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ABSTRACT

Recently, the adsorption technologies received significant interest for water purification and desalination application as well as for clean cooling production, since
they offer an environmentally friendly solution using low-grade energy compared to the conventional systems. In this work, a hybrid adsorption system based on
combining a pre-treatment unit for heavy metal removal with a desalination and cooling unit is experimentally investigated. Activated carbon and zeolite in powder
and beads forms have been used in pre-treatment unit as adsorbent materials for the removal of iron, lead, manganese and nickel from ground water, while a coating
form of aluminium fumarate MOF adsorbent material is used in heat powered adsorption heat pump for desalination and cooling unit. For the formation of activated
carbon/zeolite beads, 45 % polymer loading showed the highest efficiency for the removal of the heavy metals which reached 87 % of iron. After taking the purified
water from the pretreatment unit, the desalination and cooling unit produced higher than 260L/day of distilled water and 6.9 kW of cooling power with a coefficient
of performance of 0.26 using a coating thickness of 0.75 mm on the wire finned tube heat exchanger adsorber beds. With the hybrid system, a practical mitigation of
the accumulation of some chemical compounds on the evaporator surface with continuous operation was achieved. The effect of evaporator and condenser chamber
volumes are investigated to minimize the compactness of the MOF adsorption heat pump. This hybrid adsorption system demonstrates a promising solution for pure
water and cooling production over the conventional available ones.

Introduction and improve human, animal and aquatic life, and environment [3].

Heavy metals such as iron, nickel, manganese and lead are commonly

With the population growth worldwide, the freshwater demands are
increasing dramatically, while the water resources cannot be utilized
directly due to two main factors. Firstly, agriculture and industrial
processes have contaminated freshwater sources with numerous inor-
ganic and organic pollutants [1,2] and secondly, most groundwater used
for drinking and irrigation contains various ions and salts [1].

Regarding the inorganic and organic contaminants, finding ways to
effectively alleviate this pollution is of paramount importance to protect
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occurring the most inorganic contaminants in water supplies [4-6]. It
was found that heavy metals have harmful impacts on human life and
health which may lead to nervous system diseases, respiratory paralysis
and brain cancer [7] Moreover, heavy metals poisoning causes symp-
toms such as headaches, dizziness, tearing nausea, memory problems
and blurred vision [8] However, the sources of heavy metals in agri-
culture are still ongoing in many countries all over the world [5,9,10].
Many strategies have been investigated for the removal of contaminants
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Fig. 1. Schematic diagram of the adsorption based waste water treatment system.

from water including coagulation [11] chemical and biological oxida-
tion, photocatalytic degradation and ozonation [12]. However, these
methods have one or more of the following drawbacks such as inefficient
or moderate removal capacity, high operational energy costs, formation
of toxic oxidation by products and production of large quantity of sludge
[7] Alternatively, adsorption is an effective, relatively inexpensive, and
harmless method that showed promising results in resolving heavy
metals removal [11,13] Specifically, activated carbon and zeolite ma-
terials have been examined as sorbents for pollutants removal [14,15]
However, the low adsorption capacity of the activated carbon for
organic and inorganic contaminants and the difficulty of its regeneration
remain challenging issues to be resolved [16].

Regarding the salt content in water, the desalination systems are
becoming essential to deliver freshwater for agriculture, industrial and
household applications. Three main desalination technologies are
widely used which are: Reverse Osmosis (RO), multistage flash (MSF)
and multi effect distillation (MED) [17]. These technologies suffer from
high energy consumption, CO, emissions and water production cost
[18]. Recently, adsorption desalination systems using new metal organic
framework (MOF) adsorbent materials which have high water uptake
and surface area compared to the conventional adsorbent materials like
silica gel, zeolite and activated carbon (which has only a surface area
between 150 m2/g to 3100 m2/g [19]), have been developed to deliver
cheaper water production with environmentally friendly solution. These
systems are basically operated by evaporating the water from the saline
water at the evaporator during the adsorption process, then the adsor-
bent water vapor will be regenerated and condensed in the condenser to
be collected as a fresh water. Additionally, a cooling effect can also be
produced during the adsorption process, which is considered as an extra
production during the freshwater production. Recently, aluminium
fumarate, CPO-27 Ni and MIL-101 Cr are some MOFs that used for this
purpose [20-22]. However, applying the MOF material into the heat
exchanger of the adsorber bed to get the highest system performance is a

big challenge that need to be investigated in order to deliver a good heat
and mass transfers to the material. Also, further studies need to be
carried on to optimize the specific water daily production (SDWP) and
specific cooling power (SCP) to get the highest water production from
minimum adsorbent material.

Therefore, combining the same technology (adsorption) to remove
organic & inorganic contaminants and desalinate the salty water in a
hybrid adsorption system will be a unique solution to deliver freshwater
by using effective adsorbent material candidates (activated carbon and
MOF) for contaminants removal and desalination. Additionally, despite
of using the stainless-steel coils in the evaporator of the desalination and
cooling unit, this material might have corrosion when it exposed to
heavy metals like iron and nickel due to the formation of different
chemical compounds such as iron carbides and nitrides [23]. Thus,
removing the heavy metals by a pre-treatment unit before passing the
water to the desalination and cooling unit is essential.

Recently, production of highly porous activated carbon with large
surface area from agricultural wastes has been investigated using envi-
ronment friendly methods for example using a water hyacinth plant, one
of the agricultural waste plants as a precursor for activated carbon
production contribute to the environmental protection issue. Accord-
ingly, the production of nano-magnetic activated carbon (NMAC) from
water hyacinth has potential economic and environmental impacts.
First, it converts unwanted, low-value aquatic plants to useful and high-
value sorbents. Second, the production of NMAC represents novel
adsorbent material for water purification. Furthermore, since activated
carbon sufferers from low volumetric capacity, the use of excessive
amount of sorbents is necessary which results in a moderately expensive
strategy [24,25] Therefore, a recyclable, cost-effective and high capacity
materials to remove heavy metals from water must be designed to ensure
efficient decontamination of water. Also, it is still challenging to prepare
activated carbon composites that offer high surface area and perfor-
mance similar to the parent materials using green strategies to get an
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Fig. 2. Procedures of fabrication Zeolite/PES

industrial applicable form of sorbent powder [26,27].

