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Abstract: The review describes the main methods of obtaining hydroxides and aluminium oxides 
(AO) of various structures from gibbsite. The promising techniques of obtaining AO adsorbents are 
discussed, namely the technique of thermal activation in the mode of pneumatic transport with 
gibbsite by heated air (TCA Gb) and the technique of thermal activation of gibbsite in centrifugal 
flash reactors (CTA Gb). The main methods of improving the adsorbent properties of AO, such as 
the optimisation of texture characteristics and phase composition, as well as the influence of the 
modification of aluminium oxide adsorbents, obtained using CTA and TCA technologies with 
cations of alkaline metals, are considered. It is shown that the modification allows a controlled 
variation of the characteristics of donor and acceptor active sites on the surface of adsorbents and, 
thus, a substantial increase in their adsorption activity, in particular, with respect to water vapour. 
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1. Introduction 
Adsorbents-desiccants of the air are successfully applied in different fields of in-

dustry, particularly in mechanical engineering and for the elimination of excessive 
moisture in amenity premises. As a rule, they are also used at a dewpoint for compressed 
air below 0 °C. The adsorption method is applied in processes in which a high degree of 
air dehydration is required (pharmaceutics, chemical and petrochemical plants, textile 
factories, food and electronic industry, etc.) [1–3]. 

The following requirements are imposed on industrial adsorbents-desiccants [4,5]: 
- Interaction processes between adsorbents and water vapours must be fast. Adsor-
bents must have high absorption capacity, which will allow the gas to pass through ad-
sorbers at a high rate and use compact adsorption plants for dehydration. 
- Adsorbents must have gigh stability after multiple regenerations. 
- Adsorbent grains must have high mechanical compression, (crushing) and abra-
sion strength. 
- Adsorbents must be inexpensive and easily regenerated. 
- Adsorbents must not react chemically during adsorption and regeneration. 

To meet the abovementioned requirements for the efficiency of the adsorbent, it 
must have the following characteristics: 
- Large internal pore volume 
- Large value of specific surface 
- Controlled pore-size distribution, preferably in the micropore range 
- Controlled properties of the surface, owing to selected functional groups 
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- Weak interactions between an adsorbate and an adsorbent (in general, physical ad-
sorption) 
Molecular sieves (zeolites), silica gels, and activated aluminium oxide are usually 

used as adsorbents-desiccants. These adsorbents have their own advantages and disad-
vantages [5–13], as shown in Figure 1. 

 
—high value, —low value 

Figure 1. Characteristics of the basic adsorbents-desiccants. 

Zeolites have sufficiently large adsorption capacity by water, but they are costly and 
difficult to regenerate. Prolonged time and temperatures above 340 °C are required for 
their regeneration. A distinctive feature of zeolites is a high adsorption rate of water va-
pour (steep rise of isotherms) in the area of low concentrations of water vapour. The 
amount of the absorbed water reaches a maximum value with a relative humidity equal 
to 20% and practically remains constant with a subsequent increase in the air humidity 
[14]. The second distinctive feature of adsorption of water vapour on zeolites is a weak 
dependence of its adsorption capacity on the temperature. At a temperature of 100 °C 
and a pressure of 10 mm of mercury, the adsorption capacity of zeolites reaches 15 ÷ 16 
g/100 g of the adsorbent. Even at 200 °C, it is still significant at—3.6 g/100 g of the ad-
sorbent [14]. 

The absorption capacity of silica gel depends on the temperature of humid air and 
partial pressure of vapour: When the temperature increases and the partial pressure of 
vapour decreases, this capacity decays. It is expedient to use silica gel, having a low re-
generation temperature 150–200 °C (see in Table 1 [5,14]), in desiccants of compressed air 
with hot regeneration at an adsorption temperature not higher than 35 °C and content of 
water vapour in the dehumidified air not lower than 0.02 vol.%. The main disadvantage 
of silica gels is low water resistance [14], which leads to their destruction when in contact 
with water. 

The advantages of active aluminium oxide (AO), providing its wide application for 
gas dehydration, are high adsorption capacity as compared to zeolites with high relative 
humidity; thermal stability; a possibility of multiple regeneration, which determines its 
good indicators under operation conditions; water resistance, especially resistance to 
condensed moisture; and relative ease of production, as well as availability of raw mate-
rials. These are data based on the fact that granules of aluminium oxide are stronger than 
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the granules of the majority of other desiccants, as they are not grained and abraded in 
rather harsh operating conditions of the pressure swing adsorption process [15]. 

The AO properties are determined by the structural peculiarities of its numerous 
polymorphic modifications (γ-, η-, χ-, δ-, θ-, κ-, α-, ρ-) and depend on the structure and 
properties of their precursors—aluminium hydroxides. Aluminium hydroxides also exist 
in the form of various modifications that differ in the chemical composition and crystal 
structure. Therefore, the thermal transformations of each aluminium hydroxide have 
their own peculiarities [16–22]. Depending on the preparation method, adsorbents can 
have different crystal structures and a wide range of pores [23,24]. Among the known 
series of aluminium oxide modifications, gamma (γ), eta (η) and chi (χ)-Al2O3 are the 
most widely used. 

In the last few years, a number of reviews have been published, in which aluminium 
oxide has been used as a desiccant in desiccant coated heat exchangers [25] and in des-
iccant cooling systems [26], as well as for water purification [27–29] from different or-
ganic and inorganic contaminants (see references with their corresponding scope, given 
in Table 1). 

Another important field of application of aluminium oxide is its use for deep air 
dehumidification from water vapour. Therefore, the improvement of its phase and 
chemical composition (modification of the surface properties) to enhance its adsorption 
capacity and stability is a relevant task. The techniques of its obtainement, influencing 
the structure, surface acidity, mechanical strength of the obtained material and, 
ultimately, its adsorption activity, are considered in this review. 

Table 1. Titles, scope and references of the main review, focusing on the topics of the adsorbents based on aluminium 
oxide. 

Title Scope of the Review Year of Publication Ref. 
Progressive development in 

solid desiccant cooling: A 
review 

In this paper review, the solid and liquid desiccant cooling 
systems were discussed in terms of their progressive de-

velopment and working principle. 
2019 [25] 

Recent developments in solid 
desiccant coated heat ex-

changers 

In this paper, the advantages of desiccant coated heat ex-
changers (DCHEs) over other dehumidifiers are established,
and a comprehensive review of various desiccant materials 

and binders used in DCHEs was carried out. 

2018 [26] 

Activated alumina prepara-
tion and characterisation: The

review on recent advance-
ment 

Activated alumina particles (AAP), synthesised electro-
chemically from aluminium, are an inexpensive material 

that can be used for water filtration due to its active surface. 
2018 [27] 

Rational design, synthesis, 
adsorption principles and 

applications of metal oxide 
adsorbents: a review 

This review discussed the adsorption properties of several 
typical metal oxides and key parameters affecting adsorp-
tion performance and their applications for removing vari-

ous inorganic and organic contaminants. 

2020 [28] 

Applications of aluminium 
oxide and nano aluminium 
oxide as adsorbents: review 

The aim of this review was to clarify the role of aluminium 
oxide and nano aluminium oxide in removing some chem-

icals contaminants that influence human health, such as 
dyes, antibiotics and heavy metals. 

