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Abstract: The paper presents an innovative concept of the fluidization of an adsorption bed carried
out under low-pressure conditions. Additionally, different bed mixes were used to test the effects
of the bed composition on fluidization. Fluidization was caused by the pressure difference and
the velocity of the flowing water vapor. These features make the research presented in this article
significantly different from other studies known in the literature and constitute the main novelty
of the paper. Silica gel with a particle diameter of 200-250 um (Geldart group B) with aluminum
and carbon nanotube additives was fluidized under reduced pressure (10-25 mbar). The pressure
difference results in the flow of water vapor and, consequently, induces fluidization. The pressure
in the evaporator was approx. 10 mbar, while in the reaction chamber it was approx. 25 mbar. The
pressure difference of about 10-15 mbar allows for a flow of water vapor between the evaporator and
the reaction chamber. During the tests, the pressures, temperatures and mass were measured. The
pressure drop in the bed was closely related to the mass change in the fluidized bed.

Keywords: adsorption; fluidization; low pressure; silica gel; carbon nanotubes; adsorption cooling
and desalination systems; net-zero emission; sustainability; energy efficiency

1. Introduction

Climate changes observed in recent years are the reason for the search for new environ-
mentally friendly techniques and processes. One is the fluidization process, used in many
industrial processes, including drying, mixing, granulation and chemical reactions [1-3].
The wide application of fluidization processes is due to its numerous advantages [4,5].
One of them is increased gas—solid contact and the mixing of particles, which improves
the bed’s thermal conductivity [6-8]. In addition, the fluidization process ensures that the
bed material is in constant motion and the particles are in close contact, which can help
improve adsorption/desorption processes [9]. Many studies concern applying fluidized
bed units under atmospheric and elevated pressure [10,11].

There are several research works on the adsorption and desorption of silica gel in a
circulating fluidized bed for an air-conditioning system. Chen et al. examined silica gel
in circulating fluidized beds used for dehumidification in air-conditioning systems [12].
The fluidization process is forced by fans that lift the silica gel particles upward. In the
study, the air velocity ranged from 4.0 m/s to 6.0 m/s, and the regeneration temperature,
which simulates low-temperature waste heat, varied from 40 °C to 60 °C. In another
similar study, Ahmed M. Hamed [13] presented research on adsorption and desorption
processes in an inclined fluidized bed using silica gel. The regeneration temperature was
maintained at approx. 90 °C, showing the possibility of applying solar energy for desiccant
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reactivation when using an inclined fluidized bed. The investigations were carried out
under atmospheric pressure conditions.

Initially, the low-pressure fluidization seemed to have few practical applications.
However, over time, researchers found a use for low-pressure fluidization in fine chem-
icals solids and the food and pharmaceutical industry [14]. In the work of Grabowska
et al. [15], the authors presented research on heat transfer in a fluidized adsorption bed at
low pressures. Two types of silica gel were tested. In addition, the possibility of obtaining
fluidization was assessed using the pressure difference between the evaporator and the
adsorption chamber. It has been shown that a pressure difference of 10 mbar allowed one
to obtain the fluidized state.

In recent years, the energy demand for cooling has also increased, in addition to the
increase in water demand. The International Institute of Refrigeration (IIR) reported that
15% of the world’s electricity production is used for refrigeration and air-conditioning
systems [16].

This type of fluidization can also be important in water desalination [16] and adsorp-
tion chillers [17]. Water scarcity is now a serious global problem, and it is estimated that by
2050, around 6 billion people will suffer from it. Saltwater is the most significant amount
of water available on Earth. Freshwater is a scarce resource, accounting for only 0.75% of
the total amount available for human consumption on Earth, of which 7.75% is stored in
glaciers and ice caps. The current civilization development causes an increased demand for
water, so seawater desalination is used to meet these demands [18].

Reverse osmosis (RO) is the most widely used among the commonly known water
desalination methods. However, this system has disadvantages related to bromide, chlo-
ride and boron residues, and above all, it requires high operating costs for mechanical
equipment [9,19]. Moreover, the traditional powering of desalination plants and cooling
systems with energy from fossil fuels will cause further environmental problems. Therefore,
renewable energy or waste heat is a good solution to drive these systems [20]. Currently,
adsorption technology that uses waste heat is a promising alternative to conventional
desalination and cooling technologies [21,22]. This type of technology is used in the in-
dustry, where the adsorption process is used in the first phase (evaporation process) to
produce cooling energy. In the second phase, fresh water is obtained during desorption
and condensation [23-25].

A relatively significant disadvantage of using conventional adsorption cooling and
desalination systems with packed adsorption beds is their low coefficient of performance
(COP). This is due to the low thermal conductivity of the adsorption fixed material em-
ployed in the beds. Fluidization can improve heat and mass transfer processes, while the
fluidization process itself may be influenced by the composition of the adsorption bed.
Therefore, the purpose of the paper is to study the influence of adsorption bed composition
on the fluidization process of an adsorption bed [26,27].