On the other hand, most adsorption desalination systems are
suffering from low thermal conductivity and high contact thermal
resistance with metal surfaces when granular adsorbent materials are
packed in the adsorber bed heat exchangers [28]. Coating the surfaces
with the adsorbent material by mixing the material powder with a
binder agent is used as an alternative solution to increase the heat
transfer and reduce the contact thermal resistance [29,30]. However,
increasing the coating thickness may lower with the mass transfer as the
binding agent can block the voids through the adsorbent material, while
reducing the coating thickness results in increasing the metal to adsor-
bent mass ratio leading to higher energy consumption. Therefore,
further studies need to be carried out to optimize the coating thickness
without having a significant impact on the mass transfer.

In this paper, a combination between the activated carbon and
coated MOF in the adsorption system to deliver a fresh water by
removing organic/inorganic contaminants and salts from water will be
studied experimentally. The authors report here a facile and scalable
strategy for the fabrication of millimetre-sized activated carbon com-
posite beads that are constructed from chitosan and sodium alginate in
form of biocompatible beads, named chitosan-alginate beads (CA). The
CA beads are used in a treatment unit to decontaminate organic and
inorganic pollutants from wastewater. The pre-treated waste water is
then applied to a MOF coated adsorption system with coating thickness
higher than thicknesses reported in the literature (0.75 mm) in order to
deliver high SDWP in the desalination system.

Hybrid system description

The hybrid system consists mainly of two units; the pre-treatment
unit and the desalination and cooling unit in which both units are
connected in series as shown in Fig. 1. In the pre-treatment unit, a
specific amount of feed solution of ground water with contaminants (Fe,
Pb, Mn and Ni) is fed to the activated carbon/zeolite beads tank. The
contaminated water is then purified in the CA tank over 2-3 h with all
the valves switched off and the stirrer is operated. The valve in the
bottom of the tank is then switched on in order to collect the purified
water in the purified water tank. Before starting a new cycle in the pre-
treatment unit, a flushing pump will regenerate the material by feeding
water in the opposite direction of the original flow. After a number of
cycles, the purified water tank is fed to the evaporator of the MOF
adsorption desalination and cooling unit. During the adsorption phase in
the first bed, chilled water is fed to the evaporator as well as cooling

composite beads using phase inversion technique.

water is fed to the first bed in which the adsorbent material (MOF) is
coated onto the heat exchanger surfaces inside the bed. Pure water vapor
will pass from the evaporator to the first bed due to the affinity of the
MOF adsorbent material to water vapor which causes further water
evaporation in the evaporator and production of cooling. On the other
hand, the second bed will be working in the desorption phase in which
the adsorbent material in the bed is regenerated by feeding hot water to
the heat exchangers, while the desorbed vapour is collected in the
condenser in which cooling water is fed to the condenser. Once the
adsorption and desorption phases are completed in the first and second
beds respectively, the beds will swich the phases between each other to
ensure having a continuous fresh water production (distilled water) that
can be collected from the condenser as well as a continuous cooling
production from the evaporator. By this approach, the hybrid system can
purify the water from heavy metals contaminates using activated car-
bon/zeolite as a first stage followed by a water desalination and cooling
production using aluminium fumarate as a second phase. These con-
taminants would have a negative impact on the evaporation process and
heat exchanger metals if the pre-treatment unit is not integrated with the
desalination and cooling system [23].

Methodology

In this work, the hybrid system contains two adsorbent materials,
where activated carbon and zeolite are used in the pre-treatment unit for
the removal of heavy metals, while aluminium fumarate MOF material is
used in the heat powered adsorption desalination and cooling unit using
the coating approach. In this section, the preparation and synthesis
procedures for these materials are described, followed by characterizing
the materials using powder X-ray diffraction (PXRD), Fourier T-infra red
(FTIR), scanning electron microscope (SEM) and dynamic vapor sorp-
tion apparatus (DVS). Adsorption pre-treatment unit and desalination
and cooling unit experiment procedures are also described.

Preparation of sorbent materials for Pre-treatment unit

Both extracted nano-activated carbon from the water hyacinth roots
and synthetized zeolite from clay were investigated for the adsorption of
heavy metals commonly existing in manganese, iron, lead and nickel
ions. Since the recovery of powder adsorbent materials after water
treatment process is difficult, and their operation in powder form in
wastewater treatment process cause a high-pressure drop under column
operation, the powders will be immobilized in different weight ratios
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Fig. 3. Aluminum fumarate preparation for coating (a) distilled water mixed with binder (b) mixing distilled water and binder with adsorbent material powder.

onto poly ether sulfones (PES) polymeric matrix to be formulated into
bead-shaped composite adsorbent materials. The adsorption perfor-
mance of the different formulated beads with different weight ratio for
both synthetized materials was determined toward the most selective
predetermined contaminated metal ion using batch technique. The op-
timum immobilized weight ratio from both nano-activated carbon and
zeolite were determined. The optimum fabricated composite beads from
both zeolite-PES and nano-activated carbon-PES were characterized
using different physico-chemical technique including SEM, FTIR and
XRD.

