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Abstract: Highly porous aluminum oxide ceramics were synthesized by various low energy consumption techniques. This work 
demonstrates the efficiency of the preparation technique to tailor the structure of the materials. The drying method was varied and 
applied in vacuum (freeze drying), under supercritical conditions, and at atmospheric pressure. The pore system and the absorbability 
can be significantly affected by the conditions of the drying process. The absorbability of porous materials was compared basically 
for organic compounds. The gas and liquid adsorption measurements were carried out on a gas chromatography and mass 
spectrometry instrument. The absorbability of several porous aluminum oxide materials was compared to the adsorption data of pure 
carbon.  
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1. Introduction 

Porous alumina materials are capable to intensively 

adsorb gas and liquid compounds and they are 

excellent thermal insulating materials over a large 

temperature range and possess various applications in 

the field of heterogeneous catalysis [1-4]. The aim of 

the present research work was to investigate the 

absorbability of highly porous aluminum oxide 

ceramics in the function of the preparation technique. 

The effect of porosity, surface and morphology was 

studied on the adsorption ability. The aluminum 

oxides were synthesized by various liquid-phase 

techniques: sol-gel and co-precipitation methods. 

New, fast, low energy consumption, and different 

from the typical literature descriptions [5-14] 

techniques were developed for the synthesis of porous 

aluminium oxide system. The drying processes were 

applied in vacuum (freeze drying), under supercritical 

conditions, and at atmospheric pressure. The pore 

system can be significantly affected by the conditions 

of the drying process. The application of supercritical 

conditions results in aerogels with nanopores. The 
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vacuum freezing leads to formation of cryogels with 

hierarchical pore structures. This structure is 

composed from macropores ordered into channel-like 

architecture and nanopores are embedded in the wall 

of macropores. The drying at atmospheric pressure 

yields xerogels with macroporous or mesoporous 

skeletons depending on the conditions. 

We have compared the absorbability of these 

porous materials basically for gas and liquid organic 

compounds. The literature studies of the alumina 

oxide’s adsorption concentrate rather on the 

assimilation of inorganic compounds [15-23]. The 

most frequent aim of the adsorption investigation is 

the removal of arsenic ions from drinking water 

[16-18]. Only several publications deal with the 

adsorption of organic compounds [24, 25] or drugs 

[26, 27]. 

The published processes for the improvement of the 

effectiveness of adsorption focus on the introduction 

of various elements or compounds into the adsorbents 

[18, 20, 23]. This work presents the enhancement of 

the absorbability by sufficient preparation techniques. 

The adsorption data were checked by values of the 

pure carbon. The gas and liquid adsorption 
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measurements were carried out on a gas 

chromatography and mass spectrometry instrument. 

2. Materials and Methods 

2.1 Preparation of Porous Aluminum Oxide Ceramics 

Preparation of aluminum oxide xerogels: We 

prepared a monolith alcogel system from inorganic Al 

salt (Al (NO3)3·9 H2O at Aldrich) in an organic 

medium (1-propanol) at 75 °C in first step [28]. The 

molar ratio of 1-propanol/Al salt was 20. No basic or 

chelating agent was applied in the process and the 

precipitation also could be avoided. Gel systems form 

directly from the initial solutions. The gelation took 

for 24 h. In order to increase the porosity and the 

specific surface area, additional materials (acetic acid, 

citric acid, and urotropine) were applied in the 

gelation. The second step was the drying at ambient 

pressure at 100 °C for the evaporation of the solvent 

and at 500 °C to form the final structure and 

morphology. The other type of xerogel was produced 

by a routine co-precipitation method in the presence of 

ammonia (xerogelc). The drying conditions were the 

same in every case. 

Preparation of aluminum oxide cryogels: The first 

main step of the newly developed method is the 

preparation of a monolith hydrogel system. The 

aluminum oxide hydroxide containing hydrogel is 

prepared from inorganic Al salt (Al (NO3)3·9 H2O at 

Aldrich) in an organic medium (1-propanol) at 75 °C. 

The following composition was used in the 

experiments: 1 mole Al nitrate and 10 mole 

1-propanol. The hydrolysis and the precondensation 

reactions are performed by refluxing at about 80 °C 

for 11 h. To make the condensation complete, the 

organic solvent must be carefully evaporated. The 

viscous system is soluble in water, but at an Al 

concentration of about 10-15 wt% (0.7 M), the 

solution turns into an optically clear gel after several 

hours. The second step is the freeze drying of the 

monolith hydrogel (at 233 K in a Christ, Alpha 2-4 

LD plus cryostat instrument) [29]. 

