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Abstract 

Many researchers consider adsorption systems as a solution for global problems such 

as global warming and water scarcity. The experimental and numerical data available in 

literature are basically focusing on using conventional adsorbent materials such as silica gel 

and zeolites. Recently, metal-organic framework (MOF) materials has been proposed to 

substitute these conventional adsorbents. Nevertheless, the potential of MOFs has been only 

numerically investigated without any experimental data from a real system. To fill this research 

gap, this work presents for the first time the experimental testing of a MOF material, aluminium 

fumarate, and how it can affect and enhance the performance of adsorption desalination 

systems. A parametric study to investigate the effect of different parameters such as chilled 

water, adsorption cooling water, condensation cooling water, desorption heating water 

temperatures and half cycle time on the performance of the adsorption system was developed. 

The suitability of the aluminium fumarate system for adsorption desalination was also assessed 

through analysing the quality of water produced from the system. Finally, the performance of 

the aluminium fumarate was also compared to conventional adsorbents such as silica gel. The 

superior performance of aluminium fumarate highlights the potential of the material in 

adsorption desalination application.   
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Nomenclature 

Symbols Description Unit 
COP Coefficient of performance  

cp Specific heat at constant pressure J kg-1 K-1 

hfg Latent heat of vapourization J (kg K)-1 

M Mass kg 

m
•

 Mass flow rate Kg s-1 

Q Heat J kg-1 

SDWP Specific daily water production m3 (ton day)−1 

SCP Specific Cooling Power W kg-1 

T Temperature K 

t Time s 

τ number of cycles cycle 

Subscripts   

a adsorbent material  

chill chilled  

cond condenser  

des desorption  

evap evaporator  

in inlet  

out outlet  

w water  

Abbreviations   

AlPO4s Aluminumphosphates  

AQSOA-ZO2 Aqua SOrb adsorbent  

DVS Dynamic vapour sorption  

ED Electro-dialysis  

GHG Greenhouse gas  

MED Multi-Effect Distillation  

MOF Metal-organic framework  

MSF Multi-Stage Flash  

MVC Mechanical Vapour Compression  

MIL Materials Institute Lavoisier  



RO Reverse Osmosis  

SAPOs Silicoaluminumphosphates  

SD Solar Distillation  

UoB University of Birmingham  

XRD X-ray diffraction  

 

1. Introduction 

Adsorption is a very old phenomenon, it was firstly observed by Scheele in 1773 [1] 

and Fontana in 1777 [2] reporting the adsorption of gases on charcoal and clays [3]. Later in 

time, de Saussure noticed that heat evolved during the process and that the porosity of the solid 

material is the main reason for the adsorption process to take place [4] and since then adsorption 

has been a prolific field with countless research studies as it can be used in numerous 

applications such as dehumidification, thermal batteries, and delivery of drinking water in 

remote areas [5-8] as water was produced from desert air using MOF-801 and MOF-303 [9]. 

Also, the adsorption technology has proven to be a sustainable system that has important 

advantages such as being driven by waste heat and low-grade heat sources such as solar energy 

and using environmentally friendly refrigerants such as water [10]. In a basic adsorption system 

(Fig. 1), the refrigerant (adsorbate) is evaporated, gaining its heat of evaporation from the 

surroundings producing useful cold (for refrigeration application). When the evaporator is 

connected to the adsorption bed, the vapour is adsorbed into the porous adsorbent material and 

generating the heat of adsorption. This heat can be either released to the surrounding in case of 

cooling applications or used as useful heat in heating application. In the desorption process, the 

porous adsorbent is dried through applying heat from an external heat source (low grade heat 

source). As the desorption bed is connected to the condenser, the desorbed refrigerant is 

condensed releasing its heat of condensation. This heat can be used in the heating application 

or is released to the surrounding in cooling applications [11].   

 



 

Fig. 1 Adsorption system. 

