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Abstract: The dynamic capacity of the commercial desiccant (NaX zeolite) and the adsorbent,
synthesised based on low-temperature modifications of aluminium oxide, obtained from
bayerite-containing hydroxide, was determined with respect to water vapour. Experimental studies
were carried out using a pilot installation at the atmospheric pressure and increased pressure (up to
0.6 MPa) and high humidity. The increase in the height of the layer of the adsorbents leads to an
increase of their dynamic capacity with respect to water vapour and the protective power (action)
time of the layer. It was shown that at the atmospheric pressure and the pressure of up to 0.3 MPa,
the dynamic capacity of NaX is greater; at a higher pressure, the adsorption capacity of the developed
adsorbent Al2O3 becomes greater than the zeolite capacity, which allows recommending it as a
desiccant at increased pressure.
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1. Introduction

Industrial development is attracting more and more attention to the adsorption of gases and
vapour, which has already become a relevant problem in many processing industries. This definitely
affects the quality of the product [1,2]. The most common method for removing moisture is the
adsorption process, since it is less energy intensive. The adsorption process can be physical or chemical;
physisorption is preferable as it allows a low temperature regeneration of the adsorbent [2].

The adsorption process, as a surface phenomenon, usually involves a porous solid medium as
the basis of the process in which a multicomponent mixture of liquid (liquid or gas) is attracted to
a solid surface by either chemical or physical bonds. Since the adsorption process depends on the
nature of the adsorbent, the adsorbent must have a good adsorption capacity and kinetics. Adsorbents
with a small pore size (reasonable porosity) and with a large network of pores that allow molecules to
penetrate into the adsorbent make the adsorbent suitable for a successful adsorption process [3,4].

Contact-sorption drying integrates two drying techniques: classical contact drying, where the
moisture is evaporated using heat conducted from a heated solid surface, and sorption drying
(adsorption drying) where moisture transfer is driven by a mass concentration gradient between
the material being dried and the adsorbent material it is contacted with. A very general scheme of
contact-sorption drying comprises mixing a solid sorbent with the material being dried, followed by
separation of these two media once the desired mass transfer has taken place. The solid sorbent is then
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regenerated and returned to the process. Clearly, the technical justification for contact-sorption drying
depends on whether the sorbent can easily be regenerated and recycled [5].

As a rule, silica gel, active aluminium oxide, and zeolites are used as an adsorbent-desiccant of
different gases, such as compressed air and hydrocarbon-containing gases [6–14]. It is known that
zeolites possess some advantages over other adsorbents, in particular, a possibility of dewatering at
low partial water pressures, a stable and high degree of dewatering, and a good mechanical strength.
However, considering quite a high temperature of their regeneration, it is expedient to carry out
dewatering, using a cheaper and more easily regenerated adsorbent, and deep final dewatering, using
zeolites [6].

The use of metastable low-temperature forms of aluminum oxide for drying moisture-containing
gases is due to their defective structure with many adsorption centers [15]. Desiccants based on
aluminium-oxide are characterised by quick regeneration at temperatures in the range of 200–250 ◦C,
by resistance to condensed moisture in humid environments, by high static capacity, relative easiness
of obtainment, and accessibility of raw materials. When using aluminium oxide as a protective layer in
the adsorber, condensed moisture and chemical impurities will be sorbed from gases upon it, including
water vapour, and deep air dewatering will take place in the primary layer of the desiccant-zeolite.
It can be expected that the use of a more efficient desiccant as a protective layer will allow not only
protecting the primary layer against condensed moisture, but also enhancing the overall performance
of the adsorber. It is known that the application of the energy saving method for obtaining a sorbent
by means of thermal activation of gibbsite in reactors with a rotating heating surface without the use of
traditional “pneumatic transport” leads to its cost saving, and the introduction of various modifying
additions in the composition of the adsorbents, obtained by this technology, allows increasing the
sorption capacity of aluminium oxides [16–27].

It was previously shown [28] that the modification of the adsorbent desiccant, based on bayerite
with potassium and sodium cations, at the stage of hydrating the products of thermal activation of
gibbsite allows obtaining adsorbent desiccants with high values of static (more than 20 g/100 g) and
dynamic (more than 5.0 g/cm3) capacity with respect to water vapour. As a result of the optimisation
of the conditions (the nature and the alkali content at the stage of hydration of the gibbsite thermal
activation product and the acid module value at the stage of preparation of the moldable paste) of the
desiccant preparation, a new desiccant was obtained that surpasses foreign and Russian analogues in
dynamic capacity (DC) at similar values of the specific surface area (about 300 m2/g) and static capacity
(20–22 g/100 g) [29]. The desiccant is characterised by high strength (more than 8.0 MPa).