The composite beads were fabricated using phase inversion tech-
nique where a specific amount from nano-activated carbon powder or
zeolite was dispersed into 10 ml from DMF solvent by mechanical stir-
ring for 24 h under heating at 60 °C as shown in Fig. 2. Then, 1 g from the
PES polymeric powder was added gradually to the solution while stir-
ring. The nano-activated carbon-PES (NAC/PES) and zeolite polymeric
solution was stirred for 24 h at 60 °C to complete dissolution of the
polymer and successful dispersion of nano-activated or zeolite powder
into the polymeric matrix. In order to formulate this solution into beads
using phase inversion technique, this composite solution was added
dropwise to cold coagulation bath at 10 °C included 10 ml ethanol and
10 ml distilled water and maintained stirring for 5 min to ensure com-
plete polymer precipitation and separation of the solvent from poly-
meric composite matrix to form NAC/PES and zeolite/PES composite
beads. In order to complete the separation of DMF solvent from the
composite beads to form pores at the beads, the formulated beads
collected from cold coagulation bath was refreshed through soaking in
ethanol solution. Then the solvent free NAC/PES and zeolite/PES com-
posite beads were dried at 35 °C. Additionally, all the prepared com-
posite beads were activated before their utilization at the water
treatment process by heating at 140 °C for an hour under vacuum to
remove any solvent molecules from their pores as indicated at Fig. 2.
Four different NAC/PES and zeolite/PES composite beads were fabri-
cated through varying the immobilized percentages of nano-activated
carbon and zeolite filler (25, 45, 65 and 85 wt%) at the polyether sul-
fones (PES) solution. 45 wt% of NAC/PES and zeolite/PES composite
beads showed an excellent stability and shape reservation in comparison
to other loading percentages.

Characterization of sorbent materials for Pre-treatment unit
As shown in Figure X1(a), it was evident from XRD pattern of the

optimum fabricated NAC/PES 45 % composite beads that the structure
of the activated carbon is well maintained during the synthesis process

(Figure X1(a)). A close inspection of PXRD revealed that the activated
carbon is interacting well with the polymeric material while maintain-
ing the amorphous structure of activated carbon stable under the con-
ditions of formation of the composite beads. The polymeric PES is
primarily amorphous material and it has characteristics only of small
peak at 20 = 18.2°, while, NAC is characterized by its broad diffraction
peak at 26 = 15-30° that confirms its amorphous carbon structures. The
weak and broad diffraction peak at 26 = 40-50° is due to the a-axis of the
graphite structure at the immobilized NAC matrix. So, due to the
amorphous structure of both nano-activated carbon and PES, no char-
acteristic peak was identified for the prepared NAC/PES 45 % composite
beads as shown from the PXRD. However, the PXRD revealed a good
compatibility between the activated carbon and polyether sulphone
polymeric matrices. As shown Figure X1(b), FTIR spectra of prepared
NAC/PES 45 % composite beads was carried out to confirm the
embedment of nano-activated carbon material at the poyymeric matrix.
Where, the spectra showed the characteristics PES peaks, the peaks at
1244 and 1141 ecm™! are supposed to be the stretching vibrations of
S$—O0 asymmetric and S—O symmetric of PES, which correlates well
with the previously reported literature [31]. The peak of O—H stretch-
ing vibration at about 3400-3600 cm ! and C=0 bonds at 1660 cm
are corresponding to NAC. Accordingly, the FTIR spectra confirming
that the combination between NAC and PES at the prepared NAC/PES
45 % composite beads. As shown Figure X1(c) SEM images reveal that
the prepared NAC/PES 45 % composite beads with the amorphous
activated carbon have a porous morphology with a size of 3.5 & 0.7 mm.
A high magnification of SEM shows a good interaction of activated
carbon with PES while maintaining the activated carbon exposed for
adsorption of pollutants as shown in Figure X1(c). Also, the SEM images
confirm the suitable dispersion of NAC nanoparticles in the polymeric
beads matrix. This uniform distribution of the nanoparticles is favour-
able because it increases the contact area of the passing polluted water
through the beads and the surface of the particles, which subsequently
increases the surface adsorption of the metal ions from contaminated
water.

PXRD of zeolite beads suggested that the crystal structure of the
zeolite is well maintained during the structuring process of formulated
zeolite/PES 45 % composite beads (Figure X2(a)). A close inspection of
PXRD revealed that the zeolite is interacting well with the polymeric PES
matrix while maintaining the structure of zeolite stable under the con-
ditions of formation of the composite beads. Where, as evident from
Figure X2(a), all the characteristics sharp peaks of zeolite were identi-
fied. Less peak shift was apparent between the prepared pristine zeolite
investigated and the composite zeolite beads, meaning that the
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crystalline structure of the zeolite caused no change in the 45 % zeolite/
PES composite beads. FTIR spectra of prepared 45 % zeolite/PES com-
posite beads were carried out to confirm the interaction between pre-
pared zeolite material and polymeric PES matrix at the polymeric
composite matrix (Figure X2(b)). Where, the spectra showed the char-
acteristics PES peaks, the peaks at 1244 and 1141 cm ™! are supposed to
be the stretching vibrations of S—0 asymmetric and S—O symmetric of
PES, which correlates well with the previously reported literature [27].
The peak at 1050 cm ! and 765 cm ™!, were related to the Si-O-Si and Si-
O symmetric and asymmetric vibrations respectively in the zeolite ma-
trix. Meanwhile, the shoulder peaks at 1200 cm™* and 700 cm ™! could
be attributed to the Al-OH and Si-O bending vibration respectively
which are corresponding to zeolite. Accordingly, the FTIR spectra con-
firms the combination between zeolite and PES at the prepared zeolite/
PES 45 % composite beads. SEM images reveal that the synthesized
composite polymeric beads with the crystallites zeolite have a porous
morphology with a size of 4.6 + 0.8 mm. A high magnification of SEM
shows a good interaction of zeolite particles with PES as shown in
Figure X2(c). As the prepared zeolite powder is well distributed in the
PES network with a sponge structure as evident from high resolution
SEM images.
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Preparation MOF adsorbent material for the adsorption heat pump
desalination and cooling unit

Fig. 3 shows the preparation of aluminium fumarate MOF adsorbent
material (purchased from MOF Technology Co. in a powder form) for
coating. 2000 ml of distilled water is heated and mixed with 40 g of
binder agent (hydroxy ethyl cellulose) at temperature of 90 °C for 30
min, followed by mixing 400 g of aluminium fumarate powder with the
solution for another 30 min under stirring.