Physical adsorbents are porous materials with different pore size and topologies that adsorb 

gases through Vander Waals forces and retain their original properties during the adsorption 

and desorption processes. The criteria in the selection of the adsorbent/adsorbate pair include 

affinity of the pair for each other, pore size, surface area, toxicity, thermal and chemical 

stability, corrosiveness, thermal conductivity, diffusivity, heat of adsorption, heat of 

evaporation, availability and cost. Activated carbon, silica gel, zeolites, zeolite-like materials 

(aluminumphosphates (AlPO4s) and silicoaluminumphosphates (SAPOs)) are the most 

common commercially available adsorbents [12].  

Water is considered as the most used adsorbate. This is attributed to the fact that water has high 

latent heat of vaporization, being environmentally friendly, being thermally stable at a wide 

range of operating conditions and with a wide range of adsorbent materials, and also its 

availability is an essential advantage [13, 14]. Fig. 2 shows the water vapour uptake by different 

adsorbent materials. It can be noticed that all the materials possess an uptake less than 0.3 while 

Zeolite 13X is the only material with an uptake of 0.35 g
2H O

gads
‒1 at a relative pressure of 0.5. 



 

 

 

 

 

 

 

 

Fig. 2 Water adsorption isotherms of conventional adsorbents such as silica gel RD 
[15], SAPO-34 [16], Zeolite Y [17], Zeolite 13X [18] and AlPO-18 [18] at 25°C. 

 

Adsorption technology can offer an innovative solution to another global crisis which 

is water scarcity. Globally, there are seven hundred million people who are suffering from 

water scarcity, while another 500 million are approaching this situation. This situation is 

expected to worsen by 2025 as 1.8 billion people will be living in regions with absolute water 

scarcity [19]. Desalination has become a well-known technology across the world. It is the 

process by which seawater with high total dissolved solids content (>35,000 ppm) is used to 

produce potable water. Desalination technologies can be categorised into (1) membrane 

technologies which include pressure activated systems such as the Reverse Osmosis (RO) or 

electrical activated systems such as Electro-dialysis (ED); (2) thermal energy systems 

(distillation processes) such as the Multi-Stage Flash (MSF), Multi-Effect Distillation (MED), 

Mechanical Vapour Compression (MVC) and Solar Distillation (SD) and (3) chemical methods 

such as Ion-Exchange Desalination and Gas Hydrate [20]. The most used technologies are the 

RO, ED, MSF and MED. 

Due to the extensive energy consumption of the MSF and MED compared to the RO techniques 

(Table 1), hybrid desalination systems that combine thermal and membrane processes were 



proposed. Such systems offer the operation flexibility and lower energy consumption which 

would result in lower greenhouse gas (GHG) emissions [21, 22]. Combining RO with MED 

and MSF systems compensates the inflexibility of MSF and MED and reduces the post-

treatment costs [21]. 

Table 1   Energy consumption and GHG emissions of desalination techniques 

 Thermal energy 
consumption 
(kWh m–3) 

Electrical energy 
consumption 
(kWh m–3) 

CO2 

emissions 
(kg m–3) 

Cost 
($ m–3) Ref. 

RO 0 4–8 2.79 0.76 

 

[2
1,

 2
3]

 

 MED 41.67–61.11 1.5–5 11.8–17.6 0.83 

MSF 69.44–83.33 3.5–5 20.4–25.0 1.07 
Adsorption 39.8 1.38 11.2 0.3       [24] 

 
Due to the high GHG emissions of the conventional desalination methods and its effect on the 

global warming phenomenon, new technologies with lower energy consumption and CO2 

emissions are needed. Recently, adsorption desalination has gained significant attention due to 

its many advantages such as the low energy consumption as shown in Table 1 [22, 24], using 

environmentally friendly refrigerants, being operated by waste or renewable heat sources, using 

low evaporation temperature hence reducing the fouling effect (formation of scales which may 

cause the evaporation unit damage). Also, adsorption desalination system can produce not only 

high-grade distilled water but also cooling effect using the same heat source [20].  