2020 [29] 
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2. Methods of Obtainment of Aluminium Oxide Used in Industry 
As a rule, bauxite, alunite and nepheline are used as raw materials for obtaining 

aluminium oxide. If the content of aluminium oxide in them is more than 6−7%, the 
production is carried out by the main method—the Baeyer method. If the content of the 
substance is lower, the method of sintering ore with lime or soda is used. The main 
raw-material source of Al2O3 is bauxite, which mainly consists of hydrated forms of Al2O3 
(gibbsite, boehmite, diaspore). On average, bauxite contains from 45 wt.% to 60 wt.% of 
Al2O3 (in conversion from hydroxides), 10–30 wt.% of Fe2O3 and varying amounts of SiO2, 
CaO, TiO2 and H2O. 

2.1. Methods of Alumina Obtainment 
2.1.1. Bauxite Ore Treatment by the Baeyer Method 

As of today, about 90–95% of the world’s aluminium hydroxide is extracted using 
the Baeyer process, which was proposed in 1887 [30]. The Baeyer method is a hydro-
chemical method of obtaining alumina from bauxites. Large pieces of bauxite, supplied 
from the mines, are first crushed, and then wet-ground in ball mills. Bauxite, caustic al-
kali and recycled liquor are fed to ball mills. Sometimes, a little lime is added to bauxite 
to facilitate their breakability. The pulp from the mills is collected in collectors, where the 
remaining amount of the recycled liquor with a concentration of Na2O = 300 g/l is fed. 
Then, it is heated there by separation steam to 90–100 °C and soaked for 4–8 h while stir-
ring for preliminary bauxite desiliconization, i.e., there is a transfer of the most part of the 
active silica from bauxite to the liquor. The mixture of the ground bauxite and the recy-
cled liquor (raw pulp) is sent to one of the main operations. This process is called the 
leaching or cooking of bauxite, which is carried out in autoclaves at a temperature of 230–
240 °C. The purpose of this operation is to dissolve the aluminium oxide contained in 
bauxite, avoiding the transfer of other components of bauxite (silica, iron oxides, etc.) to 
the liquor. The silica is removed by subsequent slow heating when Na2Si(OH)6 precipi-
tates. The remaining pure liquor of NaAl(OH)4 is cooled, diluted with water and neu-
tralized with carbon dioxide. As a result, aluminium trihydrate Al(OH)3 (gibbsite) is se-
lectively deposited from the liquor without the residues of the dissolved silica. 

2.1.2. Sintering Technique 
The technique of sintering ore with lime or soda involves mixing high-silica finely 

ground ore (nepheline and others) with soda and limestone and sintering in rotating 
furnaces at 1250−1300 °C. The obtained mass is leached with an aqueous alkaline solu-
tion. The solution of sodium aluminate, obtained in this way, is separated from the 
sludge, then it is released from SiO2, precipitating it in an autoclave at a pressure of about 
0.6 MPa and then with lime under atmospheric pressure, and the aluminate is decom-
posed with gaseous CO2 along with the formation of Al(OH)3. 

Both described methods are multistage. They include both the main technological 
stages of production and auxiliary operations related to waste disposal and to the re-
peated return of mother liquors to the circulating cycle [31]. The main product when us-
ing the abovementioned methods of ore processing is gibbsite (hydrargillite). 

2.2. Methods of AO Obtainment 
To obtain active aluminium oxide, various methods of processing gibbsite are used 

[24,32], as described in the following subsection. 
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2.2.1. Aluminate Technology with Alkali Treatment 
(a) Dissolution of gibbsite in alkali, accompanied by the formation of sodium alumi-

nate: 

Al(OH)3 + H2O + NaOH → NaAlO2 + 2H2O; 

(b) Reprecipitation with acid: 

NaAlO2 + HNO3 + H2O → Al(OH)3 (bayerite) + NaNO3 pH = 10–12; 

NaAlO2 + HNO3 → AlO(OH) (pseudoboehmite) + NaNO3 pH < 9. 
A continuous process based on the reaction of HNO3 with NaAlO2 was described by 

the authors of [32]. The principle is as follows: In the first reactor, HNO3 and NaAlO2 are 
mixed at a temperature of 30 °C to 75 °C. Then, the resulting suspension is sent to the 
second reactor where it is converted into pseudoboehmite. The suspension fraction is 
recycled in the first reactor with a ratio of 0.1 to 3 of slurry volume per volume of mixing 
(NaAlO2 + HNO3). Pseudoboehmite is then removed from the second reactor. After dry-
ing, it has a specific surface area in the range of 200 m2/g to 300 m2/g. 

This method is the most common for producing aluminium gel for catalysis. Pre-
cipitation is carried out from alkaline solutions (aluminates) with acids (sulfuric, nitric, 
hydrochloric) or acidic solutions of salts. Various structural and texture characteristics of 
the resulting hydroxide are determined by the pH, temperature and nature of the anion. 
The crystallisation rate of pseudoboehmite is determined largely by the temperature of 
deposition, and bayerite is primarily determined by the pH. 

To increase the dissolution velocity, gibbsite is preliminary ground to the particle 
size of 10 µm and/or the temperature of the reacting mixture is raised. 

There are various techniques of precipitation—with a variable and constant value of 
pH, two-stage (cold and hot precipitation), etc. For example, cold precipitation from the 
sodium aluminate solution with the sulphuric acid solution is carried out at 20–25 °C and 
pH = 9.3–9.5. Hot precipitation is performed at 90–95 °C and pH = 9.3–9.5. Then, both 
modifications of aluminium oxide are mixed, and a precipitate consisting of pseu-
doboehmite and boehmite is obtained, which can be rinsed and filtered very well. Gran-
ules of active aluminium oxide of high mechanical strength can be obtained using this 
technique. 

The drawback of this method is the high cost of removing sodium due to the diffi-
culty of rinsing the gel. The aluminium hydroxide precipitate is filtered, rinsed on a filter 
press and moulded into granules, which are later dried and calcined at 670–820 K to ob-
tain η- or γ-Al2O3. 

2.2.2. Acid Technology 
(a) Dissolution of gibbsite in acid: 

Al(OH)3 + 3HNO3 → Al(NO3)3 + 3H2O; 

(b) Precipitation with alkali or ammonia water: 

Al(NO3)3+ 3NaOH → Al(OH)3 + 3NaNO3, 

Al(NO3)3+ 3NH4OH → AlOOH + 3NH4NO3 + H2O. 

The aluminium hydroxide precipitate is filtered, rinsed on a filter press and 
moulded into granules, which are later dried and calcined. 

Acid technology also makes it possible to obtain a wide range of products depend-
ing on the conditions of the process. Precipitation of aluminium hydroxide at low tem-
peratures and pH > 10 contributes to the formation of bayerite, while precipitation at pH 
= 7–9 and elevated temperature contributes to the formation of pseudoboehmite. Precip-
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itation is carried out from acidic solutions of aluminium salts (sulphate, nitrate, chloride) 
with solutions of bases (ammonia, ammonium carbonate). However, this method is more 
expensive, since in this case, three moles of acid and, respectively, three moles of alkali 
are consumed per mole of the obtained product. On the other hand, when using ammo-
nia as a precipitator, the sodium impurity in the oxide is excluded. 

Aluminium hydroxides of the pseudoboehmite type (Al2O3·1.5H2O) and, much less 
often, of the bayerite type (Al(OH)3), are usually obtained from aluminium-containing 
solutions using aluminate and acid technologies of “deposition.” Sodium aluminate, as a 
raw material for obtaining η-Al2O3, is undesirable. When obtaining bayerite (pH > 10), the 
precipitate is always heavily contaminated with the sodium admixture (0.2–0.5% Na2O). 