Characterization of MOF adsorbent material for adsorption heat pump
desalination and cooling unit

To examine the effect of coating thickness performance in adsorption
heat pump for cooling and desalination applications, five different
coating thicknesses (0.3, 0.5, 0.75, 0.85 and 1.1 mm) were prepared in
order to be tested using dynamic vapour sorption apparatus (DVS). A
cyclic performance study was conducted using an adsorption tempera-
ture of 25 °C and desorption temperature of 90 °C at a relative pressure
of 90 % in the adsorption process as shown in Fig. 4. The fastest kinetic
was observed using the coating thickness of 0.3 and 0.5 mm in which the
cycle time were only 35 and 45 min respectively. This kinetic is much
faster than using the conventional packing method of adsorbent gran-
ular which showed a cycle time of 85 min due to the higher thermal
conductivity and lower contact resistance that caused by using the
binder. In terms of the gravimetric water uptake, the coating method
using 0.3 mm can provide double the SCP and SDWP values compared to
the packing one. However, due to the thin coating thickness, the coating
method requires more heat exchanger surfaces which ultimately in-
creases the required heat exchanger mass that needs more energy to heat
up the adsorbent material in the regeneration process which illustrated
in details in comparison study between the packing and coating methods
[32]. Therefore, in this study more investigations were performed at
thicker layers such as 0.75, 0.85 and 1.1 mm. It is reported that the cycle
time did not significantly increase at coating thickness of 0.75 mm
compared to 0.5 mm. In 1.1 mm coating thickness, the cycle time
exceeded the packing method due to the impact of binder in blocking the
pores of the adsorbent material. These results showed that there is an
opportunity to decrease the heat exchanger mass by using thicker
coating layer compared to Elsayed et al. [33] who investigated thick-
nesses up to only 0.5 mm, which ultimately can increase the COP of the
adsorption system since less heating energy will be required in the
regeneration process.

Coating the heat exchanger for adsorber beds

Fig. 5 shows the wire finned tube heat exchanger module coated with

Fig. 5. (a) Adsorbent material spraying and (b) initial drying before placing the heat exchanger in the oven.
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0.75 mm of adsorbent material thickness, where several layers of
coating the adsorbent material were applied in order to obtain this
thickness. The first layer of adsorbent material is sprayed on the heat
exchanger surface until achieving 0.1 mm coating thickness. Then an
electrical heater gun is used for drying the adsorbent material for 5 min
in order to dry it to avoid dripping of adsorbent material when the
module is placed inside the oven. Then, the module is placed in the oven
at 90 °C for 120 min in order to ensure having a solid layer of coated
material before starting the next coating layer. The coating procedure is
repeated until achieving the required thickness. The intermediate
coating layers are placed in the oven for only 60 min. The last coating
layer needs to stay in the oven over night at 70 °C to ensure having a

fully dried adsorbent material. Finally, the coating thickness is measured
using two methods. The first one is by using a digital calliper with a
tolerance of 0.01 mm, so that the coating thickness is equal to
e .

ing the heat exchanger module before and after the coating and taking
into account the bulk density of the coating layer.

F) 1 a1, P
edover ryerthicknesse:

wiremetalthickness Tmum) 2 ). The second one is by weigh-

Batch experiment for pre-treatment unit

The adsorption process was tested by mixing 1 g/L from activated
carbon and zeolite beads from the prepared activated carbon and zeolite

Fig. 7. (a) Plastic carrier of the heat exchanger and (b) Connecting the coated wire finned tube heat exchanger modules by soldering.



1. Albaik et al.

Sustainable Energy Technologies and Assessments 56 (2023) 103006

Fig. 8. Placing the heat exchanger modules inside the adsorber bed.

powder with 100 ml of synthetic wastewater polluted with heavy metals
while stirring at 200 rpm at room temperature using batch technique to
determine the materials selectivity as shown in Figure X3.

Assembly of the MOF adsorption heat pump for desalination and cooling
unit

Fig. 6 illustrates the two-bed adsorption desalination and cooling
system which consists of two adsorber beds, condenser and evaporator
as the main components.

These components are connected using 50 mm copper pipe as vapour
lines. These lines are controlled using four electrical solenoids ball
valves to switch between the adsorption, desorption and switching
processes. The two adsorber beds contain the aluminium fumarate MOF
adsorbent material coated on the surface of wire finned heat exchanger
modules. The adsorbent material is heated/cooled using another copper
water line with a diameter of 28 mm. This line is also controlled using
four three-way electrical solenoid ball valves. Thus, we have eight
electrical valves that are controlled by LabView software using PC. This
software is also used to input the preheating, switching and half cycle
times as well as the number of the cycle used in testing. Three K type
thermocouples (RS Pro 621-2158, with temperature range between —50
to 250 °C) are fitted in each chamber to measure the vapour and

adsorbent material temperature, while RTD temperature sensors (RS Pro
123-5602, with temperature range between —50 to 250 °C) are used to
measure the inlet and outlet water temperatures to the heat exchangers
inside each chambers. The temperature readings of water, vapour and
adsorbent material are stored using data logger (DT 85 series 4 Data-
Taker). Feeding the water inside the system is controlled using tem-
perature control led unit (ToolTemp - TT-138, 24 kW), adsorber bed
water tank and pump for the adsorber beds, condenser water tank and
pump for the condenser and another temperature control unit (Tool-
Temp — TT-188, 9 kW) and pump for the evaporator. A vacuum pump
(nXDS dry scroll pump from Edwards Co) is connected to the various
chambers through a manifold. Each adsorber bed has 12 heat exchanger
modules coated with around 9 kg of adsorbent material. A rigid plastic
carrier with 12 grooves are machined in order to fix the modules next to
each other and ensure having a minimum gap of 3 mm between the
modules as shown in Fig. 7. All the modules are connected in series by
soldering the outlet of the module with the inlet of the next module
using two copper elbows. The plastic carrier is connected with an
aluminium bar profile using a steel threaded studs in order to be used for
carrying the modules and place them inside the chamber.

Fig. 8 shows how the heat exchanger modules are placed inside the
adsorber chamber with a diameter of 500 mm and height of 800 mm.
The chamber dimensions are selected to minimize the dead volume
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Table 1
Heat exchanger modules dimensions.

