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Abstract
The porosity, inter-particulate and inter-agglomerate, of g-Al2O3 nanopowders obtained by the freeze-drying method has been studied.

Homogeneous spherical granules with diameters ranging from 1 to 100 mm have been obtained. These granules are constituted by soft

agglomerates of nanoparticles. The pore volume and size distribution are a function of the freezing kinetics and the processing parameters. Mercury

intrusion porosimetry results show that the powders exhibit a multimodal porosity. A mesoporosity with mean size of 10 nm, attributed to the inter-

particulate porosity, is practically constant, whereas the inter-agglomerate porosity (100–600 nm), strongly depends on the salt concentration,

freezing rate and thermal treatment of the powders.
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1. Introduction

There is a great interest in porous ceramic materials due to

the extensive number of applications in different areas, such as

filters for environmental cleanup and reuse, bioreactors, gas or

chemical sensors and support materials for catalysts or

absorbents. This interest is also extended to the preparation

of porous granules for shaping by dry-pressing.

There are a wide variety of synthesis methods to obtain

porous materials, including firing ceramic powder compacts

with an organic material [1], acid leaching [2,3], ceramic foam

preparation [4,5], sol–gel method [6–9] or gelcasting [10–12].

In all these cases, some disadvantages appear, such as being

harmful to the environment, applicable to a limited range of

materials, low strength final products or a pore structure which

cannot be controlled. Porous granules are usually prepared by

spray-drying [13–15] or sieve granulation [16] which have also

some problems related to the removal of the binder.

In this context, the freeze-drying method has become a

useful, versatile, simple and efficient method to obtain porous

ceramic materials or granules. It allows control over the

porosity by varying a number of parameters and to improve the
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sinterability of the materials, reducing the temperature of

sintering and decreasing the shrinkage and defects [17].

The freeze-drying method [18,19] consists of a rapid freezing

in small droplets of a salt solution which contain the desired

cation or cations, maintaining the chemical homogeneity.

Subsequent sublimation of ice under vacuum conditions leads

to porous spheres of the anhydrous salt with a high surface area,

which consolidates during the calcination process needed to

remove the anion and grow the oxide nanoparticles. The

microstructure of the obtained powder shows agglomerates with

both porosity between nanoparticles (inter-particulate pores) and

between agglomerates (inter-agglomerate pores) [20].

One of the most important ceramic compounds is g-Al2O3

due to its use as adsorbents, catalysts, coatings and soft

abrasives [21]. When used as a support in heterogeneous

catalysis a high surface area is a fundamental requirement in

order to achieve a high dispersion of the catalytically active

noble metal or supported oxide species [22,23]. However, to

avoid diffusional limitations not only a high surface area but

also a highly interconnected open pore structure with a wide

range of pores from the nanometre to micro sizes is desirable

[24]. Some works have been developed to obtain catalyst

supports by freeze-drying method [25–27].

The aim of the present work is to study the influence of

different parameters on the porosity and microstructure of

alumina powders obtained by a freeze-drying method in terms
d.
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Fig. 1. Cumulative intrusion volume curves of the freeze-dried samples: (a) for

different salt solution concentrations and (b) varying the temperature of thermal

treatment.

Table 1

Porosity and surface area data of the freeze dried g-Al2O3 particles obtained

from solutions with different concentration and thermal treatment

Sample Sulphate

solution

(M)

Thermal

treatment,

T/t (8C/h)

Intrusion

volumea

(cm3 g�1)

Porositya

(%)

Specific

surface area

(m2 g�1)

A1 0.76 900/1 2.57 59 153

A2 1.00 900/1 2.41 60 146

A3 1.40 900/1 1.89 53 146

A4 0.76 840/1 2.87 62 170

A5 0.76 1000/2 1.99 52 127

a These data correspond to the interval from 7.5 to 3000 nm.
of the process parameters, such as solution concentration, rate

and temperature of freezing and the calcination temperature.

2. Experimental

The alumina powders were obtained as described in Ref.

[28]. The solutions of Al2(SO4)3�18H2O at concentrations of

0.76, 1.00 and 1.40 M were sprayed into the refrigerant (liquid

nitrogen or ethanol cooled with an acetone–ice mixture). The

frozen solution was freeze-dried and the samples were

thermally treated in an air atmosphere at different temperatures

(840–1000 8C) for 1 or 2 h to attain g-alumina. The thermal

treatment had intermediate steps at 400 and 840 8C with dwell

times of 15 min and 1 h, respectively. The heating rate was

2 8C/min up to 400 8C and 5 8C/min for the other steps.