The desalination adsorption system consists of adsorption/desorption beds, a condenser and an 

evaporator. Each bed contains finned tube heat exchangers with the adsorbent material packed 

between the fins [20]. For a two-bed system, the first bed works as an adsorption bed while the 

other works as a desorption bed. After the half cycle time, the operation mode is reversed. At 

the beginning of the cycle, an evaporation–adsorption process takes place where the seawater 

is evaporated due to the affinity of the adsorbent resulting in the cooling effect from the 

evaporator. Heat of adsorption is evolved and transferred to the cooling water in the adsorption 

bed. During the desorption–condensation processes, the low-grade heat is supplied to the 



desorption bed to remove the adsorbed water vapour. As the desorption bed and condenser are 

connected, the water vapour migrates to the condenser where the vapour is condensed and the 

desalinated water is collected [25]. Due to the limited circulated refrigerant and low water 

uptake of currently used adsorbent materials at low relative pressure range, the adsorption 

system suffers from low coefficient of performance (COP), specific cooling power (SCP) and 

specific daily water production (SDWP). As shown in Table 2, numerous studies of adsorption 

desalination have been conducted since its appearance in 2006 [26]. It can be noticed that most 

systems use silica gel as the adsorbent material giving a maximum SDWP of 10 m3 (ton day)−1 

for a 4-bed system. A heat recovery cycle was later developed where the latent heat of 

condensation was recovered into the evaporator through building the two units inside each 

other. This approach increased the SDWP to 26 m3 (ton day)−1. Kim et al. [27] assessed the 

water quality produced from a silica gel adsorption desalination system. Results showed that 

the total dissolved solids decreased from more than 40,000 ppm to almost zero while other 

parameters such as turbidity, pH, hardness, alkalinity, conductivity and elemental analysis 

proved the production of high-quality distilled water from the system.  A feasibility study of 

the system was held by Ng et al. [24] showing that adsorption desalination required less unit 

production cost, electrical energy and total primary energy than other conventional desalination 

systems.  

The long dominating silica gel was replaced by AQSOA-ZO2 (Aqua SOrb adsorbent) in a 

SIMULINK model for a two-bed adsorption system developed by Youssef et al. [28] showing 

that at high chilled water temperature (>20°C), silica-gel outperformed AQSOA-ZO2 while at 

chilled water temperature < 20°C, the situation was reversed. 

Another technique that was recently proposed to enhance the performance and water 

production of the adsorption system is hybridization where the system can be a combination of 

two systems such as adsorption desalination and multi-effect distillation [29]. Also, another 



proposed solution is replacing the conventional adsorbent materials with advanced adsorbents 

that exhibit higher water capacity and hence a higher distilled water production and better 

system performance to be expected [20].  

Table 2   SDWP and SCP of some of previously developed adsorption desalination 

systems 

 
As most of the published studies are mainly focusing on conventional adsorbents such as silica 

gel and zeolites which suffer from previously highlighted problems, new adsorbent materials 

with improved adsorption properties are needed. Metal-organic framework materials have been 

used in producing and delivery of drinking water in remote areas [5-8] as water was produced 

from desert air using MOF-801 and MOF-303 [9]. 

This work aims to fill the gap in research shaped by the previous problems through 

experimentally investigating the potential of advanced metal-organic framework (MOF) 

material, aluminum fumarate, in different adsorption applications such as desalination and heat 

pump. Aluminium fumarate has been numerically investigated in a number of studies [20, 37-

39] in which its performance was compared to systems using conventional silica gel. These 

studies highlighted how the adsorption technology is an energy efficient approach and the 

system performance can be furtherly enhanced through using this class of materials compared 

to silica gel and zeolite. Nevertheless, there have not been any experimental testing of an 

 
Adsorbent No. of 

beds 
SDWP 

m3 (ton day)−1 
SCP 

Rton ton−1 
Teva 

(°C) 
Treg 

(°C) 

Half cycle 
time 
(s) 

 

Ref. 