The necessary stage in the research works is scaling when proceeding from laboratory to industrial
solutions in order to minimise risks, and to test the technology in conditions modelling the industrial
ones. When calculating adsorption apparatuses for various purposes, the static, kinetic and dynamic
characteristics of adsorption processes are taken into account. One of the main tasks in the design
calculation of the adsorber is to determine the adsorption capacity for specific conditions of the
processes. The dynamic capacity of the adsorbent layer acts as such characteristic.

This paper presents the results of the experimental studies on water-vapour adsorption using
a pilot installation applying an industrial desiccant–zeolite NaX–and a developed, highly efficient
adsorbent based on aluminum oxide. The aluminum oxide adsorbent was obtained on the basis of
the product of centrifugal thermal activation of gibbsite modified with sodium cations at the stage of
hydration, followed by heat treatment.

As industrial zeolite-based adsorbents-desiccants, NaX and NaY, which are often used, exhibit
similar adsorption capacity for water due to their hydrophilic properties, large surface area and large
amount of water. NaY zeolites have increased acid resistance and therefore are most in demand for
gas, acidic components. A sample of zeolite of the NaX type has been shown earlier [30] by a high
value of the adsorption capacity in water.

The purpose of the work was to study the dynamic capacity of the developed high-performance
sample of the aluminium oxide desiccant in conditions approximated to industrial ones (in terms of
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high pressure and humidity) and to compare its adsorption characteristics with those of the commercial
adsorbent based on the zeolite NaX in similar conditions.

2. Experimental Section

2.1. Synthesis of Al2O3 Adsorbent

Hydrargillite was used as the initial powder raw material for the synthesis of the alumina
adsorbent. The product of centrifugal thermal activation of hydrargillite (CTA HG) was obtained in a
drum-type centrifugal flash reactor (CEFLARTM) at a temperature of heaters reaching 615 ◦C, a drum
rotation speed of 60 rpm and a hydrargillite flow rate of 40 kg/h. The CTA HG product was hydrated
in a reactor with a volume of 0.16 m3 and constantly stirred. The temperature range of the process was
90–95 ◦C and it lasted at atmospheric pressure for 6 h in an alkaline medium (NaOH); the ratio of solid
and liquid phases was S:W = 1:4, pH 10 ÷ 12. After hydration, the low-temperature heat treatment
of the filtered mass was carried out in the oven with forced convection for 24 h at a temperature
of 120 ◦C. The dried mass was being ground in the ball mill for 8 h. As a result of the process,
aluminum hydroxide with a powder particle size of 5–25 microns was obtained. Next, the crushed
aluminum hydroxide was poured into the mixer with Z-shaped blades; the aqueous solution of the
electrolyte-peptizer was poured (HNO3) and mixed to obtain a plastic mass suitable for molding
by extrusion. The finished plastic mass was pressed through the die to obtain cylindrical granules
of different diameters. The granules were heat treated with dried air (the dew point temperature
was minus 40 ◦C) in the 5-liter tube furnace at 420 ◦C for 4 h, the air volumetric flow rate was
5000 h−1. According to the X-ray analysis, the resulting adsorbent was a mixture of low-temperature
modifications of alumina–60–70% (γ + η)-Al2O3 + 30–40% χ-Al2O3 [30].

2.2. NaX Adsorbent

The water-vapour adsorption studies were carried out for an industrial sample of the zeolite NaX
(cylindrical granules with a diameter of 4.2 mm and a length of 4.4 mm; the protective action time was
100 min, the minimum dew point temperature was −56.9 ◦C, the specific surface area was 624 m2/g,
the pore volume was 0.3 cm3/g, the pore diameter was 1.94 nm) [30] and the developed highly effective
adsorbent. The molar ratio of Si/Al in the zeolite NaX was in the range of 1.0–1.4.

2.3. Adsorbents Test

The experimental studies on the adsorption of water vapour were carried out on the pilot
installation, the schematic diagram of which is shown in Figure 1. It consisted of the following blocks:

A dosage block of material flows:

• the air was supplied to the flowmass-controller (1), the rotameter (P1), the manometer (M1); the air
consumption could vary in the range from 0 to 15,000 L/h.

An air humidification block:

• the saturator (2) represented a vertical cylinder apparatus with a diameter of 100 mm and a height
of 1000 mm. The air was supplied through the tube with holes of 1 mm in diameter. Attachments
(Rashig rings) were loaded into the saturator and water was poured; volumes varied depending
on the experimental conditions;

• the mist separator (3) represented a vertical cylindrical apparatus with a diameter of 85 mm and a
height of 800 mm. The humidified air was supplied through the tube;

• the manometer (M2) was used to control the absence of the excessive pressure in the system.