Parameters value Unit

Module size A

Number of modules in each bed 8

Module width 370 mm
Module length 600 mm
Number of tubes 14

Header diameter 28 mm

Module size B

Number of modules in each bed 2

Module width 300 mm
Module length 600 mm
Number of tubes 12 -
Header diameter 28 mm

Module size C

Number of modules in each bed 2 -
Module width 200 mm
Module length 600 mm
Number of tubes 8 -
Header diameter 28 mm

Tube geometry

Tube diameter 10 mm
Fin height 7 mm
Fin spacing 2 mm
Number of fins 21 -

Fin thickness 0.7 mm

inside the cylinders.

Three module sizes are selected in order to be suitable with the cy-
lindrical bed chamber to minimize the dead volume as shown in Table 1.

Figure X4 shows the heat exchanger copper coils fixed inside the
evaporator and condenser chambers (internal diameter of 450 mm for
each chamber). Each chamber has 60 m length of copper coil with a
diameter of 3/8 in. The coils are connected in parallel by splitting the
length of the coil into four portions, each one has 15 m’ length. In the
condenser, the coils are spread inside the chamber while they are kept
flat inside the evaporator to minimize the water height that needs to
cover the coils.

Testing procedure for the desalination and cooling unit

To prepare the adsorption system, the evaporator is filled with 8 to
12 L of water, then the lid is placed on the top of the evaporator chamber
while any water inside the condenser chamber should be discharged
through the bottom line underneath the condenser. Then, hot water is
fed to the adsorber beds at temperature of 90 °C and flow rate between
20 L/min for an hour to ensure having fully dried adsorbent material
before starting the experiment, followed by vacuuming all chambers by
opening the valves in the manifold between the chambers and the vac-
uum pump. During or before the vacuuming process, the circulation
water inside the condenser and evaporator are turned on. The vac-
uuming process is finished once the saturation pressure in the chambers
reaches a value between 15 and 40 mbar based on the temperature of
water flowing inside each chamber. Once the required pressure is ach-
ieved, all the vacuum valves in the vacuum manifold are closed as well
as turning off the vacuum pump.

The operating temperatures, half cycle time, switching time and
number of cycles are adjusted before starting the experiment using the
LabView software. Then, the datalogger is initialized to store the tem-
perature readings and the experiment is started. During the first 50 to 70
s, the hot water line that switched to a cold-water line, has an amount of
hot water which will go to the cold-water tank and heat it up. Therefore,
the cold-water tank temperature of the adsorber bed is controlled by
switching on the drain line of the tank and starting feeding a tap water to
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the tank to compensate the increase in the water temperature of the
tank. This step needs to be repeated every switching time. The same
thing is happen in the temperature control unit since it has a hot water
tank that has a temperature reduction possibility due to the cold water
return during the switching time. Thus, all the temperatures and drain
lines are controlled and monitored during the experiment to maintain a
constant feeding temperature to the system. After finishing the experi-
ment, all pumps and heaters are switched off, followed by extracting the
temperature readings from the data logger.

Results and discussions
Contaminants removal performance of pre-treatment unit materials

Activated carbon

In order to test the metal ion adsorption selectivity of prepared nano-
activated carbon beads from water hyacinth, its adsorption performance
of was investigated against different polluted water samples containing
one of the investigated heavy metals (lead, iron, manganese, and nickel).
Where, 0.1 g of nano-activated carbon powder was mixed with 100 ml of
synthetic polluted water at 50 ppm initial concentrations of each heavy
metal separately under continuous stirring at 200 rpm at room tem-
perature. After finishing the water treatment process, the adsorbent
material was separated by centrifugation at different contact time in-
terval (0-180 min) to determine the final pollutant concentration using
atomic absorption spectroscopy. The pollutant removal percentage by
synthesized nano-activated carbon was calculated by the following
equation:

Removal % = ((C,— C,)/C,)*100

To track the removal efficiencies of each heavy metal separately, a
sample of treated water was collected every 15 min and analysed by
atomic absorption spectroscopy.

Figure X5(a) shows the removal results of each heavy metals sepa-
rately. The results illustrated that the maximum removal achieved by
nano-activated carbon material was recorded for the iron ions. On the
other hand, the minimum decontamination percentage was recorded for
nickel ions. Moreover, both manganese and nickel ions have approxi-
mately the same removal percentage with a slight difference after one
hour. The equilibrium conditions were achieved after nearly 60 min of
conducting the batch removal experiments for all studied metal ions.
After testing heavy metals decontamination efficiencies onto nano-
activated carbon individually, mixed heavy metals solution with a
total pollutants concentration equal to 50 ppm were prepared, in other
words, each metal ion concentration of lead, manganese, iron, and
nickel has a concentration of 12.5 ppm with total pollutant concentra-
tion of 50 ppm. Every 15 min a water treated sample was withdrawn and
analyzed by atomic absorption spectroscopy.

Figure X5(b) displays the removal percentages of the experiment
conducted with water containing all metal contaminants. The results
showed that the same adsorption behaviour for nano-activated carbon
was followed by the mixed metal water solution. The maximum removal
was recorded for iron ions, followed by lead and manganese, while the
lowest separation efficiency was recorded for the nickel ions. The
removal percentages of iron and lead were slightly close to each other.
However, the adsorption percentages for manganese and nickel were
close to each other with low removal values onto nano-activated carbon.
The adsorption performances of the four different fabricated NAC/PES
composite beads at the four different filler immobilization ratio (25, 45,
65 and 85 wt%) were compared against iron (12.5 ppm) metal separa-
tion as the nano-activated carbon achieved the maximum adsorption for
iron metals compared with the remaining studied Ni, Mn and Pb metals.
Batch adsorption was conducted through mixing 1 g/L from NAC/PES
composite beads with synthetic water contaminated with iron metal, the
stirring was kept at 200 rpm at room temperature for different time
intervals. Every 15 min a water treated sample was withdrawn and
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analysed by atomic absorption spectroscopy.