Silica gel 2 4.2 27.5 15 85 600 [30] 
Silica gel 2 and 4 8.8 and 10 - 30 85 600-500 [31] 
Silica gel 4 7.8 51 30 85 480 [32] 
Silica gel 4 2.4 18 30 85 600 [33] 
Silica gel 2 9.3 - <32 70 570 [34] 
Silica gel 4 26 - <42 85 300 [35] 

AQSOA-
Z02 

4 7.5 58 30 85 300 [36] 



adsorption system employing aluminium fumarate and how it can affect the specific daily water 

production (SDWP) or the water quality produced from the system. In this study, experimental 

testing of aluminium fumarate was carried out to fill this gap of research. The performance of 

aluminum fumarate was then compared to the performance of conventional adsorbent materials 

such as silica gel to highlight the potential of using aluminium fumarate in adsorption 

desalination system. The adsorption system was tested at different operating conditions through 

varying the half cycle time, the chilled water, adsorption bed cooling water, condenser cooling 

water and desorption bed heating water temperatures to determine the optimum operating 

conditions for different adsorption applications. 

1.1. Aluminium fumarate: 

Physical adsorbents are porous materials with different pore size and topologies that 

adsorb gases through Vander Waals forces and retain their original properties during the 

adsorption and desorption processes. The main criteria in the selection of the 

adsorbent/adsorbate pair include affinity of the pair for each other, pore size, surface area, 

stability, regeneration temperature and availability [12].  

Aluminium fumarate is a microporous MOF material that is also known as Basolite™ A520. 

The Al–OH–Al nodes are linked to the fumarate moiety to form a rhombohedral channels that 

structurally resembles MIL-53 [40] (Fig. 3). The material is synthesized from aluminium 

chloride or nitrate and fumaric acid at 130°C for 4 days at atmospheric pressure [40, 41] or 

130°C for 15 min using microwave irradiation [42]. With its hydrothermal and cyclic stability, 

low desorption temperature and high surface area and pore size that offer a maximum water 

vapour uptake of 0.55 gH2O gads
‒1, aluminium fumarate is considered as a good candidate for 

adsorption heat pump and desalination applications. Aluminium fumarate also offers another 

important advantage which is the potential of being synthesized on a large scale by an easy and 

reproducible synthesis approach [43], hence the material is commercially available. 



Aluminium fumarate in this study was synthesized and commercially provided by MOF 

Technologies Ltd, UK. 

 

 
Fig. 3 Crystal structure and secondary building units of aluminium fumarate. 

(Figure was developed using Materials Studio software) 
 
It was studied by Jeremias et al [40] through synthesizing a MOF coating layer on a metal 

substrate via the thermal gradient approach. The study showed that aluminium fumarate has a 

potential in adsorption applications as it can be regenerated at a significantly low temperature 

and it has a water loading difference of 0.53 gH2O gads
‒1. Kummer et al [44] developed a heat 

exchanger coated with the microporous aluminium fumarate using a polysiloxane-based 

binding agent. The heat exchanger produced an average cooling power of 690 W under the 

working conditions of an adsorption chiller working at a desorption temperature of 90 °C, a 

condenser and adsorption temperature of 30 °C and a chilled water temperature of 18 °C. 

The material was fully characterized in our previous work through powder X-Ray Diffraction 

(XRD), nitrogen adsorption and their water adsorption properties [20, 37].  Due to its high-

water vapour capacity, performance stability and low desorption temperature [20, 37], 



aluminium fumarate was chosen to be experimentally tested for the first time in a full 

adsorption system. 

2. Test facility description 

Fig. 4 shows a schematic diagram and a pictorial presentation of the experimental test 

facility. As it can be noticed, the main components of the system are two identical adsorption 

beds, an evaporator and a condenser. Each bed is fitted with two fin and tube heat exchangers 

packed with 0.375 kg/heat exchanger of aluminium fumarate which means a total aluminium 

fumarate mass of 1.5 kg in the two adsorption beds.  

 

 

 

 

 

 

 

 

 

 

 



 

Fig. 4 Schematic diagram and pictorial presentation of the 2-bed system test facility. 