The deposition conditions—the temperature, pH, time and the temperature of the 
subsequent aging of the precipitate—have a direct impact on the properties of the re-
sulting product: The chemical and phase composition, porous structure and dispersion 
[17]. To obtain aluminium oxide, hydroxides are subjected to calcination. Adsor-
bents-desiccants based on γ-Al2O3 are most frequently obtained through the precipitation 
technology. A common drawback of precipitation methods is the high consumption of 
reagents and a significant number of chemically contaminated effluents [24]. 

Some companies have made significant advances in the development of alumina 
obtaining methods based on acidic process. Canadian company Orbite Aluminae Inc. 
presented technological methods of using HCl for the production of aluminium oxide 
and a number of by-products, such as silica, hematite and rare earth metals with HCl 
regeneration, thus increasing the profitability of alumina production [33]. 

2.2.3. Rapid Calcination of Baeyer Hydrate (Gibbsite) 

Method of Thermochemical Activation (TCA) 
Gibbsite can be calcined rapidly by pulsed heating at the dehydration temperature 

in apparatuses (the method of thermochemical activation by flue gases—thermochemical 
activation and thermochemical decomposition in catalytic heat generators) or by mech-
anochemical activation (MCA) in mills with high power rating. The essence of the TCA 
method is that the initial material—gibbsite—is activated by heated air in the pneumatic 
transport mode within a few seconds. The best result is achieved when combining TCA 
with MCA, as the TCA product is subjected to additional fine grinding. The resulting 
amorphous product has a large specific surface and is characterised by high reactivity. In 
the presence of water, it hydrolyses easily, and is accompanied by the formation of 
pseudoboehmite in the neutral environment and bayerite in the alkaline environment. 
The amorphized powder can be formed in advance before the crystallisation stage by 
pelletising on plate granulators into spherical particles, which then crystallise in a 
steam-air medium into high-strength balls of pseudoboehmite and then into those of 
aluminium oxide of mainly the γ-phase [34,35]. 

2Al(OH)3 → Al2O3 + 3H2O. 

The TCA method is widely used, including for the multi-tonnage production of the 
so-called flash product (thermally activated aluminium hydroxide), which is a raw ma-
terial for the preparation of aluminium oxide materials of various applications. However, 
it has serious drawbacks: 
- Dusty gas emissions 
- Probability of contamination of TCA products due to impurities in the fuel and 

products of its incomplete combustion 
- Instability of the operating mode, resulting in poor reproducibility of the physical 

and chemical properties of the flash product 
- Low efficiency of energy use of the heat carrier and, consequently, high specific en-

ergy consumption—more than 10 kJ/g of raw materials 
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Centrifugal Thermal Activation (CTA) 
In the light of the disadvantages of the CTA method, a new energy-saving technol-

ogy has been developed to increase the reactivity of powder materials under the action of 
centrifugal force in centrifugal flash reactors [36–38], which is called centrifugal thermal 
activation (CTA). The appearance of the centrifugal reactor “TSEFLARTM” of the drum 
type is shown in Figure 2. 

 
Figure 2. Experimental-industrial centrifugal reactor “TSEFLARTM” of the drum type: 1—frame; 
2—control board; 3—cooler; 4—air duct; 5—drum drive; 6—tank for raw material; 7—tank for the 
thermally treated product; 8—processing area. 

The main difference between CTA and TCA processes is that, during thermal acti-
vation, the powder is in contact for 1–2 s with a rotating and heated solid heat-transfer 
agent under the action of centrifugal forces. Conditions of the CTA process such as tem-
perature, contact time, etc. can be varied in a wide range, thereby changing the decom-
position depth of gibbsite and the properties of the obtained products. CTA products 
have a developed surface and disordered and heterogeneous mesoporous structure from 
which hydroxides and oxides of aluminium of different modifications can be formed, 
including during its subsequent hydration and heat treatment. 

The authors of [39] showed that the flash product, calcined at 400 °C, represents an 
almost amorphous phase and contains only a small amount of crystallised boehmite. An 
increase in the temperature during processing of this material leads to the crystallisation 
of the amorphous phase, accompanied by the formation of η-Al2O3, whose proportion 
increases and reaches 60% at 900 °C. 

The phase composition of the CTA product of gibbsite at T > 400 °C and the contact 
time of ~1.5 s is approximately as follows: Gibbsite (0–20%) + boehmite (0–10%) + pseu-
doboehmite (0–20%) + amorphous phase (the rest is up to 100%). As a result of the ther-
mal shock treatment, the content of chemically bound water in the samples decreases to 
5–15%, and the specific surface increases from 2–5 to 100–250 m2/g (T = 300 °C) due to the 
formation of a branched system of micropores. The mentioned characteristics of the ad-
sorbent vary depending on the processing conditions, namely the eat carrier tempera-
ture, time of contact, fraction composition of the reagent, mass flow rate of the powder, 
its initial temperature, pressure and steam-air mixture in the water-vapour removal sys-
tem. The specific energy consumption at 300 °C is about 4 kJ/g of gibbsite. The CTA 
process parameters (temperature, contact time) are easily controlled, which provides 
good reproducibility of the physical and chemical properties of the resulting products. 

The hydration process of the CTA product can be divided into stages: An intensive 
period of prehydration, an acceleration period that passes through the maximum of the 
heat release rate and a final period of dissipation of a certain amount of released heat [40]. 
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The phase composition of the samples shows that the acceleration period is associated 
with the crystallisation of amorphous gels, which is accompanied by the bayerite for-
mation. This period is also characterised by large changes in the morphology of particles. 
When the temperature increases, the period of crystallisation is shortened. A peculiarity 
of bayerite-containing aluminium hydroxide is the formation of low-temperature phases 
of aluminium oxide (primarily η-modification) at a calcination temperature of >300 °C, 
which makes it possible to obtain samples with a more developed specific surface, a large 
number of micropores and, accordingly, with a larger statistic capacity as compared to 
desiccants based on γ-Al2O3. 

The study of the rehydration process of the CTA gibbsite product under mild con-
ditions at a temperature of 15–35 °C, using aqueous solutions of electrolytes (pH of 5–11) 
and applying X-ray phase analysis, thermal analysis (TA), electron microscopy methods, 
etc., has shown that significant morphological and phase changes of the CTA product 
occur as a result of the interaction. These changes depend on the pH of the electrolyte, 
temperature and hydration time. In an alkaline and aqueous environment, up to 50% of 
the pseudoboehmite phase is formed in less than 24 h. An increase in the temperature, 
pH and hydration time leads to the formation of mainly (80%) the bayerite phase. A 
rengenoamorphic hydroxide is formed in an acidic environment [41]. The influence of the 
particle size of the products of pulsed thermal activation of gibbsite on the hydration 
process has already been noted in the earliest research. The authors of [42] specifically 
showed that the grinding accelerates the hydration process, and even at room tempera-
ture, up to 60% of pseudoboehmite can be formed in 1 h. It has been found that during 
the hydration of thermal activation products in slightly alkaline media, bayerite is 
formed. The amount of bayerite depends on the temperature, and in strongly alkaline 
solutions, on nordstrandite. The formation of pseudoboehmite was observed in hot (130 
°C) acid solutions [43]. 