Preparation of aluminum oxide aerogels: Alumina 

alcogels can be prepared by one-step sol-gel method 

from Al alkoxide precursors. In order to control the 

hydrolysis rate of Al alkoxides and to hinder the 

precipitation, a complexing agent was used. In the 

present study, Al isopropoxide is provided as 

precursor and isopropanol as solvent. The dissolution 

and the hydrolysis of precursor were carried out at 

70 °C in the presence of some water (5 mol H2O/Al) 

in isopropanol and ethyl acetate, Etac (3-10 mol 

Etac/Al). The total gelation and aging time attained 12 

h. In the supercritical drying, the alcohol content of 

the wet gels was exchanged with liquid CO2 for 3-4 

days, the temperature increased up to 45 °C and the 

pressure to ca. 100 bar. The pressure of the 

supercritical extractor was slowly (5 bar/h) reduced to 

ambient pressure. The heat treatment of alumina 

aerogels was performed at 500 °C for 2 h to remove 

the organic compounds and to obtain the final 

structure. 

2.2 Investigation Methods 

Morphology and pore size: The morphology and the 

pore size of the ceramic powders and pellets have 

been studied by an FEI Quanta 3D FEG SEM 

(scanning electron microscope). The SEM images 

were prepared by the Everhart-Thornley secondary 

ETD (electron detector), and its ultimate resolution is 

1-2 nm. Since the conductance of the particles 

investigated is high enough to remove the electric 

charge accumulated on the surface, the SEM images 

were performed in high vacuum without any coverage 

on the specimen surface. For the best SEM visibility, 

the particles were deposited on an HOPG (graphite) 

substrate surface. 

Surface area and porosity: The surface area and 

porosity of ceramic samples have been characterized 

by N2 sorption analysis at 25 °C on an autosorb 

computer controlled surface analyzer (AUTOSORB-1, 

Quantachrome or ASAP 2010 Micrometrics). Each 

sample was degassed for 12 hours prior to analysis. 
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Adsorption: Vapour phase is collected in gas 

sampling bag for analysis by GC-MS. Instruments: 

YL6500 GC-MS (Young Lin Instrument Co.) gas 

chromatography and mass spectrometry. All the gases 

flowed into the reactor through Teflon tubing. The gas 

mixtures diluted in helium were flowed through the 

reactor with a linear velocity ranging between 60 and 

120 cm·s−1. GC parameters are: S/SL injector with 

split ratio of 1/10; constant He flow of 2 mL·min−1; 

and the injector temperature of 250 °C. The heat 

program of oven: 3 min at 50° C; heating rate of 

10 °C·min−1 to 150 °C; heating rate of 30 °C·min−1 to 

250 °C; 30.17 min at 250° C. The measuring time is 

16.5 min. The compounds were monitored by mass 

spectroscopy scan mode collecting from 50 m/z to 500 

m/z using a temporal resolution of 60 ms, an 

ionization energy of 70 eV, and an emission current of 

1,000 μA. 

3. Experimental Results  

3.1 Synthesis and Drying of Highly Porous Aluminum 

Oxide Systems  

The preparation technique, especially the drying 

method was varied in order to obtain porous materials 

with high specific surface area and good adsorption 

ability. Aluminum oxide hydroxide containing gel 

systems derived by our new sol-gel synthesis were 

dried in various conditions. The drying processes were 

applied at atmospheric pressure, in vacuum, and under 

supercritical conditions. The drying at atmospheric 

pressure results in xerogels with macropores or 

mesopores. The porosity strongly depends on the 

drying conditions. Xerogela and Xerogelb were 

synthesized by sol-gel method in the presence of 

acetic acid (1) and citric acid with urotropine (2). 

Xerogelc was produced by a routine co-precipitation 

technique in the presence of NH3 basic agent. This 

technique is a low-cost procedure. The other drying 

technique was the freeze drying in vacuum. The gel 

system dried by freezing is called cryogel. This type 

of process yields hierarchical pore structure. The pore 

system consists of open anisotropic macropores (with 

diameter of 10 m) and mesopores (with diameter of 8 

nm) embedded in the wall of macropores. The 

macropores are ordered into channel-like architecture. 