Figure X5(c) shows the results of the iron removal for the four
different NAC/PES composite beads. It is clear that the only beads attain
low iron removal with NAC immobilization ration of 25 % and the
removal achieved by the remaining three NAC/PES 45 %, 65 % and 85 %
beads have slightly little difference in the iron removal percentages.
Therefore, the increment of NAC loading more than 45 % doesn’t in-
crease the iron decontamination percentages with a remarkable percent.
So, NAC/PES composite beads with 45 % filler immobilization ratio
were selected to be the optimum beads for further experiments.

The adsorption performance of the optimum fabricated NAC/PES 45
% composite beads was tested with the mixed metal ions contaminated
solution with a total pollutant concentration equal to 50 ppm, in other
words, each metal ion concentration at the synthetic wastewater stream
of iron, lead, manganese, and nickel has a concentration of 12.5 ppm.
Every 15 min a water treated sample was withdrawn and analysed by
atomic absorption spectroscopy. Figure X5(d) shows the removal per-
centages of different metal contaminants using NAC/PES 45 % com-
posite beads. The results showed that the maximum removal was
recorded for iron metal, followed by lead, manganese and nickel. These
results are showed similar behaviour for the previously tested free nano-
activated carbon, confirming that the immobilization of nano-activated
carbon onto PES polymer has no any effect on the adsorption perfor-
mance of nano-activated carbon material.

Zeolite

Similar to the previous study of metal ion selectivity using nano-
activated carbon and formulated NAC/PES beads, the prepared zeolite
from the Egyptian clay is investigated. So, firstly the metal ions selec-
tivity of zeolite powder material will be determined through preparation
four of different wastewater streams containing different separated
heavy metals of lead, iron, manganese, and nickel. Each heavy metal has
a concentration of 50 ppm. The batch adsorption process was conducted
by mixing 0.1 g from the prepared zeolite powder with 100 ml of syn-
thetic wastewater polluted with every metal individually under stirring
at 200 rpm and room temperature. To track the removal efficiencies of
each heavy metal onto zeolite, a sample of treated water was collected
every 15 min and analysed by atomic absorption spectroscopy.

Figure X7(a) shows the results of each heavy metals removal sepa-
rately onto prepared zeolite. The result illustrates that the maximum
removal achieved by the zeolite powder is for the lead ions and the
minimum decontamination percentage is for the nickel removal.

Both manganese and iron metals have approximately the same
removal percentage with a slight difference after an hour, but this dif-
ference is less than 5 %. So, these two metal ions may consider to have
the same adsorption behavior onto the prepared zeolite. The equilibrium
adsorption for the removal of various studied metal ions was achieved
nearly between 1 and 1.5 h of conducting the batch removal experi-
ments. After testing heavy metals decontamination efficiencies of zeolite
individually, mixed heavy metals polluted solution with total pollutants
concentration equal to 50 ppm was prepared with each metal (lead,
manganese, iron, and nickel) has a concentration of 12.5 ppm. Every 15
min a water treated sample was withdrawn and analyzed by atomic
absorption spectroscopy to monitor the adsorption behavior of zeolite
toward the mixed metal polluted solution. Figure X6(b) displays the
adsorption performance of zeolite toward different mixed metal ions. It
was indicated that the same adsorption behavior was achieved by zeolite
for the mixed solution, where the maximum removal was recorded for
lead ions, followed by iron and manganese. However, the lowest
adsorption was for the nickel ions. During the first hour, the removal
percentages of the four heavy metals were close and ranged between 20
% and 30 %. After one hour, the difference in the removal percentages
appeared and the increased to be between 35 % and 50 %. Similar to the
previous study for nano-activated carbon/PES composite beads, the
adsorption performances of the four different fabricated zeolite/PES
composite beads at the four different filler immobilization ratio (25, 45,
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Table 2

Operating conditions.
Parameters value Unit
Adsorption water flowrate (in each chamber) 25 L/min
Desorption water flowrate (in each chamber) 20 L/min
Chilled water flowrate 25 L/min
Condenser water flowrate 30 L/min
Inlet water adsorption temperature 25,30,35,40 and 45 °C
Inlet heating temperature 90,80,70, 60 and 50 °C

Inlet chilled water temperature 13, 18, 23, 27 and 31 °C
Inlet condenser water temperature 25 °C
Switching time 70 sec

65 and 85 wt%) were compared against lead (12.5 ppm) metal separa-
tion, the zeolite achieved the maximum adsorption for leads metals
compared with the other studied metals. Batch adsorption was con-
ducted through mixing 1 g/L from zeolite/PES composite beads with
synthetic water contaminated with lead metal, the stirring was kept at
200 rpm at room temperature for different time intervals. Every 15 min
a water treated sample was withdrawn and analyzed by atomic ab-
sorption spectroscopy. Figure X6(c) showed the results of the lead
removal onto the four different prepared zeolite/PES composite beads.
The data displays that the removal achieved by Zeolite/ PES 45 %, 65 %
and 85 % beads have little difference in the lead removal percentages,
that ranges between 40 % and 83 % over the studied time period.
Therefore, loading the zeolite above 45 % did not produce significant
increase in terms of the lead ions decontamination percentages. So, 45 %
Zeolite/PES was selected to be the optimum fabricated beads to be used
for the wastewater treatment further experiments. Therefore, the
adsorption performance of 45 % zeolite/PES composite beads against
mixed contaminated metal ions solution will be investigated. Mixed
heavy metals solution with a total pollutants concentration equals to 50
ppm was prepared, in other words each metal of lead, manganese, iron
and nickel has a concentration of 12.5 ppm at the mixed metals solution.
Each 15 min a water treated sample was withdrawn and analyzed by
atomic absorption spectroscope. Figure X6(d) showed the removal
percentages of different metal ions contaminants using 45 % zeolite/PES
composite beads. The results showed that the maximum removal was
recorded for lead, followed by iron, manganese and nickel similar to
adsorption behavior of zeolite powder.