The CTA product of gibbsite is somewhat analogous to the abovementioned flash 
product, but the special designation has been introduced on the grounds that the prop-
erties of CTA and TCA products differ on a number of points. In this way, during hy-
dration under mild conditions (room temperature and atmospheric pressure) in the 
aqueous medium of the CTA product, in contrast to TCA, there is no accumulation of 
pseudoboehmite, and the low-temperature aluminium oxides, formed during calcina-
tion, are characterised by changed lattice parameters [44]. It has been found that during 
hydration of the CTA product of gibbsite in the temperature range of 75–80 °C, pseu-
doboehmite is predominantly formed in a slightly acidic medium (acid modulus for 
HNO3 = 0.04), and bayerite is formed in an alkaline medium (solution: KOH, pH: 12–13, 
alkaline modulus: 0.1) [45,46]. 

In this way, depending on the hydration conditions (temperature, electrolyte type, 
time, etc.) of the CTA product, aluminium hydroxides with different phase compositions 
can be formed. 

An important stage in the preparation of aluminium oxides which can dramatically 
influence its composition and characteristics is the calcination stage. Depending on the 
type of aluminium hydroxide at the heat treatment stage at temperatures < 600 °C, 
low-temperature aluminium oxides (mainly η-, γ- χ-forms) are formed which have dif-
ferent properties. The sequence of technological stages for obtaining an adsor-
bent-desiccant using the CTA product is shown in Figure 3. 
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Figure 3. Technological stages of obtaining aluminium oxide adsorbents using the centrifugal 
thermal activation (CTA) method. 

It has been found that aluminium oxide, obtained from amorphized gibbsite (TCA 
and CTA products), has a higher adsorption activity with respect to water vapour than 
that of γ-Al2O3 obtained by precipitation from pseudoboehmite [45,46]. 

The comparison of the adsorption properties of Al2O3 samples obtained by the CTA 
method from a bayerite-containing product (Figure 3) and containing η-Al2O3 has shown 
that they have a higher adsorption capacity with respect to water vapour than that of AO 
obtained from pseudoboehmite and containing γ-Al2O3. 

2.2.4. Synthesis of Aluminium Oxide from the Basic Aluminium Salt Al2(OH)5Cl or from 
Alcoholates Al(OR)3 

Schemes for the synthesis of aluminium oxide from the main aluminium salt 
Al2(OH)5Cl or from alcoholates Al(OR)3, obtained by dissolving aluminium in acid or by 
the reaction of direct interaction of aluminium with alcohol, respectively, are character-
ised by the use of a large number of aggressive and expensive reagents. They have a large 
number of stages and a high cost. 

In the Honeywell UOP (Universal Oil Products) process, the main aluminium salt, 
Al2(OH)5Cl obtained during the interaction of hydrochloric acid with metallic alumini-
um, is mixed with hexamethylenetetraamine ((CH2)6N4). This solution is fed through the 
filter to the heated column, whereby balls are formed. These balls gelatinise during the 
decomposition of (CH2)6N4 according to the equation: 

(CH2)6N4 +4H+ + 6H2O → 6CH2O + 4NH4+. 

After removing the balls from the bottom of the column and crystallising them, a 
narrow size distribution of crystallites and, as a consequence, uniform pores are obtained 
[24]. 

The process of obtaining aluminium oxide from alcoholates is based on the Ziegler 
reaction [47], which was originally used for the production of higher linear alcohols. 
Using aluminium of standard quality, hydrogen and ethylene, a number of reactions can 
be performed: 

Synthesis of triethylaluminium: 

2Al + H2 + 6C2H4 → 2Al(C2H5)3 
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Chain propagation: 

Al(C2H5)3 + 3nC2H4 → Al[(C2H4)nC2H5]3 

Oxidation of trialkylaluminium: 

2AlR3 + 3O2 → 3Al(OR)3 

Hydrolysis of alcoholate to form alcohol and aluminium oxide: 

3Al(OR)3 + 3H2O → Al(OH)3 + 3ROH 

In view of the high selectivity of the reaction, the impurities, contained in Al remain 
as insoluble mud, which is removed by filtration and centrifugation. In this case, pure 
hydroxides of the boehmite and bayerite structure are obtained, which also have a highly 
developed surface. 

In this way, it can be noted that the procedure of obtaining active aluminium oxide 
usually consists in the synthesis of aluminium hydroxide and its subsequent drying, cal-
cination and granulation. The analysis of the literature shows that the physicochemical 
properties of aluminium oxide are determined by the properties of the hydroxide pre-
cursor, which are naturally transformed during heat treatment according to the mecha-
nism of phase transitions [21]. Only an intentional synthesis of the hydroxide precursor 
can guarantee obtainment of the aluminium oxide adsorbent or carrier with desired 
properties. 

3. Basic Methods of Moulding of Adsorbent Granules 
Adsorption dehydration of gases and liquids is usually carried out in fixed granular 

layers of the adsorbent. When obtaining catalysts and sorbents with a developed geo-
metric surface, the moulding stage becomes crucial. The sorbent granules of the desired 
size, shape, type and strength are produced by several moulding methods. In general, the 
methods of disk granulation, extrusion and moulding in a liquid medium of 
high-molecular hydrocarbons are used. These methods account for 40%, 50% and 10%, 
respectively, of 120,000 tons of aluminium oxide that enters the world market and is used 
in adsorption and catalytic processes. Tableting and spray drying are mainly used for the 
moulding of massive catalysts and cracking catalysts in a suspended layer, respectively 
[48]. 

3.1. Method of Disk Granulation of Adsorbents 
The moulding of aluminium hydroxides on the disk represents an agglomeration in 

the form of balls after powder humidification. This operation is performed using a gran-
ulator that rotates around an inclined axis. The powder is continuously fed to the gran-
ulator and continuously wetted with various electrolytes. The already-formed alumin-
ium hydroxide grains are continuously fed there. They are gradually covered with the 
wetted powder, and the grain diameter increases. As the grains grow, they move from 
the centre of the granulator disk to its edges. Then, starting from a certain size, they are 
thrown off the disk using the action of centrifugal force. The granulation operation is 
followed by the activation of the granules. The disk granulation method is more prefer-
able for the agglomeration of aluminium oxide, which is obtained by rapid calcination. 
The properties of the granules, obtained by this method, depend on the physicochemical 
characteristics of the initial powder and the conditions of the granulation process (the 
feed rate of the powder, grains, water, type and amount of the binder, etc.) [24]. 

3.2. Liquid Moulding Method 
The principle of production of granulated alumina, using the method of moulding in 

oil, often called as the oil-dripping moulding, is to create drops of the aqueous layer of 
alumina by means of the sprayer. These drops fall into the column, filled with a solvent 
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(oil) that does not mix with water. The surface tension, created in this column on sol 
droplets, leads to the formation of ideally spherical particles, which are neutralized and, 
if necessary, crystallised, and then dried and calcined [24,49]. 

3.3. Extrusion Moulding Method 
The method of extrusion moulding has, as a rule, two stages: Mixing the raw mate-

rial and extrusion. The paste, obtained at the mixing stage, is extruded (for example, in a 
single- or twin-screw extruder), and subsequently dried and calcined. The normal form 
of extrudates is cylinders with diameters of 1–4 mm. Some manufacturers supply extru-
dates with different forms of section (multilobate), which have theoretically better prop-
erties in some applications [50,51]. 

3.4. Comparison of Moulding Methods 
The three moulding methods described above differ in the AO concentration in the 

resulting system “aluminium oxide—water.” The mass content of aluminium oxide, 
amounting to ~60% in the case of disk moulding, decreases to approximately 45% in the 
case of extrusion and up to 25% in the case of liquid moulding. The extrusion of the 
boehmite gel, as well as the oil-dripping coagulation process, leads to the formation of 
granules that already have the required characteristics for final use. The oil-dripping 
method for gelatinisation-crystallisation of the basic salts of aluminium oxide and disk 
moulding during rapid calcination are processes in which moulding precedes the stage of 
final crystallisation of aluminium oxide [24]. 