 

2.1. Adsorption bedThe adsorption/desorption bed is the main component in any adsorption 

system. During the adsorption phase, the bed is connected to the evaporator to adsorb the 

water vapour while during the desorption phase, the bed is connected to the condenser to 

desorb the vapour. Each bed consists of a cylindrical steel vessel where pressure 

transducers and thermocouples are fitted. Each vessel contained two heat exchangers with 

six copper tubes that are connected to hot/cold water supply header and the return water 

pipe (Fig. 5a) with the dimensions shown in Table 3. The adsorbent granules (Fig. 5b) 

were packed between the fins (Fig. 5a) and then covered with a metallic mesh from the 

two sides to prevent the displacement of the adsorbent granules. 



  

Fig. 5 a. fin and tube heat exchanger and b. aluminium fumarate granules. 

Table 3 Dimensions of aluminium fumarate heat exchangers: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parameter  Units Value 

Length m 350E‒3 

Fin width m 173E‒3 

Fin height m 30E‒3 

Fin pitch m 1.0E‒3 

Fin thickness m 0.1E‒3 

Tube outer diameter m 15.87E‒3 

Tube thickness m 0.8E‒3 

Number of fins in one heat 
exchanger 

― 354 

Adorbent/heat exchanger kg 0.375 

No of heat exchangers/bed ― 2 

(a) 

(b) 



2.2. Evaporator 

Another essential part of the adsorption system is the evaporator where the evaporation 

of water (seawater in case of adsorption desalination application) takes place. The Evaporator 

used in this study consisted of a stainless-steel vacuum chamber with a two-level helical coil 

formed using 10 m of 8 mm outer diameter copper tube working as the chilled water circuit. 

2.3. Condenser 

The condenser is where the desorbed water vapour is condensed to produce distilled 

water in case of desalination or sent back to the evaporator in case of heat pump applications. 

It consisted of a stainless-steel shell and a helical copper coil.  The stainless-steel shell is 

identical to the one used in the evaporator with the copper coil consists of two spiral coils, one 

inside the other formed from a 10 m of 8 mm outer diameter copper tube. 

3. Aluminium fumarate experimental results 

The suitability of aluminium fumarate for different adsorption desalination application 

was assessed through investigating the effect of different parameters on the performance of a 

two-bed system. The parameters included half cycle time, chilled water, condenser cooling 

water, adsorption bed cooling water and desorption bed heating water temperatures. The 

operating conditions used in this study are shown in Table 4. 

Table. 4 Aluminium fumarate operating conditions 

Parameter  Units Value 

Chilled water inlet temperature °C 10, 15, 20 and 30 

Adsorption bed cooling water inlet temperature °C 24, 30, 40 and 50 

Condenser cooling water inlet temperature °C 20, 30, 40 and 50 

Desorption bed heating water inlet temperature °C 70, 80 and 90 

Half cycle time s 500, 700, 900 and 1100 

Switching time s 70 

Adsorption bed cooling water flowrate L min‒1 17 



3.1. Effect of operating conditions on the performance of aluminium fumarate 
system: 
3.1.1. Effect of chilled water inlet temperature: 

Fig. 6 shows the effect of the chilled water inlet temperature on the performance of 

aluminium fumarate through assessing the specific daily water production (SDWP) using Eq. 

3 and the specific cooling power (SCP) as a secondary product using Eq. 5.  
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It can be noticed that increasing the chilled water inlet temperature significantly 

improved the performance as the SDWP increased from only 2.6 at 10°C to 6.8 m3 ton‒1 day‒1 

at 20°C and the SCP increased from 65 W kg‒1 to 191 W kg‒1 at the same temperatures. For 

adsorption desalination application without cooling effect, the material showed it can produce 

up to 12 m3 ton‒1 day‒1 working at a chilled water inlet temperature of 29°C. 