The size of macropores depends on the size of frozen 

solvent crystals. The latter size is determined 

essentially by the rate of freezing [29]. The 

application of supercritical conditions leads to 

formation of aerogels with nanopores. By this way, 

the highest specific surface area can be obtained 

owing to the nanoporous system. This technique is the 

most expensive. Fig. 1 represents the structure and 

morphology of xerogels, cryogels, and aerogels. Table 

1 summarizes the porosity, the specific surface area 

data of alox samples and the activated carbon providing 
 

 
Fig. 1  SEM images of porous aluminum oxides. The magnifications are 1,000 x, in the image of aerogel is 100,000 x. The line 

between the pictures indicates 50 m in every image exception in that of aerogel, where 50 nm. 
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the comparison. 

The aerogel has the highest specific surface area 

(500-520 m2·g-1) as expected due to its nanoporous 

system. The xerogel prepared by our new sol-gel 

technique and the cryogel can be characterized by 

more or less the same value of specific surface area 

(~300 m2·g-1) and by similar porous systems. Their 

porous systems are composed by two type of pore 

(10-15 m and < 1 m). The lowest value (130-160 

m2·g-1) has been measured in the sample of “xerogelc” 

produced by a co-precipitation technique, this value is 

close to the literature data of xerogels (Table 1). The 

activated carbon has also high specific surface area (> 

600 m2·g-1). 

3.2 Adsorption Investigations 

The adsorption ability depends not only on the pore 

system and specific surface area, but also on the 

chemical character. The porous aluminum oxide 

ceramics adsorb higher on average with ~70% than 

activated carbon (Table 2). The good absorbability is 

owing to the strong Lewis acid character and the 

excellent complex formation of Al atoms/ions [30, 31]. 

The Al (III) efficiently bonds not only the inorganic 

but organic compounds/ligands, too. Many organic 

ligands can be connected to Al (III) as bidentate 

groups. The basic (F-, CN-, AsO4
3-, etc.) and chelating 

agents (citric acid, acetic acid, EDTE, aliphatic     

or phenolic OH-containing  compounds, etc.) are very 
 

Table 1  Porosity and specific surface data of aluminum oxide xerogel, cryogel, and aerogel systems. 

Samples 
Specific surface area*

(m2·g-1) 
Porosity**

(%) 
Pore size** 

(nm-m) 

Xerogelc 280-300 55-60 
10-15 m 
0.5-1.0 m 

Xerogeld 240-260 60-70 5-30 m 
Xerogele 130-160 30-35 1-10 m 
Xerogel (mean literature data) 100-150 20-40 1-15 m 

Cryogel 280-310 70-80 10-16 m 
8-10 nm 

Cryogel (mean literature data) 200-300 40-70 10-100 m 

Aerogel 500-520 60-65 10-20 nm 

Aerogel (mean literature data) 300-700 50-80 5-50 nm 

Activated carbon 650 40 - 
* N2 sorption measurement. ** Evaulation of SEM images. c The xerogel was prepared by our new sol-gel technique with acetic acid 
agent. d The xerogel was prepared by a sol-gel technique with citric acid and urotropine. e Xerogel was produced by a routine 
co-precipitation technique in the presence of NH3 basic agent. The drying conditions were the same in every case of xerogels. 
 

Table 2  Adsorption data of aluminum oxide xerogel, cryogel, and aerogel systems. 

Adsorpted 
compounds 

Adsorption mg/mg adsorbent

Xerogela Xerogelb Xerogelc Cryogel Aerogel Activated carbon

Acetaldehyde 0.395 ± 0.2 0.256 ± 0.2 0.220 ± 0.2 0.595 ± 0.2 0.396 ±0.2 0.092 ± 0.1 

Acetone 0.613 ± 0.2 0.315 ± 0.2 0.313 ± 0.2 1.050 ± 0.3 0.650 ±0.3 0.122 ± 0.1 

Acetic acid    0.097 ± 0.1 0.038 ± 0.1 0.061 ± 0.2 0.358 ± 0.1 0.158 ±0.1 0.047 ± 0.1 

Benzene    0.158 ± 0.1 0.102 ± 0.1 0.082 ± 0.2 0.213 ± 0.1 0.133 ±0.1 0.032 ± 0.1 

Methyl ethyl ketone 0.011 ± 0.1 0.009 ± 0.1 0.007 ± 0.1 0.016 ± 0.1 0.013 ±0.1 0.010 ± 0.1 