The main advantage of disk moulding is its higher productivity and, therefore, 
lower cost of the granules. The disadvantages of this method include the fact that alu-
minium oxide granules of different sizes are formed as a result, which subsequently re-
quires their dispersion through sieves to the desired size, which is accompanied by the 
separation of defective granules. The advantage of the oil-dripping moulding method is 
that balls of the same size are formed, but this method is significantly more expensive 
than disk granulation [47]. Among all the described methods, the most optimal method is 
extrusion moulding, since this method is technologically simple and makes it possible to 
obtain granules of a required size at the moulding stage with a minimum quantity of 
spoiled products. In addition, the method of extrusion moulding allows for the easy 
moulding of pastes, consisting of several components (composite pastes), which makes it 
possible to vary the properties of the resulting adsorbent within a sufficiently large range. 

The product, obtained by “rapid dehydration,” is usually processed by two meth-
ods: Rolling-up the powders on the disk granulator [48,52] or rehydration, obtaining 
pseudoboehmite or bayerite, with subsequent processing into oxide products of the re-
quired modification using extrusion moulding [35,53]. 

4. Industrial Adsorbents-Desiccants and Their Characteristics 
The most famous manufacturers of aluminium oxide desiccants are companies such 

as Axens, Alcoa, Alumac, Albemarle and BASF. The main method of obtaining active 
aluminium oxide is currently the “flash process.” The simplified technology for obtaining 
active aluminium oxide is as follows. The raw material–bauxite ore—is transformed into 
the solution by means of sodium carbonate (Baeyer process). Solid impurities are re-
moved, and alumina is isolated by crystallisation of trihydroxide (Baeyer hydrate), which 
is actually gibbsite. Then, the gibbsite is calcined for a very short time (from 1 s to 10 s) in 
an air flow (gas flow velocity: from 8 m/s to 25 m/s) at a gas temperature from 400 °C to 
1000 °C, followed by the separation of the reacted powder from the gas flow and cooling 
(quenching) to a temperature less than 60 °C. The result is active aluminium oxide, which 
has a high specific surface area, high specific pore volume and high adsorption capacity, 
determining its widespread use in the petrochemical industry. 
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In the Russian industry, active aluminium oxide is produced using a similar “flash 
process” by means of the TCA method [54]. The initial material—gibbsite—is activated 
by the air, which is heated by the heat generator, in the pneumatic transport mode for 5–
8 s. The latter is heated at the expense of thermal energy, generated by burning diesel 
fuel. The air temperature in the reaction zone can reach ~550 °C. Depending on the TCA 
conditions, active aluminium oxide can be obtained with different sets of physicochem-
ical properties. 

Table 2 shows the characteristics of some industrial adsorbents based on aluminium 
oxide. 

Table 2. Characteristics of some industrial adsorbents based on aluminium oxide. 

Typical Properties F 200 “BASF” 
[55] 

Axsorb 2–5 D “Axens” [56] F-1 
“Alcoa” [57] 

Alusorb 675 
Salavatski Catalytic 

Factory 

AO 
Novomichurinski 
Catalytic Factory 

Grain size, mm 4.7 2.0–5.0 4.0–8.0 7–12 2.0–5.0 2.8–8.0 
Specific surface area, m2/g 340 335 330 260 387 294 

Pore volume, mL/g 0.50 0.44 0.44 0.40 0.60 0.54 
Statistic capacity with 60% of 

relative humidity, % 
21.0 21.5 21.0 - 21.0 11.0 

Packed bulk density, kg/L 0.80 0.82 0.79 0.85 0.70 0.71 

In this way, technological schemes are currently being implemented in the industry 
that allow for the production of granulated active aluminium oxides of various 
low-temperature modifications (η-Al2O3, γ-Al2O3 or χ-Al2O3) without precipitation stag-
es. They include materials with the specific surface from 200 m2/g to 400 m2/g that have 
both monodisperse and bidisperse porous structures. Spherical granules based on 
χ-Al2O3 are obtained by disk granulation of the gibbsite thermal activation product, and 
granules of cylindrical or more complex shape based on γ-Al2O3 or η-Al2O3 are obtained 
by extrusion moulding of hydrated thermal activation products. The catalogue [58] pre-
sents a wide range of brands of active aluminium oxide used as adsorbents or catalysts 
whose granules have a spherical, cylindrical and ring shape. The widespread use of AO 
as an adsorbent is determined, along with good adsorption properties, by a possibility of 
geometric and chemical modification, rather high mechanical strength and stability in the 
cyclic operation. 

5. Physicochemical Properties of the Surface and Sorption Characteristics of  
Aluminium Oxide Adsorbents 
5.1. Aluminium Oxide Surface Characteristics 

Active sites and hydroxyls on the AO surface largely determine its physicochemical 
and adsorption properties. The increased chemical activity and active adsorption sites on 
the surface appear as a result of the formation of a defective structure during the transi-
tion from the amorphous to crystalline state during thermal dehydration [8]. The inter-
action of water vapour with the AO surface is complex and proceeds under the influence 
of several different types of forces. Water adsorption by aluminium oxide desiccants is 
the result of three processes (Figure 4). The first is chemisorption or dissociative adsorp-
tion of water molecules on the active sites of the aluminium oxide surface, which leads to 
the formation of the first layer. The second is physical adsorption, leading to the for-
mation of multilayers due to hydrogen bonds. The third is capillary condensation in 
pores [8,14,56]. 
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Figure 4. Stages of water vapour adsorption on aluminium oxide. 

The efficiency of adsorbents and their static and dynamic capacity depend on the 
structural modification of aluminium oxide (η-Al2O3, γ-Al2O3, χ-Al2O3), as well as the 
preparation conditions that determine the donor-acceptor properties of the oxide surface 
and their textural characteristics: Specific surface, pore volume and size distribution 
[46,57,59]. In addition, the adsorption properties also depend on the size and shape of the 
granules [14,60]. 

According to modern concepts, the surface of a solid body represents a combination 
of Lewis and Brønsted sites of the acid and basic type [61]. The surface of aluminium 
oxide is generally amphoteric. Oxygen atoms are strong basic sites, and aluminium ions 
act as strong Lewis sites. Four types of Lewis acid sites have been identified, differing in 
the structure of the second coordination sphere of aluminium [62]. As for the basic Lewis 
sites, two sites are most clearly shown: Strong and weak sites, associated with the 
bridging oxygen atoms of Al-O-Al and oxygen atoms of OH groups, respectively. A 
comparison of the Brønsted acidity and basicity of OH groups conducted by the authors 
of [62] showed that AO hydroxyls are more basic than acidic. Using spin probes, it has 
been shown that aluminium oxides have electron-acceptor and electron-donator sites on 
their surface that are capable of reducing (oxidizing) the molecules adsorbed on them 
due to the transfer of a single electron (Single Electron Transfer (SET) mechanism) [63–
65]. It is logical to assume that changes in the concentration or strength of the above-
mentioned sites can influence the physicochemical properties of the surface. The authors 
of [66] showed that the number of Lewis acid sites (LAS), determined from the FT-IR 
spectra after pyridine adsorption, decreases in the series of η-Al2O3 > γ-Al2O3 > (χ + 
γ)-Al2O3 and correlates well with the catalytic activity in the reaction of methanol dehy-
dration into dimethyl ether. 