Adsorption bed heating water flowrate L min‒1 20 

Chilled water flowrate L min‒1 3.25 

Condenser cooling water flowrate L min‒1 3.5 

Adsorbent/heat exchanger kg 0.375 

No of heat exchangers/bed ― 2 



This can be explained by the material adsorption isotherm shape (Fig. 7) [20, 37] showing that 

the material possesses a type IV isotherm where the material uptake increases significantly with 

increasing the chilled water inlet temperature or the working relative pressure [20]. 

 
 
 

Fig. 6 Effect of chilled water inlet temperature on the performance of aluminium 
fumarate desalination system.  

(Tads=30°C, Tcond=30°C, Tdes=90°C, half cycle time=700 s and tswitching=70 s). 
 

 
Fig. 7 Water adsorption isotherm of aluminium fumarate at 25°C [20, 37]. 

 

3.1.2. Effect of half cycle time: 

Optimum half cycle time is a crucial parameter that significantly affects the adsorption 

system performance. Short cycle time results in poor performance as the adsorbent material 



does not have sufficient time to adsorb/desorb the water vapour while prolonged cycle time is 

accompanied with a decrease in the performance due to that the increase in the adsorbed water 

vapour does not compensate for the increase in cycle time. This is evident in Fig. 8 where at 

short half cycle times, both the SDWP and SCP are low, but they increase to reach their 

maximum values at optimum half cycle time of 900 s. At such time, the material achieved an 

SDWP of 8.5 m3 ton‒1 day‒1 and SCP of 245 W kg‒1 and. At a longer half cycle time, both 

SDWP and SCP start to decrease. Based on these results, an optimum half cycle time of 900 s 

was chosen to be further investigated. 
 

Fig. 8 Effect of half cycle time on the performance of aluminium fumarate 
desalination system. 

(Tads=30°C, Tcond=30°C, Tdes=90°C, Teva=20°C and tswitching=70 s). 

3.1.3. Effect of adsorption bed cooling water inlet temperature: 

Another important parameter is the adsorption temperature. Fig. 9 depicts the effect of 

the adsorption bed cooling water inlet temperature on the performance of the system. It can be 

noticed that as the temperature increased from 24 to 50°C the SDWP decreased from 9.7 to 

only 1.2 m3 ton‒1 day‒1 while the SCP decreased from 318 to 20.5 W kg‒1. This shows that 

increasing the adsorption bed cooling water inlet temperature adversely affects the performance 

of the system. Increasing the adsorption bed cooling water temperature means decreasing the 



working relative pressure and as highlighted earlier (Fig. 7), the performance of aluminium 

fumarate significantly depends on the working relative pressure.  
 

Fig. 9 Effect of adsorption bed cooling water inlet temperature on the performance of 
aluminium fumarate desalination system. 

(Tcond=30°C, Tdes=90°C, Teva=20°C, half cycle time=900 s and tswitching=70 s). 

3.1.4. Effect of condenser cooling water inlet temperature: 

The effect of the condensation temperature is shown in Fig. 10 where it can be seen 

that increasing the condenser cooling water inlet temperature adversely affects both SCP and 

SDWP. Increasing the condenser cooling water inlet temperature from 20 to 50°C decreased 

the SDWP from 9 to 4 m3 ton‒1 day‒1 while the SCP decreased from 265 to 141 W kg‒1. This 

is attributed to that as the condenser cooling water inlet temperature increases, the condenser 

pressure increases retarding the water vapour flow from the bed to the condenser and hence 

result in an incomplete desorption process. The incomplete desorption may lead to that the 

material does not reach its capacity during the next adsorption phase. 

 



 

Fig. 10 Effect of condenser cooling water inlet temperature on the performance of 
aluminium fumarate desalination system. 

(Tads=30°C, Tdes=90°C, Teva=20°C, half cycle time=900 s and tswitching=70 s). 

3.1.5. Effect of desorption bed heating water inlet temperature: 

The low desorption temperature required to regenerate aluminium fumarate is 

highlighted through Fig. 11. It can be noticed that increasing the desorption bed hot water inlet 

temperature from 70°C to 90°C slightly increased the SDWP from 8.2 to 8.5 m3 ton‒1 day‒1 

while the SCP increased from 246 to 254 W kg‒1. This highlights the potential of aluminium 

fumarate in adsorption applications working with low temperature heat sources. 
 