A block of dewatering of the humidified air:

• the adsorber (4) represented a vertical cylindrical apparatus with a diameter of 50 mm, a height
of 800 mm and a volume of 2 L. A required volume of the sorbent was loaded in it. An air
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distribution grill was installed on the bottom flange. A thermocouple pocket (a 5-mm diameter
tube welded at one end) was coaxially placed inside the adsorber. The dry air was discharged into
the atmosphere through the valve (B3) and the rotameter (P3). The manometer (M3) controlled
the excessive pressure.

A block of analytical control of the technological parameters of the dry air:

• the valve (B1) was attached to the exit nozzle (4) of the adsorber. It was used for sampling when
measuring the parameters of the humidified air at the exit from the adsorber;

• the rotameter (P2) was used to control the air consumption, which changed in the range from 0%
to 100% of the scale;

• the hygrometer (5) measured the parameters of the ingoing air;
• the thermocouple (T1) and the personal computer were used to control the temperature of heating

of the adsorbent layer;
• the valve (B2) was intended for sampling when measuring the parameters of the humidified air at

the entrance to the adsorber;
• the valve (B3) was applied to create excessive pressure in the system.

The dry air from the system, passing through the rotameter (P1), was dosed by means of the
flow-mass controller (1) into the saturator (2), where the air was saturated with water vapour. Then the
humidified gas flow entered the mist separator (3), where the excessive condensed moisture was
removed. Having left the mist separator, the humidified air entered the adsorber (4). The adsorbent,
loaded to the adsorber, absorbed the moisture from the ingoing air. A small amount of the air
was collected by the hygrometer (5) through the rotameter (P2) for the analysis; the rest of the air
was discharged into the atmosphere through the rotameter (P3). The pilot plant allows conducting
experiments at an increased pressure and loading the adsorbent in the volume of 2 litres, and at the
same time allows obtaining dry air at the exit at a dew point not exceeding minus 40 ◦C.
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Figure 1. Schematic diagram of the pilot plant. 1–flow-mass controller; 2–saturator; 3–mist
separator; 4–adsorber; 5–hygrometer; P1,P2,P3–rotameters; B1,B2,B3–valves; M1,M2,M3–manometers;
T1,T2,T3–signalising thermocouples.
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The dynamic capacity of the adsorbents was determined by the amount of water absorbed by
the adsorbent by the moment when the moisture content in the gas at the exit from the adsorber had
reached the dew point of −40 ◦C (the protective power time of the layer). The dew point temperature
was determined using the hygrometer Cermet II (“Michell Instruments Ltd.”, Lancaster, UK) in the
measurement range from −100 to +20 ◦C.

3. Results and Discussion

3.1. Analysis of Influence of Diffusion Resistance

The essential condition of successful usage of the adsorbents is the determination of the scope
of the process behaviour, where external diffusion resistance is absent. For that, the experimental
research was preliminarily conducted on the laboratory unit to determine the linear velocity of gas
supply, providing the absence of the external diffusion. According to the data in Figure 2, it is visible
that when the linear velocity of the gas flow in the adsorber increases, both at the contact time of
0.6 s and at the contact time of 1.1 s, the adsorption capacity of the sample increases monotonically.
At the velocity equal to ~0.20 m/s, the adsorption capacity stops changing, which indicates the fact
that external diffusion (mass transfer) does not influence the adsorption process any more. Generally,
the influence of the supply of the substance from the flow to the external surface of the adsorbent
granules is practically excluded at the flow rate of 0.25 m/s [1,8].
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Figure 2. Dependence of the dynamic capacity of the prospective aluminium-oxide adsorbent on the
linear velocity of the gas flow in the adsorber of the laboratory unit at different time contacts: 1.1 s and
0.6 s (conditions: the saturator temperature is 18 ◦C, pressure is 0.1 MPa).