This study analyzes the effect of adding Al powder and nanotubes to the adsorption
bed mixture on its performance at low-pressure fluidization.

The particular practical significance of this work is to carry out the process under
low-pressure conditions and to induce fluidization with a pressure difference. These
two features distinguish the research presented in this paper and constitute its main nov-
elty. Furthermore, in the literature, there is no data on the effect of the adsorption bed
mixture on fluidization under low-pressure conditions; therefore, this is an essential novel
scientific aspect and, simultaneously, a new scientific contribution resulting from this
work.The practical significance of the paper follows from the fact that the obtained re-
sults allow for an increase in the performance of the adsorption chillers and, therefore,
an increase in the energy efficiency of the adsorption cooling and desalination systems.
Moreover, since adsorption chillers accept low-grade thermal energy sources, including
renewable and waste thermal energy, the presented paper contributes to works on sus-
tainable development. Therefore, the presented results contribute to the zero-emissions
concept of energy processes.
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2. Materials and Methods

An intensified heat transfer adsorption bed (IHTAB) was used in the study (Figure 1) [15].
The facility comprises two primary chambers: the evaporator (12) and the reaction chamber
(1). The evaporator and reaction chamber are interconnected with a vacuum pump (8) via
respective control valves (9) and (10). The valve (11) regulates the connection between the
evaporator and the reaction chamber. The evaporator is equipped with a heater, facilitating
water heating to generate water vapor under low-pressure conditions. The pressure difference
between the evaporator and the reaction chamber causes fluidization.

P
R_—’_/

\,_‘

1—reaction chamber

2 —column with a fluidized bed
e 3 —research material

4—grid

5—thermocouple

6—heating probe

7—weight measurement

8 —vacuum pump

9—11 valves

12—evaporator

10 13—water tank with a heater
13 o 14—temperature sensor

14 15—weight measurement

Figure 1. The scheme of the IHTAB facility.

The picture of the unit is shown in Figure 2. The main components of the research
unit, shown in Figure 2, are: I—steel construction of the test unit, Il—reaction chamber
equipped with a viewfinder, [ll—evaporator, [IV—vacuum pump, V—control system and
VI—computer.

An evaporator chamber at the bottom of the unit has a water tank, electric heater,
temperature sensors and a weight sensor.

The gas temperature was 25 °C, while the velocity of the gas fluidizing the bed (in this
case, it was water vapor) was caused by the pressure difference in both chambers.

The minimum fluidization velocity of the solid particles is in the range of 0.43-0.68 m/s.
The system operated in transient regimes corresponding to bubbling and circulating fluidized
beds (superficial gas velocity: 6.6-14 m/s), but the bed did not circulate and was held inside
the chamber by the net.

A more detailed description of the research unit can be found in the paper [15].

It should be noted that in this study, the fluidized bed was not reheated. Additionally,
the heater was not inserted into the bed to not disturb the fluidization caused by the steam
flow. A detailed description of the facility can be found elsewhere [15].

The adsorption bed was composed of silica gel (a particle sphericity of 0.65, a density
of 2200 kg/m? and a bulk density of 850 kg/m?) supplied by Sigma-Aldrich. An aluminum
powder of 5 and 15% of the weight was added to the adsorption bed. Powder of aluminum
was supplied from KAMB Import-Export. Mixtures containing 5 and 15% of carbon nan-
otubes were also prepared. The ingredients were measured in the appropriate proportion to
prepare the SG-Al and SG-CNT mixtures, then combined and mechanically mixed in three
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directions. The mixture prepared in this way was poured into the bed column. Carbon
nanotubes were made by the 3D-nano company. The properties of the bed composition are
shown in Table 1.

Figure 2. Picture of the research unit.

Table 1. Properties of the bed composition.

Material Granulation [um] Density [g/cm?®]
Silicagel (SG) 200-250 22
Aluminum powder (Al) 45-425 2.7
Carbon nanotubes (CNT) J3nm,1=10 nm 1.35

Figure 3 shows the microscopic photograph of silica gel, aluminum powder, and
carbon nanotubes. The carbon nanotubes form the agglomerates seen in Figure 3c.

The theoretical basis of the experiment was to induce a fluidization process by dif-
ferential pressure with an appropriate choice of materials to support the fluidization of
adsorption parent material (in this case, silica gel) under low-pressure conditions. Materials
used in the tests were selected by taking into account their good thermal properties to
enhance heat transfer in the fluidized bed.