Fig. 11 Effect of desorption bed heating water inlet temperature on the performance 
of aluminium fumarate desalination system. 

(Tads=30°C, Tcond=30°C, Teva=20°C, half cycle time=900 s and tswitching=70 s). 



4. Aluminium fumarate in adsorption desalination application:  

Based on the data presented in Fig.6 to Fig.11, the suitability of aluminium fumarate for desalination adsorption application was assessed 

at the investigated temperature ranges summarized in Table 5.  

Table 5 Aluminium fumarate in adsorption desalination application:  

Application       

Chill. Water 
Temp. 

Ads. 
Temp. 

Cond. 
Temp. 

Des. 
Temp 

Desalination 
with cooling 

Desalination 
without 
cooling 

 

10 30 30 90 √ ×  

15 30 30 90 √ ×  

20 30 30 90 √ ×  

30 30 30 90 × √  

20 20 30 90 × 
 

√  

20 30 30 90 √ ×  

20 40 30 90 √ ×  

20 50 30 90 √ ×  

 

 



As it was highlighted earlier, adsorption systems can be used for water desalination to 

either produce potable water only or to produce both potable water and cooling effect. Fig. 12 

shows the temperature profile of the main adsorption desalination system components. Based 

on the data extracted from Fig. 6, Fig. 13 shows a. distilled water produced (SDWP), b. cooling 

effect (SCP) and c. coefficient of performance (COPref) (Eq. 7) of aluminium fumarate.  
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It can be noticed that at chilled water inlet temperatures used in cooling (10 and 15°C), 

aluminium fumarate produced SDWP of 2.6 and 4.6 m3 ton‒1 day‒1 and a cooling effect of 65 

and 136 W kg‒1, respectively. For a moderate cooling effect (20°C), aluminium fumarate 

produced 7 m3 ton‒1 day‒1 and 191 W kg‒1. Regarding the desalination without cooling effect, 

Fig. 14 shows that at high evaporation temperatures aluminium fumarate produced 13 m3 ton‒

1 day‒1. 

 

Fig. 12 Temperature profile of adsorption/desorption beds, evaporator and condenser 
in adsorption desalination system. 

(Teva=15°C, Tads=30°C, half cycle time=700 s, tswitching=70 s, Tcond=30°C, Tdes=90°C). 
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Fig. 13 Adsorption desalination with cooling effect. 
a. SDWP, b. SCP and c. COPref 

(Tads=30°C, half cycle time=700 s, tswitching=70 s, Tcond=30°C, Tdes=90°C). 
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Fig. 14 Adsorption desalination without cooling effect. 
(Tads=30°C, half cycle time=700 s, tswitching=70 s, Tcond=30°C, Tdes=90°C). 

 

Salty water was prepared to simulate the seawater. The elemental analysis of the salt used to 

prepare the salty water can be found in Table 6. The quality of water produced from aluminium 

fumarate system was assessed through measuring the total dissolved solids (TDS) and water 

conductivity using a JENWAY 3540 pH and conductivity meter. The measured values were 

then compared to those of filtered water, tap water and the World Health Organization (WHO) 

potable water specifications for 2017.  

Table 6 Elemental analysis of salt used in preparing salty water:  

Component Percentage 

Chloride (Cl) 38.95% 

Sodium (Na) 12.54% 

Magnesium (Mg)  4.22% 

Calcium (Ca) 1.95% 

Sulphur (S) 0.79% 

Potassium (K) 0.38% 

Bromine (Br) 0.2% 
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Results in Table 7 shows that the aluminium fumarate desalination system produced high grade 

distilled water. The TDS decreased from 23,000 ppm for the feed salty water to only 17.5 ppm 

while the conductivity decreased from 39,000 µS cm‒1 to 28 µS cm‒1. According to the WHO 

standards and based on the measurement shown below, the adsorption system under 

investigation has proven its ability to be used for distilled water production. 