Phenol 0.666 ± 0.2 0.608 ± 0.2 0.503 ± 0.2 0.805 ± 0.2 0.701 ±0.2 0.750 ± 0.1 

Toluene 0.169 ± 0.1 0.109 ± 0.2 0.082 ± 0.1 0.237 ± 0.1 0.202 ± 0.1 0.067 ± 0.1 

condensates 0.161 ± 0.02 0.152 ± 0.02 0.124 ± 0.02 0.185 ± 0.02 0.155 ± 0.02 0.092 ± 0.01 
a The xerogel was prepared by our new sol-gel technique with acetic acid agent. b The xerogel was prepared by a sol-gel technique 
with citric acid and urotropine. c Xerogel was produced by a routine co-precipitation technique in the presence of NH3 basic agent. 
The drying conditions were the same in every case of xerogels. 
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effective for trivalent metal ions such as Al (III). As 

there are many publications, which are dealing with 

adsorption of inorganic compounds on Al (III) 

adsorbent, we investigated the connection of the 

organic components to aluminum oxide adsorbent. 

Apolar (e.g. benzene, toluene), polar (e.g. methyl ethyl 

ketone, acetic acid), aromatic (benzene, phenol, 

toluene), aliphatic (acetaldehyde, acetone), “oxo” 

(ketones, aldehydes), carboxylic (acids) organic 

compounds have been chosen for the adsorption 

investigations. 

Among the porous aluminum oxide ceramics, the 

cryogel possesses the most effective absorbability 

(Table 2) regarding the adsorbed total condensates or 

the single gas compounds. The aerogel having the 

highest specific surface area can adsorb less than 

cryogel. The reason of that may be found in the too 

small pores, the molecules cannot so easily reach and 

connect to the nanopores than to macropores. The 

“xerogelc” prepared by routine co-precipitation shows 

lower absorbability than the other xerogel samples 

synthesized by sol-gel chemistry. Between the additional 

materials, acetic acid is proved to be more efficient 

than citric acid or urotropine. However, the additional 

materials serve well their original purpose increasing 

the porosity and the specific surface area. But citric 

acid and urotropine blow up the structure and result in 

too large pores and smaller specific surface area. 

If we only consider the absorbability data, the most 

effective porous ceramics is the cryogel. If we regard 

even the cost of the preparation technique beside the 

adsorption data, the best aluminum oxide ceramics for 

adsorption is “xerogela”, which was synthesized by 

sol-gel route in the presence of acetic acid. The drying 

process can be performed at ambient pressure. The 

final heat treatment is carried out only at 500 °C, this 

temperature provides the ceramics with a mixture of 

amorphous and crystalline (-Al2O3) character. -Al2O3 

has excellent adsorption ability [15, 32, 33]. This 

preparation is the lowest cost technique and results in 

the second best absorbability, thus the sol-gel derived 

“xerogela” is the most promising and cost-effective 

adsorbent. 

4. Conclusions  

The aim of the present research work was to 

investigate the absorbability of highly porous 

aluminum oxide ceramics in the function of the 

preparation technique. The solvent-containing gel 

systems were synthesized by our new sol-gel method 

and a routine co-precipitation technique. The drying 

process was applied at atmospheric pressure, in 

vacuum, and under supercritical conditions. The 

drying at atmospheric pressure results in xerogels with 

macropores or mesopores. The freeze drying in 

vacuum yields cryogels with hierarchical pore 

structure. The application of supercritical conditions 

leads to formation of aerogels with nanopores. 

We have compared the absorbability of these 

porous materials basically for gas and liquid organic 

compounds. The literature studies concentrate rather 

on the adsorption of inorganic compounds. In this 

work, the absorbability was enhanced by sufficient 

preparation techniques instead of typical published 

solution, i.e. any addition of various materials to the 

adsorbents. The adsorption data were compared to the 

values of the pure carbon. The cryogel samples 

present the best adsorption values owing to their 

suitable porous surface. However, the aerogels possess 

the highest specific surface area, but their 

nanoporosity is not so favorable for the organic 

adsorption. The porous aluminum oxide ceramics 

adsorb higher on average with ~70% than 

commercially available activated carbon. Considering 

the cost of the preparation technique beside the 

adsorption data, the best aluminum oxide ceramic for 

adsorption is proved to be “xerogela”. It was 

synthesized by sol-gel route in the presence of acetic 

acid and dried at atmospheric pressure and finally heat 

treated only at 500 °C. This temperature provides the 

ceramics with a mixture of amorphous and crystalline 

(-Al2O3) character. 
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