To correctly interpret the experimental data, the experiment must be conducted in similar conditions
and with the same ingoing water concentration. The experimental data, obtained at a temperature of
~18 ◦C in the saturator, were taken into account, which allowed providing 14.6 ÷ 15.5 g/m3 of the water
content in the flow at the entrance to the adsorber. Hydrodynamical similarity–homogeneity of the
layer filling (constant bulk density of the adsorbent)–was also provided. An important characteristic of
the used sorbent was the temperature of its regeneration. Earlier, in [30] the adsorption characteristics
of the prospective adsorbent based on aluminium oxide were presented at different temperatures
of its regeneration (110 ◦C, 150 ◦C, 270 ◦C). It was shown that even after desiccant regeneration at
110 ◦C, its dynamic capacity by water exceeded the values, obtained for the foreign analogue, and
the maximal values of the dynamic capacity were obtained when using the training temperature of
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270 ◦C. In this connection, before conducting the mentioned tests, the samples Al2O3 were subjected to
thermal treatment at 270 ◦C for 2 h in the inert gas ambient (nitrogen). Before tests, the zeolite was
trained at a temperature of 350 ◦C for two hours in the inert gas ambient (nitrogen).

All the experiments presented hereafter were conducted on the pilot installation for two adsorbents:
the prospective aluminium oxide adsorbent (Al2O3) and the commercial foreign adsorbent, based on
the zeolite (NaX). The grain dimensions of the aluminium oxide adsorbent were: diameter–3.55 mm,
height–5.2 mm; NaX sizes: diameter–4.2 mm, height–4.4 mm. Thus the equivalent adsorbent diameter
(proportional to the ratio of the grain to its external surface) was approximately the same and amounted
to de = 4.0 ÷ 4.2 mm.

3.2. Effect of Layer Height on the Adsorption Characteristics of the Samples Al2O3 and NaX

The results (Table 1) were obtained at a gas consumption rate of 25 L/min (gas velocity was
0.21 m/s), pressure of 0.1 MPa and water concentration at the entrance of 14.6 ÷ 15.5 g/m3. To compare
the results, the layer retention time was reduced to 15 g/m3, which corresponded to 100% of humidity
at 18 ◦C.

Table 1. Influence of the desiccant layer height on adsorption characteristics.

No. of
Experiment

Adsorbent Volume,
L

Layer Height,
cm

Water Content,
g/m3

Minimal
Td.p.

oC
DC,

g/100 cm3

Al2O3

1 0.3 15.3 15.07 −59.5 3.77

2 0.6 30.6 15.11 −55.5 6.9

3 0.9 46.0 15.91 −60.9 9.5

4 0.9 46.0 14.94 −65.3 7.55

5 1.2 61.0 15.6 −60.1 11.31

NaX

6 0.3 15.3 14.67 −49.3 3.3

7 0.6 30.6 14.72 −48.7 8.53

8 0.6 30.6 15.2 −60.2 9.13

9 0.9 46.0 14.57 −60.9 11.66

10 1.2 61.0 15.38 −60.5 12.17

When the height of the adsorbent layer increases, its adsorption capacity also increases (Table 1).
The protective power time of the layer increases at the expense of the increase in the dynamic capacity
and the adsorbent volume. Since the weight by volume of the zeolite-based adsorbent is almost
1.5 times less than that of aluminium oxide, the dynamic capacity related to the gram of the adsorbent
is greater (Figure 3); however, the protective power time of the layers of different adsorbents is
comparable (Figure 4).
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3.3. Data on the Influence of the Pressure on the Adsorption Characteristics of the Samples Al2O3 and NaX

Experimental conditions: water concentration at the entrance–14.6 ÷ 15.5 g/m3, grain diameter–de

= 4.0 ÷ 4.2 mm, adsorbent layer height–30.6 cm, adsorbent volume–0.6 L gas consumption–25 L/min.
The results of the conducted experiments are presented in Table 2, in Figures 5–7.

Table 2. Dependence of adsorption characteristics of Al2O3 and NaX on pressure.

No. of Experiment P, MPa Minimal Td.p., ◦C
DC

Adsorbent Type
g/100 g

1 0.1 −55.5 7.83

Al2O3

2 0.2 −57.8 14.12

3 0.3 −65.0 18.73

4 0.4 −59.0 19.15

5 0.5 −59.9 19.18

6 0.6 −60.2 19.30



Appl. Sci. 2020, 10, 5320 8 of 12

Table 2. Cont.

No. of Experiment P, MPa Minimal Td.p., ◦C
DC

Adsorbent Type
g/100 g

7 0.1 −48.7 14.79

NaX

8 0.2 −60.5 21.11

9 0.3 −59.1 23.09

10 0.5 −63.2 19.46

11 0.6 −60.4 16.95
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Figure 5. Correlation between the experimentally measured values of the dynamic capacity of the
adsorbents (Al2O3 and NaX) with respect to water vapour, classified as a unit of their volume and a
mass unit (conditions: the saturator temperature is 18 ◦C, pressure is 0.1 ÷ 0.6 MPa).