Table 7 Quality analysis of water produced from aluminium fumarate: 

Sample TDS (mg L‒1) Conductivity (µS cm‒1) 
Tap water (UoB) 94 157.1 
Filtered water (UoB) 1.24 2.1 

Potable water (WHO) [45, 46] <600 2500 

Feed water to aluminium fumarate 

desalination system 
23.3E3 39.1E3 

Water produced from aluminium fumarate 

desalination system 
17.5 28 

 

4.1. Adsorption desalination: A comparative study: 

The experimental testing results of aluminium fumarate in adsorption desalination 

application was compared to the experimental results available in the literature as shown in 

Fig. 15 and Fig. 16. The performance of the adsorbent materials was compared for both with 

and without cooling effects desalination systems. In Fig.15 and for an ambient temperature of 

30ºC representing the adsorption bed cooling water and to generate a cooling effect, a chilled 

water inlet temperature of 10ºC or 15ºC is usually used. At a chilled water of 10ºC, it was found 

that silica gel outperformed aluminium fumarate as it produced an SDWP of 3.2 m˗3ton˗1day˗1 

and an SCP of 70 W kg˗1 compared to 2.6 m˗3ton˗1day˗1 and 64 W kg˗1. As the temperature 

increased to 15ºC, aluminium fumarate surpassed silica gel producing SDWP of 4.6 

m˗3ton˗1day˗1 and SCP of 136 W kg˗1 compared to 4 m˗3ton˗1day˗1 and 91 W kg˗1 in case of silica 

gel. This is attributed to the increase in the working relative pressure which significantly affects 

the performance of aluminium fumarate as highlighted earlier. For a moderate cooling in which 



the chilled water inlet temperature of 20ºC is used, the same performance was observed as 

aluminium fumarate outperformed the silica gel. 

In case of desalination without cooling, the chilled water inlet temperature used is 

almost equal to the adsorption cooling water temperature. Aluminium fumarate showed a 

higher SDWP compared to silica gel (Fig. 16) due to the high working relative pressure which 

is close to unity. The performance of aluminium fumarate was also compared to the 

performance of another MOF material of CPO-27(Ni) which is known for its good performance 

at the low relative pressure ranges. It was found that aluminium fumarate surpassed CPO-

27(Ni) at the investigated temperature range which is attributed to the fact that CPO-27(Ni) 

requires high regeneration temperatures to desorb all the adsorbed water. This highlights the 

advantage of using aluminium fumarate in adsorption system operated by low temperature heat 

sources as this material can be regenerated using desorption temperatures as low as 60ºC. 
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Fig. 15 Adsorption desalination with cooling effect comparative study between silica gel and 
aluminium fumarate employing a chilled water inlet temperature of  

a.10ºC, b. 15ºC and c. 20ºC [47].  
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Fig. 16 Adsorption desalination without cooling effect comparative study between 
aluminium fumarate, a. silica gel [47] and b.CPO-27(Ni) [48]. 
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5. Conclusion: 

The aim of this study was to experimentally assess the potential of aluminium fumarate in 

adsorption desalination application. A parametric study to experimentally investigate the effect 

of different parameters such as chilled water, adsorption cooling water, condensation cooling 

water, desorption heating water temperatures and half cycle time on the performance of the 

adsorption system was developed. Also, the performance of the aluminium fumarate was also 

compared to conventional adsorbents such as silica gel and zeolites.  Results showed that 

aluminium fumarate requires a desorption temperature as low as 70ºC or even less which make 

the material suitable for applications operated by low temperature heat sources. It was also 

found that when working at an adsorption temperature of 30ºC, aluminium fumarate surpassed 

the conventional silica gel at a chilled water temperature higher than 10ºC. This was attributed 

to the shape of its adsorption isotherm.  

This study is a step forward to substitute the long dominating silica gel with a more energy 

efficient and higher water productive adsorbent material, aluminium fumarate. 
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