The specific surface areas were measured by N2 adsorption

at 77 K, by the BET method (Monosorb Surface Area Analyser

MS-13, Quantachrome Co., USA), and the porosity by mercury

intrusion porosimetry (MIP) (CE Instruments Pascal 140/240,

UK). For the latter measurements, the Washburn equation was

employed, assuming a non-intersecting cylindrical pore model

and the recommended values for the mercury contact angle and

surface tension of 1418 and 484 mN m�1, respectively [29].

The microstructure was observed using field emission scanning

electron microscopy (FE-SEM) (Hitachi S-4700 type I, Japan).

3. Results and discussion

By the freeze-drying method spherical g-Al2O3 nanoparti-

cles are obtained with a primary particle size lower than 20 nm.

These nanoparticles arranged into soft and porous agglomerates

which form the granules. Fig. 1 shows the cumulative MIP

curves obtained for the samples frozen in liquid nitrogen. A

multimodal porosity with three well defined regions is

observed. A region of mesoporosity (<20 nm), a second

interval between 20 and 2–3 mm, and a region corresponding to

pores wider than 10 mm. The latter pores cannot be attributed to

the true porosity of the samples, as they correspond to the

spaces between granules and the partial destruction of the soft

agglomerates, due to the applied pressure during the

determination. Moreover, no appreciable differences in the

intrusion volume or distribution of these pores were observed.

Consequently, the results of these last pores are not significant

for this study, and further discussion is centred on the interval

between 7.5 and 3000 nm, where a bimodal pore size

distribution is observed. These measurements agree with the

results of Lloyd et al. [30].

The porosimetry data of samples calculated in this way and

the surface area results are presented in Table 1. From surface

area values, taking measured densities [28], an average primary

particle size (dBET) of 13–15 nm was calculated for all the studied

samples. No average pore diameter values are presented, because

they are not representative due to the multimodal pore size

distribution. The porosity of all the samples is higher than 50%,

although it decreases when the solution concentration and/or the

temperature of thermal treatment are increased, in accordance

with the reductions of the surface areas.
The influence of salt solution concentration on the micro-

structure of the alumina samples is shown from the pore size

distribution curves presented in Fig. 2. As can be observed, the

mesoporosity is always located at ffi10 nm, with an intrusion

volume of about 0.3 cm3 g�1 for the three samples. This porosity

can be attributed to the inter-particulate porosity, the size of pores

and particles was similar and no differences in the distribution or

volume of the pores are observed as a function of solution

concentration, indicating that the nanostructure of aggregates is

similar and no dependant on this concentration.

In Table 2 the corresponding maximum pore diameter and

the intrusion volume calculated for the region between 15 and

3 mm are presented. The porosity in this region corresponds to

the inter-agglomerate pores. These macropores have different

mean size depending on the concentration of the starting
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Fig. 2. Pore size distribution curves of samples treated at 900 8C/h as a function

of solution concentration from 7.5 to 3000 nm.
Fig. 3. Pore size distribution curves for 0.76 M samples after different calcina-

tion temperatures.
solution, from 320 nm for the 0.76 M solution to 100 nm for the

1.40 M one. For higher concentrations, lower pore diameters

and pore volumes are observed. The influence of the salt

solution concentration on the porosity is related to its water

content [31]: the water freezes forming channels that remain

after the sublimation during the freeze-drying process.

Consequently, the porosity decreases as the concentration

increases due to the lower water content. The different degree

of porosity determines the resistance of the aggregates, which

increases with the concentration of the solution.

In relation with the thermal treatment, the calcination

temperature has a clear influence on the specific surface area

(Table 1). Lloyd et al. [32] attribute this phenomenon to the

removal of intragranular pores. In addition, the formation of

necks in the earlier stages of sintering at 1000 8C is possible.

From the analysis of the intrusion and pore size distribution

curves (Fig. 3 and Table 2), it can be observed that the total

cumulative volume decreases with increasing calcination

temperatures, indicating that a more packed agglomerate

structure is formed.

In all cases, there is a mesoporosity with a pore volume of

0.3 cm3 g�1, similar to the data obtained for samples A1–A3.