The pressure losses generated by the fluidized bed in the reactors are calculated using
the following parameters [5]:

-  Sauter mean diameter of the particles in the bed (dp),
—  the height of the fluidized bed (ZD),
- superficial gas velocity (U),
—  temperatures (T),
—  pressure of gas fluidizing the bed (P0),
—  material porosity (¢):
g =1 Pbulk 1)
Papp

— average gas velocity in the fluidized bed (Uav)—gas (steam) velocity caused by the
pressure difference between the evaporator and the chamber,
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- gasdensity pG,
—  gas viscosity uG,
—  Reynolds numbers (Re):
Uavd
Re — Pglavdp (2)
HG

4 P

4
100um Y\} 100um
(o] I

(c)

Figure 3. Microscopic photograph, (a) Silica gel, (b) Aluminum powder, (c) Carbon nanotubes.

Pressure losses (pressure difference) in the bed are determined from the following
formula [5]:
AP = a,7p (©)

where the dimensionless parameters aj, ap, a3, a4 are determined as follows:

2

a; = Re };G 4)
dppg
ay = Re UaV2“G ®)
dP
_h

az = P (6)

1—¢)? 1—¢)?
ay = a3 | 150" ;) ay +1,75¢ 538) ay @)

where P is the average bed pressure.

3. Results and Discussion

Studies of adsorption/desorption cycles under fluidization conditions have been
conducted. To maintain fluidization before the adsorption stage (the moment the valve
was opened), the pressure was about 1000 mbar. This pressure drop allows fluidization to



Processes 2023, 11, 1912

6 of 12

be achieved in each test cycle, and the assumed active flow time (open valve) is 30 s, while
the desorption time (closed valve) is 360 s. The opening and closing times of the valve
have been chosen experimentally. An opening time of 30 s is sufficient for the fluidization
process, extinguishing it before the valve closes. On the other hand, the valve closing time
(360 s) is necessary to obtain the correct pressure difference between the evaporator and
the chamber. The pressure difference between the evaporator and adsorption chamber is
necessary to obtain the fluidization state [28]. The characteristic cycles for each mixture are
shown in Figure 4.

The purpose of creating mixtures with aluminum powder and nanotubes was to
improve heat transfer coefficients, enhancing the intensity of sorption processes involving
SG, the parent sorbent material in the adsorption bed. As a metal, aluminum does not
have a sorption capacity, but it was selected for the tests due to its high thermal conduc-
tivity coefficient. However, good thermal properties did not compensate for its lack of
sorption capacities.

In the case of CNT, the situation is different. The material itself does not show a
sorption capacity in the water-CNT pair, but it has a shape that leads to the creation of a
potential difference at the opposite ends of the nanotube, which accelerates the transport
of water or steam through the nanotube, thus facilitating the access of water vapor to
the sorbent. This phenomenon probably improved the efficiency of sorption processes in
the deposit.
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Figure 4. Typical profiles for vapor uptake for different mixtures: (a) SG, (b) SG+5% Al (c) SG+15% Al,

(d) SG+5% CNTs, (e) SG+15 % CNTs, where: Tads—temperature of adsorption bed, Pads—absolute

pressure in the adsorption chamber, Pevap—absolute pressure in evaporator, m—the amount of

water vapor adsorbed by the adsorption bed, V—time of opening/closing valve.
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During the study, parameters, such as pressure in the chamber (P,45) and pressure in
the evaporator (Pevap), the temperature of adsorption (T,4s) and the mass of the bed with
adsorbed water vapor in relation to the initial mass of the bed (m), were registered. In
addition, the diagrams (Figure 4) show the moments of the open-close cycle of the valve
(dashed line). Using the example of a bed containing 100% SG (Figure 4a), it can be seen
that at the moment just before the valve was opened, the pressure difference between the
chamber and the evaporator was at a maximum of 1000 mbar. This difference allowed
for a fluidized state, as evidenced by a significant decrease in mass when the valve was
open. When the valve was closed, an increase in the weight of the bed was observed,
with an increase in the weight of the bed up to 1.2 g/g during adsorption up to a certain
point in each cycle and a decrease in the weight up to 1.0 g/g due to desorption of water
vapor. Such behavior of the bed is the result of the continuation of the process of water
vapor adsorption, which begins while the valve is still open and which is well shown by
the increase in the temperature of the bed while the valve is still open. Then, the cycle
shows a moment of reduction in the mass of the bed as well as its temperature, which
indicates the desorption of water vapor. The observed desorption process results from the
decreasing pressure, which, in addition to a higher temperature [29], favors desorption
processes. Temperature changes in the bed containing 100% SG were observed in the range
of 10 °C, and mass changes of about 0.2 g/g were observed for all cycles. The addition
of 5% Al to the bed had a negative effect on the sorption processes. Figure 4b shows that
after fluidization, the mass increase is insignificant, the increase in the bed temperature is
about 5 °C, and the mass decrease is imperceptible. The increased aluminum content in the
adsorption bed to 15% increases the water vapor uptake up to 1.2 g/g compared to the 5%
Al content (Figure 4c). In this case, the temperature variation in the cycle is within 5 °C.