Expected pure water production from pre-treatment unit

Since the desalination and cooling unit will produce more than 260
L/day, the feeding purified water to the evaporator should be higher
than the water production by taking into account submerging the coils of
the evaporator during the operation by at least 10L. Additionally,
assuming that 30 % of the water will not be evaporated and will be
discharged as a brine water. Thus, the pre-treatment unit should have a
purified water capacity production of 350 L/day. Activated carbon or
zeolite/PES 45 % composite beads are the selected material for the pre-
treatment unit for water that contains of 50 ppm Fe, Pb, Mn and Ni.
Figure X7(a) shows that the activated carbon gives the maximum ab-
sorption capacity of 87 % for Fe, while zeolite has 77 % absorption
capacity for this metal. This metal removal experiment was conducted
using 100 ml of water with 1 g of adsorbent material for three and two
hours using activated carbon and zeolite respectively. The rinsing pro-
cess to reuse the material for the next cycle takes around an hour by
soaking the material in fresh water. Therefore, the cycle time for the
activated carbon and zeolite is four and three hours respectively. This
indicates that the specific purified water daily productions of the ma-
terial are 6 and 8 m3/kg/day for activated carbon and zeolite respec-
tively as shown in Figure X7(b). Thus, to produce 350L/day of purified
water that can be used in the evaporator of the desalination and cooling
unit, 58.3 g of activated carbon or 43.75 g of zeolite is required.
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Fig. 10. Temperature profile of inlet/outlet to/from the adsorber bed (a) packed heat exchanger and (b) coated heat exchanger.

Desalination and cooling unit performance

The operating conditions used in the experiment are illustrated in
Table 2. At an inlet heating temperature of 90 °C, cooling temperature of
25 °C, chilled water temperature of 23 °C and half cycle time of 200 s,
the desalination and cooling unit is set to be the reference case in the
study.

Fig. 9 shows the water outlet temperature profile in each component
in the adsorption system for four cycles. The system was started by
drying the adsorbent material in the two beds to ensure having fully
dried material before starting the system. An average outlet chilled
water temperature of 18 °C is maintained during all cycles with an in-
crease of 4°is observed during the switching time in which a significant
reduction in cooling energy is detected during this interval (70 s). The
switching time is adjusted to suit the energy required to heat up the heat
exchangers (12 modules connected in series). Additionally, once the
valve between the evaporator and adsorber bed is switched on, a sig-
nificant amount of water vapor is passed to the bed which causes a
temperature increase in the bed due to the large amount of water vapor
that suddenly enter the bed which is adsorbed releasing amount of
adsorption heat.

The inlet water temperature was tried to be constant during the
experiment, however there was a variation in the inlet heating
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temperature between 88 and 75 °C due to the limited water storage
capacity. Fig. 10 illustrates the difference between the inlet and outlet
water temperatures in the adsorber bed using the packed heat exchanger
from Albaik et al. [34] experiment and coated heat exchanger in this
study. It is observed from the temperature differences that the energy
consumption in the regeneration process using the coated method is
higher than the packed one in order to produce the same amount of
distilled water and cooling power, while the required coated adsorbent
material is less than the required one using the packed method. It is
important to illustrate that a sudden increase or decrease in the outlet
water temperature is observed as an indication of ending the switching
process between the adsorption and desorption processes so that the
valve between the adsorber bed and the condenser/evaporator is opened
to allow the water vapor to be transferred from/to the adsorber bed. This
causes a significant change in the vapor content inside the adsorber bed.
A significant amount of heat is also generated/absorbed due to the heat
of adsorption at this period.

Effect of half cycle time and operating temperatures

The performance of the system is analysed based on daily water
production (DWP), specific daily water production (SDWP), cooling
power (CP), and coefficient of performance (COP), which are calculated
as follows:
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Fig. 15. Evaporator chamber (a) 12.5% occupied, (b) 25% occupied, (c) 37.5% occupied and (d) 50% occupied.
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Where Lyqer is the collected water from the condenser, .. is the cycle
time, ty, is the switching time My, is the adsorbent material mass, Qevap
is the cooling rate in the evaporator, Qg is the heating energy, myg,; is
the mass flow rate of heating water, mq is the mass flow rate of the
chilled water and At is the time step in the data logger.

Before carrying on a parametric study to investigate the effect of
various operating temperatures on the performance of the adsorption
system, the optimum half cycle time is investigated and the result are
shown in Fig. 11. It is observed that the optimum half cycle time is
between 200 and 300 s where the maximum daily water production
(DWP) and cooling power are around 268 L/day and 6.9 kW respec-
tively, while the specific daily water production (SDWP) is 14.9 L/kg/

13

day. A significant drop in water production is observed when the half
cycle time is lower than 200 s and higher than 400 s. The short half cycle
time indicates that the kinetics of the adsorbent material is significantly
improved due to the coating technique which eliminates the thermal
contact resistance and increases the effective thermal conductivity. The
COP of the system is also studied at different half cycle times which
showed that increasing the half cycle time will enhances the COP from
0.21 at half cycle time of 100 s and reached to 0.33 at half cycle time of
500 s. This can be justified due to the heating energy needed to heat up
the adsorbent material is significantly decreased while the cooling
production showed slight reduction. This is due to the significant
amount of energy that required at the beginning of the cycle to heat up
12 heat exchanger modules before heating the adsorbent material itself.
After a period of time, this energy is only used to regenerate the material
while almost no energy will be required for the metal masses.

Fig. 12 shows the effect of inlet heating temperature on the
adsorption system performance. The results showed that the system is
still effective as long as the heating temperature does not drop below
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Fig. 16. Effect of the dead volume in the evaporator and condenser chambers on the water production.

70 °C. This shows the advantage of the aluminium fumarate adsorbent
material as it requires a relatively low heating temperature in order to
desorb the water vapour. Aluminium fumarate has a high reversable
water adsorption with the isotherm of S shape, which is reflected by the
moderate isosteric heat of adsorption. The maximum COP of the system
was found at heating temperature of 70 °C and any increase in the
heating temperature will cause a reduction in the COP, which indicates
that the heating energy at this temperature is sufficient to produce the
same amount of water production/cooling power at higher heating
temperature.

