)^5 - 

3.36772E-07*Y(2)^4 + 2.34408E-04*Y(2)^3 - 8.21171E-02*Y(2)^2 + 1.86089E+01*Y(2) - 

2.15617E+03))*1E-3; 

 kads_A = 18*(P_A*10^3)/(2*pi*18*R*Y(2))^0.5 * exp(-(Ea/(R*Y(2))))*As; 

 K_bedA = A*exp(n*(Qst-hfg_C)/(Rw*Y(2))); 

 w_bedA_const = kads_A*(P_A/Ps_A)^n + (kads_A/K_bedA)*(1-(P_A/Ps_A)^n); 

 dy(1) = (kads_A*(P_A/Ps_A)^n - w_bedA_const*Y(1)/wm)*wm; 

 elseif (Flag1 == 0) 

  dy(1) = 0; 

 end 

 %dy(1) = (kads_A*(P_A/Ps_A)^n - w_bedA_const*Y(1)/wm)*wm; 

  

%dT/dt from Energy Balance equation for BedA 

 dy(2) = ((Qst* Mads * dy(1))-(m_dot_w_bedA*(h_w_bedA_out-h_w_bedA_in)))/(Mads*Cpads 

+ Mhx_bedCphx_bed + Mads*Y(1)*CpabeA); 

  

%Linear Driving Force  

 %dy(3) = (w_bedD_const*exp(-Ea/(R*Y(4)))*(w_star_bedD - Y(3))); 

 %dy(3) = (1-exp(-(t*w_bedD_const)))*(w_star_bedD - Y(3)); 

 if (Flag1 == 1) 

 P_D = 10^3*(-5.007261711E-15*Y(5)^6 + 1.249032418E-11*Y(5)^5 - 1.135454979E-

08*Y(5)^4 + 5.164337223E-06*Y(5)^3 - 1.275119405E-03*Y(5)^2 + 1.643475641E-01*Y(5) - 

8.706432224E+00); 

 Ps_D = 10^3*(-5.007261711E-15*Y(4)^6 + 1.249032418E-11*Y(4)^5 - 1.135454979E-

08*Y(4)^4 + 5.164337223E-06*Y(4)^3 - 1.275119405E-03*Y(4)^2 + 1.643475641E-01*Y(4) - 

8.706432224E+00); 
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 hfg_D =(10^3*(6.40224E-12*Y(4)^5 - 3.93212E-08*Y(4)^4 + 3.63907E-05*Y(4)^3 - 

1.39601E-02*Y(4)^2 + 4.34707E+00*Y(4) + 1.82254E+03)- 10^3*(1.95664E-10*Y(4)^5 - 

3.36772E-07*Y(4)^4 + 2.34408E-04*Y(4)^3 - 8.21171E-02*Y(4)^2 + 1.86089E+01*Y(4) - 

2.15617E+03))*1E-3; 

 kads_D = 18*(P_D*10^3)/(2*pi*18*R*Y(4))^0.5 * exp(-(Ea/(R*Y(4))))*As; 

 K_bedD = A*exp(n*(Qst-hfg_C)/(Rw*Y(4))); 

 w_bedD_const = kads_D*(P_D/Ps_D)^n + (kads_D/K_bedD)*(1-(P_D/Ps_D)^n); 

 dy(3) = (kads_D*(P_D/Ps_D)^n - w_bedD_const*Y(3)/wm)*wm; 

 elseif (Flag1 == 0) 

 dy(3) = 0; 

 end 

 %dy(3) = (kads_D*(P_D/Ps_D)^n - w_bedD_const*Y(3)/wm)*wm; 

  

%dT/dt from Energy Balance equation for Bed1 

 dy(4) = (((m_dot_w_bedD*(h_w_bedD_in - h_w_bedD_out) + Qst* Mads * 

dy(3))))/(Mads*Cpads + Mhx_bedCphx_bed + Mads*Y(3)*CpabeD); 

  

%Energy balance for condenser 

 dy(5) = (-Mads*dy(3)*h_fg_cond - m_dot_w_cond*(h_f_w_cond_out - h_f_w_cond_in) + 

Mads*dy(3)*h_f_cond)/(Mhx_condCphx_cond + M_ref_L_cond*Cp_ref_L_cond); 

  

%Energy balance for evaporator 

 dy(6) = (m_dot_chw*(h_f_chw_in - h_f_chw_out) - h_f_cond*Mads*dy(3) - 

h_fg_evp*Mads*dy(1))/(Mhx_evpCphx_evp + M_ref_L_evp*Cp_ref_L_evp); 

  

  

end 

  

  

  

function [ T_w_bed_out] = BedHex(T_bed, T_w_bed_in, m_dot_w_bed) 

  

global  UA_bedA UA_bedD Thw_in Tcw_in 

  

if (T_w_bed_in == Tcw_in) 

    Cp_w_bed = 10^3*(-1.35090E-11*T_bed^5 + 2.40993E-08*T_bed^4 - 1.71323E-

05*T_bed^3 + 6.07609E-03*T_bed^2 - 1.07591*T_bed + 8.02982E01)*1E-3; 

    T_w_bed_out = T_bed + (T_w_bed_in - T_bed)*exp((-

UA_bedA)/(m_dot_w_bed*Cp_w_bed)); 

elseif (T_w_bed_in == Thw_in) 

    Cp_w_bed = 10^3*(-1.35090E-11*T_bed^5 + 2.40993E-08*T_bed^4 - 1.71323E-

05*T_bed^3 + 6.07609E-03*T_bed^2 - 1.07591*T_bed + 8.02982E01)*1E-3; 

    T_w_bed_out = T_bed + (T_w_bed_in - T_bed)*exp((-

UA_bedD)/(m_dot_w_bed*Cp_w_bed)); 

end 

end 
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function T_w_cond_out  = CondHex(T_cond, T_w_cond_in, m_dot_w_cond) 

  

global U_cond A_cond 

  

Cp_w_cond =  10^3*(-1.35090E-11*T_cond^5 + 2.40993E-08*T_cond^4 - 1.71323E-

05*T_cond^3 + 6.07609E-03*T_cond^2 - 1.07591*T_cond + 8.02982E01)*1E-3; 

  

T_w_cond_out = T_cond + (T_w_cond_in - T_cond)*exp((-

U_cond*A_cond)/(m_dot_w_cond*Cp_w_cond)); 

  

end 

  

function T_chw_out  = EvpHex(T_evp, T_chw_in, m_dot_chw) 

  

global U_evp A_evp 

  

Cp_w_evp = 10^3*(-1.35090E-11*T_evp^5 + 2.40993E-08*T_evp^4 - 1.71323E-05*T_evp^3 + 

6.07609E-03*T_evp^2 - 1.07591*T_evp + 8.02982E01)*1E-3; 

  

T_chw_out = T_evp + (T_chw_in - T_evp)*exp((-U_evp*A_evp)/(m_dot_chw*Cp_w_evp)); 

  

end 

 

 

 

 

  