The most significant changes in mass during the process were observed for a bed
with a composition of 5% CNTs (Figure 4d). The maximum value of the massis 1.3 g/g,
while the decrease in mass during the cycle occurs at a value of 1.0 g/g; in addition, an
increase in the maximum mass during the process was observed with each successive cycle,
indicating an increasingly better adsorption. The heat effect at this point is also within 5 °C.
Increasing the nanotube content to 15% in the bed no longer has the same effect as for 5%
carbon nanotubes (Figure 4e). There is a mass change in the range of 0.9-1.1 g/g and a
temperature change in the range of 5 °C.

The best addition to the bed to intensify the adsorption/desorption process is 5%
CNTs, as can be seen from the weight and temperature of the bed.

Figure 5 shows the bed pressure difference at heights of 3 and 4 cm.

Heights of 3 and 4 cm turned out to be the most appropriate heights, as these heights
constituted the top of the bed in the stationary state for all the materials tested. Hence,
pressure changes at these heights were beneficial to compare and assess the intensity of the
fluidization process of all tested materials.

The data presented in Figure 5 show that the pressure difference is the smallest at 3 cm
of the bed (Figure 5a) and at 4 cm (Figure 5b) when the valve opens. It is worth noting that
the minimum pressure difference at a height of 3 cm is 50 mbar, while at a height of 4 cm it
is 75 mbar.

Changes in the bed density at a height of 4 cm during the test are shown in Figure 6.
These results showed that a minimum value of bed density equal to 175 g/cm? is reported
for a bed containing 5% CNTs. This indicates that the mixture allows the best conditions
for fluidization. In addition, when the valve is closed, the maximum density is observed
as reaching 800 g/cm3. A smaller range of density change at 4 cm was observed in the
adsorption bed SG, equal to 325-780 g/cm?, while the minimum extent of change was
observed for a mixture with a content of 5 % Al (180-440 g/cm?).
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4. Conclusions

This paper deals with time subjects of a high practical significance related to net-zero
emission, sustainability, and energy efficiency. Based on the obtained results, the following
conclusions can be formulated.

In a bed of any composition, fluidization was achieved, as evidenced by the rapid
decrease in mass during the opening of the valve. In addition, in the bed of each compo-
sition, during valve closure, an increase in bed weight was observed due to adsorption,
while a decrease in bed weight was observed due to desorption. Even though mixtures
with aluminum powder showed the best coefficient of thermal diffusivity and the best heat
and mass transfer conditions, in a fluidized bed, aluminum powder as a component of the
mixture interferes with sorption processes as well as fluidization itself, compared to a bed
containing 100% SG.

The most extensive range of bed mass change due to adsorption/desorption processes
was observed in an adsorption bed with a content of 5% CNTs. Thus, the most significant
changes in bed density at 4 cm were observed for an adsorption bed with a content of 5%
CNTs. The minimum bulk density values were 175 g/cm?, while the maximum was equal
to 800 g/cm?, thus, the analysis shows that the silica gel mixture containing 5% CNTs was
the best in terms of mass transfer in the fluidized adsorption bed.

As can be concluded based on the presented results, the adsorption bed composition
significantly affects its performance. The study proved that 5% and 15% Al powder in-
troduced to the bed negatively affect its sorption properties, while the addition of 15%
CNTs improves the sorption properties of the bed. This finding is essential regarding guide-
lines for researchers and engineers aiming to develop adsorption technology dedicated to
cooling and desalination applications. The findings presented in the paper allow for an
increase in the performance of adsorption chillers and, therefore, an increase in the energy
efficiency of adsorption cooling and desalination systems, and they contribute to works on
sustainable development working towards a zero-emissions concept of energy processes.
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Abbreviations

aj—a dimensionless parameters
1-a4

dp Sauter mean diameter of the particles in the bed
Al aluminum particles

CNTs carbon nanotubes

m water vapor uptake, g/g

P the average bed pressure, mbar

Pugs absolute pressure in the adsorption chamber, mbar
Pevap  absolute pressure in the evaporator, mbar
Py pressure of gas fluidizing the bed

Papp  apparent density of the material, kg/ m3
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ppuik  bulk density of the material, g/cm?

oG gas density, g/cm?

Re Reynolds numbers

SG silica gel

T.qs  temperature of the adsorption bed, °C

Uav average gas velocity in the fluidized bed, m/s

A% valve between the evaporator and adsorption chamber
AP pressure difference (pressure drop) in the bed, mbar
Zp height of the fluidized bed, mm

UG gas viscosity, m/s

€ material porosity
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