There is a close relationship between the structure of the initial hydroxides and ox-
ides Al3+ obtained from them during heat treatment: Gibbsite → (χ + γ)- Al2O3; bayerite → 
η-Al2O3; boehmite → γ-Al2O3; pseudobemite → pseudocubic γ-Al2O3. The last two 
γ-modifications of Al2O3 differ significantly in their structural peculiarities, distribution 
of Al3+ ions over tetra-(Td) and octa-(Oh) oxygen positions and, consequently, in their 
acidic properties. Thus, the choice of the structural modification of Al3+ hydroxide can 
regulate not only the specific surface area (Ssp) and texture of desiccants, but also their 
acidity, which can influence the sorption properties of desiccants. 

The acid-base properties of the surface of aluminium oxides obtained by thermal 
activation differ from the acid-base properties of homogeneous in their phase composi-
tion oxides obtained by precipitation. For example, the authors of [67] established that 
γ-Al2O3 obtained by thermal activation and subsequent autoclaving is characterised by a 
higher content and strength of Lewis acid sites and a lower content of basic sites than 
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those of γ-Al2O3 obtained by precipitation, approaching η-Al2O3, obtained by precipita-
tion. The authors of [68] found that, for oxides obtained by thermal activation and sub-
sequent hydration under mild conditions, γ-Al2O3 is characterised by a larger number 
and strength of Lewis acid sites than those of γ-Al2O3 obtained by precipitation. η-Al2O3, 
on the contrary, is characterised by a significantly higher surface basicity than that of 
γ-Al2O3. 

A relatively simple method which makes it possible to change the specific surface 
value, pore-size distribution, total pore volume, strength and concentration of active 
surface sites is the controlled heat treatment of AO [16]. 

Dehydrogenation and dehydroxylation of the surface, proceeding during thermal 
and chemical transformations of aluminium oxides, lead to the appearance of coordina-
tion-unsaturated oxygen atoms (Lewis base) and aluminium (Lewis acid). On the surface 
of the oxide, there are bridge and terminal hydroxyl groups that are Brønsted acid sites. 
During dehydration of two neighbouring OH- groups of this type, a water molecule is 
formed and released, and the Lewis acid (Al3+) and basic (O2) sites remain on the surface 
[61,66]. Usually, the surface of aluminium oxide manifests strong acidity after calcination 
in vacuum at temperatures above 470 °C [69]. At temperatures up to 973 K, the number of 
Lewis sites increases with the decrease in the OH- group content. It has been found that 
the acidity of aluminium oxide is mainly determined by aprotonic sites, and Brønsted 
acidity is weakly expressed. Tendencies to increase the acidity and to decrease the basic-
ity of the aluminium oxide surface with increasing temperature during its thermal acti-
vation were also noted by the authors of [16]. 

The comparison of aluminium oxides of various modifications has shown that the 
set of OH- groups for them is approximately the same [61], and OH- groups on the surface 
of aluminium oxide have different acidity. At the same time, the concentration of OH- 
groups significantly depends on the crystal structure and on the conditions of heat 
treatment of the initial hydroxides. According to the concepts available in the literature, 
the sorption characteristics of desiccants based on active AO can directly depend on the 
acid-base properties of AO and on the nature of its acid sites (acceptor/donor, 
weak/strong, Lewis/Brønsted) [59,61]. The authors of [59] established that the depend-
ence of the static capacity value of aluminium oxide sorbents at low relative humidity 
(1.0–1.5%) on the concentration of electron-acceptor sites (presumably associated with 
Brønsted acidity), and suggested that the presence of a hydroxylated surface contributed 
to the sorption of water vapour at low relative humidity. At the same time, individual 
aluminium oxides that do not have strong Brønsted acid sites [70] also sorb water well, 
which indicates that other sites may also participate in the water sorption process. 

5.2. Modification of Adsorbents Based on Aluminium Oxide with the Cations of Alkaline Metals 
An increase in the efficiency of aluminium oxide adsorbents can be achieved by 

changing the strength and the concentration of acid-base sites on their surface. The ac-
id-base properties of the surface can be changed by modification with inorganic acids 
(HF, H2SO4, H3PO4, H3BO3), bases (alkalis, carbonates) or bifunctional additives (salts of 
various acids) [62]. 

As the aluminium oxide surface is impregnated with alkali, the total surface basicity 
increases [16]. At the same time, Lewis and Brønsted acidity increases with a low content 
of the alkaline cation. However, it then decreases with an increase in the alkali content. 

Modification with small amounts of alkali metal (Li, Na, K) does not lead to a sig-
nificant change in the specific surface of γ-Al2O3 in the phase composition, and it affects 
only the near-surface layer [71,72]. When the content of sodium and potassium cations 
increases from 0.3 mmol/g to 0.9 mmol/g of Al2O3, the concentration of coordina-
tion-unsaturated Al3+ cations on the surface decreases, and the strength of Lewis acid 
sites (LAS) decreases significantly. The increase in the strength of the sites is due to an 
increase in the electron density throughout the entire AO lattice. It has been noted that 
with an increase in the cation radius, the strength of electron-acceptor sites weakens [73], 
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which supports the assumption of electronic suppression of the acidic properties of AO 
with the introduction of alkali metals. In some cases, with an increase in the content of 
modifying components, the formation of new phases, in particular, aluminates of alkali 
metals, has been noted. It has been found that Lewis acidic properties of lithium alumi-
nates correlate with the presence of aluminium cations in their crystal structure in the 
tetrahedral coordination. The impregnation of γ-Al2O3 with NaOH solutions with an al-
kali content from 0.1 wt.% to 3.0 wt.%, as noted by the authors of [74]. Impregnation also 
leads to a decrease in the total and local LAC concentration, and the strongest LAS dis-
appears first. When AO is modified with alkalis, the concentration and the strength of 
weak basic sites increases. When the sodium content is high, strong sites appear due to 
the appearance of oxygen atoms, which are bound directly to sodium [75]. 

The authors of [68,76] studied the influence of acid and alkaline modification on the 
adsorption characteristics of aluminium oxide desiccants prepared from amorphized 
gibbsite (products of CTA and THA). The authors established that the introduction of the 
sulphuric acid solution at the stage of obtaining the plastic paste from pseudoboehmite- 
and bayerite-containing hydroxides makes it possible to increase the dynamic capacity of 
desiccants based on γ-Al2O3 to the level of η-Al2O3 both by reducing the average pore 
diameter and by increasing the surface acidity. These processes practically do not influ-
ence the phase composition, texture and adsorption characteristics of adsorbents based 
on bayerite. When aluminium oxides are modified with sulphate ions on the surface, as 
shown by the authors of [76], strong LAS are formed, the water adsorption on which is 
accompanied by the formation of strong Brønsted acid sites (BAS), which leads to an in-
crease in the sorption capacity of the desiccants modified with sulphate ions by water. 
During alkaline modification, by introducing the solution of KOH or NaOH at the stage 
of obtaining the plastic paste based on pseudoboehmite-containing hydroxides, the static 
capacity of the adsorbent is not changed. However, the dynamic capacity increases 
against the background of the increased average pore diameter, reduction in the number 
and strength of LAS, appearance of new super strong basic sites and increase in the total 
number of the basic sites of varying force. For desiccants prepared on the basis of bayer-
ite-containing hydroxide, the introduction of alkaline cations at the stage of obtaining the 
plastic paste has not led to an improvement in sorption characteristics. At the same time, 
an increase in the average pore diameter, a decrease in the number of acid sites and an 
increase in the number of super strong basic sites was also observed, but the total con-
centration of all basic sites decreased during modification [68]. The dynamic capacity of 
the obtained adsorbents, measured at the gas moisture content at the inlet of the adsorber 
of 15.6–16.6 g/m3 (dewpoint: 18.5–19.5 °C), ranged from 3.9 g/100 cm3 to 5.9 g/100 cm3. 
The static capacity at 60% humidity of the synthesized adsorbents was in the range of 
17.5% to 23.1%. The content of the χ-phase in aluminium oxide adsorbents significantly 
increased during acid modification, but practically did not change during alkaline modi-
fication, which allowed the authors of the work to associate the increase in the moisture 
capacity only with the process of the chemical modification with alkalis. A correlation 
was found between the change in the total concentration of the basic sites during modi-
fication of desiccants and the change in their dynamic capacity. 