The linear dependence between the experimentally measured values of the dynamic capacity of
the adsorbents (Al2O3 and NaX) with respect to water vapour, classified as a unit of their volume and
a mass unit (Figure 5), indicates that the density of the layer filling (and, as a consequence, porosity) in
different experiments was the same. This figure shows that the averaged weight by volume of the
adsorbents (ρAl2O3 and ρNaX) can be estimated from the ratio of dynamic capacities classified as a
volume unit and a mass unit, i.e.:

ρAl2O3 =
DE, g/cm3

DE, g/g
=

15.6
18
≈

15.6
18
≈ 0.87

g
cm3 , (1)

ρNaX =
DE, g/cm3

DE, g/g
=

10.6
18
≈ 15.6/18 ≈ 0.59

g
cm3 , (2)

In the case under consideration, another criterion of the “consistency” of the experimental data
is the presence of the correlation between the protective power time of the layer and the dynamic
capacity of the adsorbents (Figure 6). The linear dependence between the experimentally measured
values of the protective power time of the layer and the dynamic capacity of the adsorbents (Al2O3

and NaX) with respect to water vapour bears evidence of the properly obtained data. The protective
power time of the layer was reduced to the water content at the entrance–15 g/cm3.
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Figure 6. Correlation between the experimentally measured values of the protective power time of
the layer and the dynamic capacity of the adsorbent (Al2O3 and NaX) volume with respect to water
vapour. Circular symbols–Al2O3, triangle symbols–NaX (conditions: the saturator temperature is
18 ◦C, pressure is 0.1 ÷ 0.6 MPa).

Figure 7 shows that when the pressure increases, in this case–to 0.3 MPa, the dynamic capacity
and, respectively, the protective power time of the adsorbent layer increase proportionally. The data
in Figure 7b were obtained from Table 2, taking into account the specific weight of the adsorbents
(ρAl2O3 = 0.87 g/cm3; ρNaX = 0.59 g/cm3).
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Figure 7. Dependence of the protective power time of the adsorbent layer (a) and their dynamic
capacity with respect to water vapour (b) on pressure (conditions: the saturator temperature is 18 ◦C).

At the atmospheric pressure, the adsorption characteristics of the NaX adsorbent are better than
those of the aluminium oxide adsorbent. However, at a pressure of 0.3 MPa the situation changes–the
adsorption capacity and the protective power time of the adsorbent Al2O3 increase. The presence of
the maximum dynamic capacity of the adsorbent with increasing pressure, which was observed for
NaX (Figure 7b), was previously noted for other adsorbents, such as silica gel KSM-6 and zeolite NaA.
Apparently, this may be due to the complex mutual influence of the rate of diffusion processes and flow
turbulence with increasing pressure [6]. Another reason for the observed decrease in capacity with
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increasing pressure may be associated with the fact that the measured capacity is an excess capacity,
not an absolute capacity.

To compare the data, for each pressure value in the studied range of 0.1 ÷ 0.6 MPa, the value of
the protective power time of the layer (PPT) in Figure 7a was reduced to the concentration of one of
the adsorbents–Al2O3. That is, the experimentally obtained value of PPT for NaX was multiplied by
the concentration of water vapour in the air flow (CH2O)NaX and divided by (CH2O)Al2O3.

As a result of the conducted research on the pilot installation, the equilibrium values of the
adsorption capacity for the oxide-based adsorbent (Al2O3) and the commercial adsorbent (zeolite
NaX) were specified. The obtained data on the laboratory unit and the pilot installation are in good
agreement (Figure 8) with the results of the dynamic capacity determination.
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(air consumption–8.2 L/min); 2–data of the pilot installation (air consumption–25 L/min). Conditions:
the saturator temperature is 18 ◦C, pressure is 0.1 MPa.

4. Conclusions

Based on the obtained experimental data, the equilibrium values of the adsorption capacity for
the adsorbent, based on the oxide Al2O3, and the commercial adsorbent (zeolite NaX), the values of
the averaged weight by volume of the adsorbents, used in the work, were estimated. When the layer
height of the adsorbents under study increases, their dynamic capacity with respect to water vapour
and the protective power time increase. At the atmospheric pressure, the adsorption characteristics of
the adsorbent NaX are better than those of the aluminium oxide adsorbent, and the protective power
time of the layers of different adsorbents is comparable. However, at a pressure higher than 0.3 MPa,
things are different–the adsorption capacity and the protective power time of the developed adsorbent
Al2O3 increase. Consequently, the use of this aluminium oxide adsorbent, taking into account its higher
resistance to moisture, lower cost and lower regeneration temperature, is preferable as compared with
other zeolite-based analogues during dewatering under pressure.
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