Fig. 13 shows the effect of the chilled water inlet temperature to the
evaporator on the system performance. The results showed that this
temperature has a significant impact on the system performance since
the water production is dramatically increased when the temperature
equal or higher than 23 °C. On the other hand, at low chilled inlet water
temperature, the system is no longer effective as the performance
dropped more than 50 %. The effect of this temperature on the system
performance can be explained using the adsorption isotherm of the
aluminium fumarate which has S shape relation between the relative
pressure and water uptake in which at a low relative pressure (lower
than 0.2), the equilibrium uptake is very low. While a significant in-
crease in the water uptake is observed at relative pressure between 0.2
and 0.3. Therefore, this adsorption system using aluminium fumarate is
very effective at higher evaporation temperature, which also can be
indicated from the COP values.

Fig. 14 investigates the effect of the adsorption inlet water temper-
ature giving the same impact as the chilled water temperature on the
system performance. It is observed that the adsorber bed should have a
cooling temperature of 30 °C or lower to maintain the system
performance.

Evaporator and condenser dead volume effects

One of the critical factors that has been overlooked in the literature,
is the design of the evaporator and condenser in the adsorption system in
terms of the available void volume above the heat exchanger. Many
studies investigated the coil performance in terms of the overall heat
transfer coefficient by introducing different tube design such as plain
and coated tubes as well as capillary-assisted tubes [35]. While the
volume of the chambers of the condenser and evaporator that represents
about half of the adsorption system volume need to be optimized and
reduced. Therefore, an investigation on the effect of dead volume in the
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condenser and evaporator was carried out by occupying the dead vol-
ume with insulated wooden blocks (40 mm x 90 mm x 150 mm). The
wood material is selected to minimize the thermal mass impact on the
heat transfer coefficient as well as the very low thermal conductivity of
this material. A number of blocks are placed in the condenser and
evaporator to occupy 12.5, 25, 37.5 and 50 % of the dead volume as
shown in Fig. 15.

By taking into account the uncertainty in the results, it was found
that by occupying 50 % of the dead volume or less, the daily water
production remained almost constant as shown in Fig. 16. The slight
reduction in the daily water production is due to the obstruction of the
vapor flow from the evaporator to the adsorber bed or from the adsorber
bed to the condenser caused by the wooden blocks which lower the
water production at any given cycle time. This indicates that 50 % of the
dead volume in the chamber can be removed. The internal diameter of
the chamber is 450 mm while the height of the dead volume in the
evaporator chamber is 400 mm. Thus, the chamber height can be
reduced by 200 mm, so the overall height of the chamber will be 400
mm (200 mm the height of the water that fully submerge the coils plus
200 mm dead volume).

Conclusions

In this work, a hybrid system consists of a pre-treatment unit and a
desalination and cooling unit has been studied using different adsorbent
materials. Activated carbon and zeolite has been tested in the forms of
powder and beads for the removal of different heavy metals from ground
water and it was found that the optimum loading of PES is 45 % for the
bead’s formation. Activated carbon showed the highest removal for Iron
(87 %), while zeolite has the highest removal for lead (75 %). More
importantly, these results showed that activated carbon and zeolite can
be applied as a purifying material in the pre-treatment unit and feed
stock to the desalination and cooling unit with a specific purified water
daily production of 6 and 8 m®/kg/day using activated carbon and
zeolite respectively.

Aluminium fumarate MOF material with different coating thick-
nesses was characterised and identified as potential Metal Organic
framework materials for desalination and cooling unit after receiving
the purified water to the evaporator of the unit. A coating process was
successfully developed for integrating the aluminium fumarate MOF
material to the heat exchanger metal surfaces used in the adsorber beds.
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This coating process was shown to improve the adsorption system per-
formance through reducing the thermal resistance between the heating
and cooling fluids and the adsorbent material during desorption and
adsorption. The desalination and cooling unit has a production of more
than 260 L/day of distilled water and 6.9 kW of cooling. The hybrid
system has a potential to be more compact after conducting an experi-
ment on the effect of dead volume in the evaporator and condenser
chambers on the system production and it was found that these
component volumes can be significantly decreased where 50 % of their
dead volume can be removed.
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Appendix:. Uncertainty calculations of cooling power, specific water daily production, daily water production and coefficient of

performance.

To estimate the uncertainty in calculating the CP, SDWP, DWP and COP of the adsorption system, the following equations are used:

2

2 2 2
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Uscp Is the uncertainty of the calculated SCP
Ucp Is the uncertainty of the calculated CP

Uspwp Is the uncertainty of the calculated SDWP

Upwp Is the uncertainty of the calculated DWP

Ucop Is the uncertainty of the calculated COP

Ucp Is the uncertainty in the specific heat of the water which assumed to be zero as the value is extracted from tabulated property data
Uniitea Is the uncertainty in reading the flow rate of the chilled water in the evaporator. The flow meter has uncertainty of 0.25 L/min

U,
Ur,

chilledin

s Is the uncertainty in reading the flow rate of the desorption water in the adsorber bed. The flow meter has uncertainty of 0.25 L/min
Is the uncertainty in reading the inlet chilled water temperature in the evaporator. It is measured using the RTD thermocouple with uncertainty of 0.179 °C

Ut hitea e
Ulyein
Ul e oue
Uadsmass

Ucoltectedwateramount

Is the uncertainty in reading the outlet chilled water temperature in the evaporator. It is measured using the RTD thermocouple with uncertainty of 0.179 °C
Is the uncertainty in reading the inlet desorption water temperature in the adsorber bed. It is measured using the RTD thermocouple with uncertainty of 0.179 °C
Is the uncertainty in reading the outlet desorption water temperature in the adsorber bed. It is measured using the RTD thermocouple with uncertainty of 0.179 °C
Is the uncertainty in measuring the mass of the adsorbent. The mass of adsorbent is measured using digital balance with uncertainty of 0.005 kg

Is the uncertainty in the reading of the measuring cylinder which has uncertainty of 25 ml.

Thus, the maximum uncertainties for SCP, CP, SDWP, DWP and COP are 4.705, 4.703, 2.503, 2.501 and 6.654 % respectively.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.seta.2022.103006.
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