The study of the acid-base characteristics, modified with K and Na ions at the stage 
of obtaining the plastic paste of adsorbents by removing the curves of influence of the 
aqueous suspension pH of desiccant samples on the time, was carried out by the authors 
of [77]. The authors showed that a sharp alkalinization of the solution occurred in the first 
seconds of contact of the sample with distilled water. The location of the kinetic curves 
above the level of neutrality and the high rate of the pH change indicate the presence of 
strong basic sites of the aprotic type on the surface of these adsorbents. It has been noted 
[78] that when metal cations are introduced during peptization, there is a natural de-
crease in the total number of LAS and an increase in the number of basic ones. The values 
of the adsorption capacity of the samples correlate well with the concentrations of both 
types of sites and their total number. 
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The life tests of such adsorbents, based on pseudoboehmite and performed on a pilot 
plant at an increased pressure of 3 MPa, showed [79] that the sample of the desiccant, 
modified with potassium (~2 wt.%), was not inferior in terms of dynamic capacity under 
low load to the sample, which was obtained on the basis of bayerite-containing hydrox-
ide. After conducting nine cyclic tests (adsorption-desorption), the phase composition, 
content of alkaline impurities, specific surface area and crushing strength of the samples 
did not change within the margin of error of determination. 

Another way to increase the concentration of the basic sites on the surface of alu-
minium oxides is to introduce alkaline ions by impregnation of calcined AO granules 
[80]. It was shown that the impregnation of the initial aluminium oxide granules 
(γ-Al2O3) with alkaline solutions of sodium or potassium led to an increase in the dy-
namic capacity of the modified desiccants, while the impregnation of the initial alumin-
ium oxide granules with carbonate solutions of sodium or potassium resulted in a de-
crease in the dynamic capacity. The static capacity by water of the obtained samples 
practically did not change. There was a decrease in the specific surface of the modified 
desiccants and an increase in the average pore diameter and strength of granules (during 
modification with carbonates, the strength practically did not change). 

The analysis of acidic and basic properties of the surface of desiccants, performed by 
the authors of [80], by means of IR spectroscopy using CO and CDCl3 probe molecules, 
respectively, showed that the surface modification was accompanied by a decrease in 
Lewis and an almost complete disappearance of Brønsted acidity, appearance of super 
strong ones and significant increase in the concentration of strong basic sites, associated 
apparently with bridged oxygen atoms near alkaline ions. According to the authors, the 
formation of super strong sites can take place when a proton at the end of the OH group 
is replaced by a sodium or potassium ion with the formation of a bridged oxygen atom 
between Na+ and Al3+ ions. In this work, a linear correlation has been found between the 
concentration of strong basic sites on the surface and the dynamic capacity of desiccants, 
which allowed for the conclusion that the dynamic capacity is related to the strengthen-
ing of the main properties of the samples. The best sorption and strength characteristics 
have been demonstrated by a sample, which was obtained by the impregnation with 
potassium hydroxide with a potassium content of 3 mass.%. It has been assumed that 
during modification from carbonate solutions, the carbonates deposited on the surface 
block both strong and weak basic sites, which leads to a decrease in the dynamic capacity 
of water. The authors of [81] studied the properties of aluminium oxide granules modi-
fied with Li, K and Na cations by the impregnation from an excess of an alkali solution of 
pseudoboehmite-based aluminium oxide granules. In addition, for the modified adsor-
bents obtained by the water capacity impregnation, these samples have demonstrated a 
decrease in the specific surface and an increase in the average pore size against the 
background of an increase in the specific adsorption capacity of the samples, with an in-
crease in the content of alkali metal cations (Figure 5). 
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Figure 5. Dependence of the capacity of the adsorbent surface unit on the mole content of the 
modifier. 

Figure 6 shows the dependence of the equilibrium adsorption capacity of the modi-
fied materials (a) on the specific surface (Ssp). 

 
Figure 6. Dependence of the adsorption capacity of the modified materials (a) on the specific sur-
face (Ssp). 

Figure 6 shows that the lithium modification has almost no effect on the adsorption 
capacity. At the same time, the dependence of the capacity of the samples modified with 
potassium and sodium on the specific surface is extreme in the range of changes in the 
specific surface of Ssp = 125–290 m2/g. The maximum value of the equilibrium adsorption 
capacity has been observed in the range of Ssp = 240 ± 10 m2/g. This value of the specific 
surface corresponded to the modification of the initial material in the amount of 1.2 wt.% 
of sodium or 2.6 wt.% of potassium. 

Besides, the introduction of the controlled number of alkali metal cations into AO is 
possible at the stage of CTA product hydration during the synthesis of an adsor-
bent-desiccant, consisting of the mixture of low-temperature modifications of aluminium 
oxide of 60–70% (γ + η)-Al2O3 + 30–40% χ-Al2O3 [77]. It was shown that changes in the 
preparation conditions (alkaline modulus and the type of alkali at the hydration stage, 
the value of the acid modulus at the peptization stage) practically did not influence the 
static capacity of the desiccants, while an increase in the alkali content at the hydration 
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stage or the use of NaOH instead of KOH increased the dynamic capacity of the desiccant 
granules. 

In this way, alkaline cations can be introduced at different stages of desiccant prep-
aration: By the impregnation of finished granules, using alkalis at the stage of prepara-
tion of plastic pastes, and in the case of desiccants based on n η-Al2O3, using solutions of 
alkalis with different concentrations at the hydration stage of the thermal activation 
product [82]. In the first case, the number of preparation stages increases. When the 
modifier content is higher than 2–3%, the specific surface area significantly decreases, 
which is undesirable. In the second case, there is a decrease in the strength of granules as 
compared to the granules, which are prepared using nitric acid for plasticization, which 
is consistent with the literature data and may be conditioned by the lower solubility of 
aluminium hydroxides in alkalis as compared to nitric acid [44]. Negative phenomena, 
typical of the first two methods, can be avoided, and the content of alkaline cations in 
η-Al2O3 can be increased by increasing the concentration of alkali at the hydration stage 
of the thermal activation product. Obtaining strong granules is achievable by optimizing 
the amount of nitric acid, which is used to prepare the moulded paste [82]. The data, 
presented by the authors of [82], indicate that the samples, modified with potassium and 
sodium, have a specific surface of more than 300 m2/g. The surface size, pore volume and 
average pore size of the samples modified with potassium are higher. Meanwhile, they 
are lower in samples modified by sodium, mainly due to a decrease in the volume of 
mesopores, since the volume of micropores in the samples is almost the same. An in-
crease in the potassium content at the hydration stage leads to a decrease in the strength 
of the granules. A similar decrease in the strength of granules was observed earlier when 
using KOH at the stage of preparation of the moulded paste [68]. The use of NaOH in-
stead of KOH during hydration, as well as an increase in the sodium content, on the 
contrary, led to an increase in strength. Comparing the characteristics of the adsorbents 
obtained during modification by the introduction of alkaline cations at the paste prepa-
ration stage and the introduction of alkaline cations at the hydration stage of the gibbsite 
thermal activation product, it can be noted that the previously achieved dynamic capac-
ity and mechanical strength indicators (5.9 g/100 cm3 and 5.7 MPa) were exceeded [68]. 
These indicators in the latter case were 7.5 g/100 cm3 of the desiccant and 8.4 MPa, re-
spectively [82]. 