Nevertheless, the maximum diameter of these pores is located

atffi10 nm for the samples thermally treated at 840 and 900 8C,

but is wider for the alumina calcined at 1000 8C, and an

additional peak in the distribution of pores with a maximum at

ffi21 nm appears. When the sintering process starts, the

shrinkage produced on the formation of necks leads to an

increase of the inter-particulate pores, as observed in the curves

of Fig. 3.
Table 2

Intrusion volume and maximum pore diameter data of the freeze dried g-Al2O3

samples in the region of 15 nm–3 mm

Sample Maximum pore

size (nm)

Additional peak

or shoulder (nm)

Intrusion volume

(cm3 g�1)

A1 320 70 2.27

A2 130 220 2.11

A3 100 200 1.59

A4 210 400 2.57

A5 105 1.69 Fig. 4. FE-SEM micrograph of 0.76 M samples treated at: (a) 840 8C/h and (b)

900 8C/h.
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The evolution of inter-agglomerate porosity is rather

singular. The pore diameter distribution of the sample calcined

at 840 8C is wide and shows a maximum at ffi220 nm and a

strong shoulder at ffi400 nm, whereas, this distribution for the

sample treated at 900 8C is narrower, with a peak at 320 nm.

These differences should be associated with an increased

crystallinity of the g-alumina with the treatment temperature

and the more homogeneous microstructure formation (Fig. 4).

The effect of the beginning of sintering at 1000 8C is more

relevant on the inter-agglomerate porosity. It is observed that

the maximum of pore diameter largely decreases to 100 nm, as

a consequence of the associated shrinkage.

Another parameter with a great influence on the micro-

structure of freeze-dried alumina is the rate of freezing [17,20].

A refrigerant with very low freezing rate, ethanol cooled with

an acetone–ice mixture (�5 8C), was tested and compared to

liquid nitrogen (�196 8C). In Fig. 5 the cumulative volume and

pore size distribution curves of g-Al2O3 powders obtained by

freezing the 0.76 M solution into ethanol and liquid nitrogen

(A1) and thermally treated at 900 8C are presented. As with the

other parameters studied, no large differences are observed in

the mesoporosity inter-particles, only a slightly wider pore size

distribution is observed for the sample frozen into ethanol

(lower freezing rate).

According to the observed microstructure (Fig. 6), large

differences in the inter-agglomerate porosity are detected. The

sample frozen at lower rate shows a wider pore size distribution,

with a higher maximum (ffi550 nm) and a shoulder at ffi2 mm.
Fig. 5. Curves for 0.76 M samples frozen in different freezing rate refrigerants

and calcined at 900 8C/h: (a) cumulative volume curves and (b) pore size

distribution curves.

Fig. 6. FE-SEM picture of samples frozen in different refrigerants and treated at

900 8C/h: (a) 1.00 M frozen in liquid nitrogen and (b) 0.76 M frozen in ethanol

(cooled with an acetone–ice mixture).
Since, the pore volume is similar (Fig. 5(a)) the number of pores

must be lower in the ethanol frozen sample. Consequently, the

microstructure of this alumina powder corresponds to bigger

agglomerates with larger pores. These data are congruent with

the lower surface area for this sample (129 m2 g�1) and with the

freezing process. When the solution is frozen, hydrates which are

not soluble in ice are formed, so that salt and water freeze

independently [18,32]. If the solution is sprayed over a low

freezing rate refrigerant, large ice crystals appear. Both the salt

and ice have time enough to grow on different sides of the sample,

enhancing the formation of layers of salt without the

characteristic channels formed during sublimation of ice in

samples frozen in a high freezing rate refrigerant. In the case of

samples frozen in ethanol, layers of salt disposed randomly all

over the granules without any channels between them are formed,
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as can be seen in Fig. 6(b). Samples frozen in liquid nitrogen have

a more homogeneous microstructure (Fig. 6(b)) and therefore a

more homogeneous pore size distribution than samples frozen in

ethanol, where there are larger pores but in lower quantity.

4. Conclusions

The microstructure and characteristics of the nanoparticles

of g-Al2O3 obtained by freeze-drying depend on various

parameters associated with the process. There are two types of

porosity, first, a mesoporosity associated with the inter-

particulate pores that is barely influenced by the different

parameters involved in the freeze-drying process. In all cases a

pore volume of 0.3 cm3 g�1 and a pore size of ffi10 nm, similar

to the primary particle size, are obtained. The macroporosity,

corresponding to the inter-agglomerate pores, is a function of

the process conditions (salt concentration, temperature of

calcination and freezing rate). The increase of the salt solution

concentration and the temperature of thermal treatment and the

decrease of freezing rate produce a decrease in the pore volume.

The salt concentration and freezing rate largely influence the

pore size distribution, whereas, considering the thermal

treatment, the key factor that modifies this pore size is the

beginning of the sintering process. Thus, this freeze-drying

technique can be used to produce high surface area controlled

porosity g-Al2O3 powders that are ideal as catalyst supports.
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