The conducted test of the developed modified adsorbent-desiccant in comparison 
with well-known Russian and foreign analogues [82] has shown that industrial adsor-
bents, obtained by thermal activation technology, contain mainly χ-Al2O3 or γ-Al2O3, 
while the proposed desiccant contains η-Al2O3. The texture characteristics of the foreign 
desiccant based on aluminium oxide [82] and the proposed adsorbent have been shown 
to be quite similar. The higher efficiency of the developed desiccant has been associated 
by the authors of this work with a higher content of the basic sites, conditioned by the 
introduction of alkaline cations. It has been shown that the obtained values of the dy-
namic capacity of desiccants based on AO (industrial and developed) correlate well with 
the content of sodium cations in them. With an increase in the content of sodium cations, 
an increase in the dynamic capacity of desiccants was observed, despite the fact that the 
structural modification of aluminium oxides in these desiccants differs. 

The study of the dynamic capacity of the developed highly efficient sample of an 
aluminium oxide adsorbent, as well as the comparison of its adsorption characteristics 
with those of a commercial adsorbent based on NaX zeolite under similar conditions 
were presented by the authors of [83]. The grain size of the aluminium oxide adsorbent 
was characterized by a diameter of 3.55 mm, height of 5.2 mm and NaX dimensions of 4.2 
× 4.4 mm. In this way, the equivalent diameter of the adsorbents (proportional to the ratio 
of the grain volume to its outer surface) was approximately the same at dэ = 4.0 ÷ 4.2 mm. 
It has been noted that as the layer height of the studied adsorbents increases, their dy-
namic capacity with respect to water vapour and the time of protective action naturally 
increases. At atmospheric pressure up to 0.3 MPa, the adsorption characteristics of the 



Appl. Sci. 2021, 11, 2457 19 of 23 
 

NaX adsorbent are higher than those of the aluminium oxide adsorbent, and the protec-
tive action time of the layers of these adsorbents is comparable. However, at a higher 
pressure (0.3 ÷ 0.6 MPa), the situation changes, and the adsorption capacity and protec-
tive action time of the developed Al2O3 adsorbent become higher. Under these condi-
tions, the use of the developed aluminium oxide adsorbent, considering its higher re-
sistance to moisture, lower cost and lower regeneration temperature, is preferable as 
compared to zeolite-based analogues during dehydration under pressure. 

Along with the equilibrium characteristics of adsorbents (adsorption capacities), an 
important role belongs to the adsorption kinetics, which take into account the dynamics 
of adsorption and diffusion of water vapour in individual granules of the absorbent and 
the rate of filling the volume of these granules. Since the adsorbent granules used in in-
dustrial conditions are usually shaped like cylinders and spheres of various sizes, it is 
important to study the influence of the grain size on the adsorption kinetics. The exper-
imental results on the kinetics of water vapour adsorption on active aluminium oxide 
have been described by the authors of [84–86]. 

The influence of the granule size on the water vapour absorption kinetics for the 
fractions of the studied sample of highly efficient aluminium oxide (0.25–0.5 mm and 0.5–
1.0 mm and a granule size of 3.7 × 6.0 mm) was studied by the authors of [86]. It has been 
shown that when the fraction size is more than 0.25–0.5 mm, the rate of water vapour 
adsorption decreases, which is due to the influence of internal diffusion. This happens 
due to the presence of small mesopores (3 ÷ 7 nm) in the aluminium oxide adsorbent. 
Mathematical simulation of mass transfer rates based on a quasi-homogeneous model 
has been performed. The mathematical simulation made it possible to obtain a quantita-
tive assessment of parameters such as the absorption rate constants and to obtain the ef-
ficient water diffusion coefficient inside the grain, the value of which was 1.2·10−6 m2/s. 
The proposed mathematical model describes quite well the experimental data on the ki-
netics of water vapour adsorption on a highly active aluminium oxide adsorbent and can 
be used for modelling the absorber. 

In this way, the data presented in this section indicate the important role of the ac-
id-base sites of the surface of aluminium oxides in their adsorption characteristics. By 
means of methods such as heat treatment or chemical modification, it is possible to con-
trol the variations in the strength and concentration of active surface sites and other 
characteristics of AO. As a rule, this type of impact changes the specific surface value, 
pore size distribution, total pore volume and adsorption characteristics of the material. 
The adsorption capacity of aluminium oxide in relation to water vapour can be increased 
by introducing up to 3 mass.% of alkaline cations (Na, K), increasing the concentration of 
strong basic sites on the surface. 

6. Conclusions 
The abovementioned method of thermal activation of gibbsite (TCA Gb) has a 

number of economic and environmental advantages over traditional methods of repre-
cipitation and hydrolysis of aluminium alcoholates due to lower production costs and 
less waste. As a result of TCA, a product is obtained that is suitable for further processing 
into aluminium hydroxides, from which, in turn, aluminium oxide adsorbents, carriers 
and catalysts can be synthesized. However, this method also has a number of disad-
vantages, mentioned in the review. A more promising method is its improved ver-
sion—thermal activation of gibbsite powder for 1–2 s in contact with a rotating and 
heated solid heat carrier under the action of centrifugal forces in flash reactors (CTA Gb, 
TSEFLARTM). The reduction of energy consumption and harmful emissions as compared 
to the TCA method is achieved by eliminating the use of combustion gases and intensi-
fying the heat supply to the reagent layer due to the contact with a solid rotating surface. 

Based on the advantages and disadvantages of industrial adsorbents-desiccants 
mentioned in the review, it can be concluded that the main dehydration of gases with a 
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significant water vapour content should be carried out with aluminium oxide, which is 
resistant to condensed moisture, and a deep final dehumidification with zeolite. 

Varying the conditions for the preparation of adsorbents-desiccants based on alu-
minium oxide and modifying them with the introduction of alkaline cations (Na and K) 
makes it possible to control the change in the characteristics of donor and acceptor active 
sites on the surface of adsorbents and thereby significantly increase their adsorption ac-
tivity, in particular, with respect to water vapour. It has been shown that the preparation 
of adsorbents-desiccants based on η-Al2O3 should rather be carried out by regulating the 
concentration of alkali at the stage of hydration of the thermal activation product during 
synthesis. This makes it possible to obtain adsorbents with high values of static and dy-
namic water vapour capacity and mechanical strength. The adsorption properties (ad-
sorption rate and adsorption capacity) of adsorbents obtained by this method, with a 
sodium content of 2.3 mass.% (adsorption rate and adsorption capacity), are quite similar 
to the characteristics of the zeolite-based adsorbents, which are widely used for deep air 
dehumidification. In this way, such adsorbents have a good potential for industrial use 
not only as a protective layer, but also as a main layer. 
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