MACROPOROUS CERAMICS FROM ALUMINA NANOPARTICLES SYNTHESIZED BY A GREEN METHOD
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ABSTRACT

A methodology of low environmental impact was adapted for the production of alumina nanoparticles. X-ray diffraction, scanning electron microscope, mercury intrusion porosimetry and the buoyancy method based on the Archimedes principle were used in the characterization. Nanometric single phase gamma-alumina with crystallite size about 9 nm was obtained in the synthesis. Alumina nanoparticles were mixed with a glassy phase, compacted and sintered up to 1300 °C, leading to macroporous ceramics. These materials exhibited pore diameters between 1 µm and 16 µm, and porosity between 54% and 72%. Those ceramics with porosity larger than 60% can be used in applications related to ceramic foams with open porosity.
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1. Introduction 

Macroporous ceramics are materials having application in various areas of industry. They have enhanced physical properties like mechanical strength, specific area, refractoriness, range of permeability, resistance to wear and high temperatures, and chemical stability. They also present quite low values of properties like mass density and thermal conductivity. Because of its importance, a large number of methodologies have been developed to produce these ceramics with desired properties(1-9).

The most common preparation methodology of these materials is related to the sponge replication (SR) method, which involves the covering of an open-cell polymeric sponge (typically polyurethane) with a ceramic suspension, followed by thermal treatment. Despite being efficient and having shown good commercialization, a method like SR contributes to high contamination from an environmental point of view, especially if used on a large scale. This is mostly due to the large amount of toxic gases that are released into the atmosphere during the burning of the polymeric sponge (4,7). In direct foaming methods, porous materials are produced by incorporating air into a suspension or liquid media, which is subsequently set in order to keep the structure of air bubbles created. Porous ceramics obtained with direct foaming methods are characterized by a reticulated structure of highly interconnected pores with sizes between 20 µm and about 1 mm, depending on whether surfactants or particles are used (1,4). The growing demand of alternative processes for production of macroporous ceramics, which dispense the use of polymeric sponges to decrease the environmental impact, leading to products comparable in properties to those found in industry, has motivated a large amount of research recently.

Here we describe both a green method to synthesize nanosized alumina and a processing route for producing macroporous ceramics from this material with controlled features of microstructure and porosity.

2. Experimental Procedure

AlCl3 from Vetec (99.5% purity, São Paulo, Brasil), coconut water from local plantations, and NH4OH from Synth (27% purity, analytical grade, São Paulo, Brasil) were the main starting raw materials for the alumina synthesis. Brazilian common window glass (74% SiO2, 2% Al2O3, 0.1% Fe2O3, 9% CaO, 2% MgO, 11.9% Na2O, 1% K2O) was used as an additive in the ceramics sintering process. X- ray diffraction measurements were carried out in alumina powder synthesized up to 1000 °C and in ceramics containing alumina with glassy phase sintered up to 1300 °C, using a RINT 2000/PC diffractometer, Cu Kα radiation, and scan step of 2°/min in the 2-theta range between 10° and 80°. Experimental densities of both glassy phase and sintered ceramics were determined by the Archimedes principle (ASTM C373-72), using water as the buoyant medium. Features of pores were obtained from data acquired in a mercury intrusion porosimeter (Aminco 5000 psi). Microstructure and fracture surface analysis of as-sintered ceramics were analyzed by using a Zeiss DSM-960A scanning electron microscope.

A methodology based on sol-gel route(10) (Fig. 1) was used to produce nanometric alumina. NH4OH assisted in the pH control of the synthesis solution, being eliminated in the calcination stage. This pH controller was present only up to 3% of the total mass of synthesis solution, thus the degree of toxicity of the process was greatly reduced compared to the production route by the SR method.

The synthesis solution first transformed into a sol, and then into a green xerogel, after thermal treatments between 100 °C and 500 °C. The final transformation to a nanometric powder was attained through additional thermal treatment above 1000 °C.

Studies of mass loss in green xerogel under specific thermal treatment were carried out before to mix it with milled glass in weight percentages of 15% and 20%. These mixtures of green xerogel and milled glass were compacted into pellets through unidirectional pressing. Thermal treatments of these pellets were run at 600 °C for pre-sintering, and above 1000 °C for sintering, with the same holding time of 4 h, and lead to the final macroporous ceramics.

Clean macroporous samples without additional thermal or chemical treatments were prepared from as-sintered pellets for all characterizations. Some of the samples were fractured by a cleavage-like method for microstructure studies.
3. Results and Discussion
The synthesis of alumina was verified by X-ray diffraction as the stable single phase γ-Al2O3, for thermal treatments of the green xerogel having maximum holding temperature around 1000 °C (Fig. 2). This is a frequent result in processing routes of alumina nanoparticles up to the specified temperature. Not any trace of secondary phases was found after full alumina synthesis through X-ray diffraction data. 

Diffraction patterns of synthesized alumina display six resolved distinct reflections at 2( values 31.9° ± 0.2° (2 2 0 reflection), 37.5° ± 0.2° (3 1 1 reflection), 39.5° ± 0.3° (2 2 2 reflection),  45.7° ± 0.2° (4 0 0), 60.8° ± 0.3° (5 1 1 reflection)  and 66.9° ± 0.2° (4 4 0 reflection), and they are in full agreement with the JCPDS database (JCPDS-PDF file 10-0425) . Crystallite size of our γ-Al2O3 nanoparticles estimated from X-ray diffraction patterns by using the Scherrer equation was 9 ± 3 nm, in agreement with previous reports on synthesis of this phase. Alpha alumina (α-Al2O3) was verified as the main phase found in macroceramics sintered at the higher temperatures (1100-1300 °C).

Alumina polymorphs (β-Al2O3, θ-Al2O3 and κ-Al2O3) were found as secondary phases.

This tendency was noted more easily in samples where alumina was obtained from synthesis solutions having higher pHs (Fig. 3), and the thermal treatment included at least one stage with holding temperature (Th) around 1300 °C with holding time (th) of 4 h. As an effect of the occurrence of this polymorphism, the microstructure of ceramics shows pores of irregular geometry with alumina particles embedded into the glassy phase (Figure 4). Porosimetry and density data are summarized in Table 1. Most pores (80% of them) are found with diameters in the range 1 μm to 16 μm, being wider in extension when alumina used comes from a solution synthesis of pH close to 6, without dependence of the amount of glassy phase.Average diameters (Dav) of pores are found between 5 and 10 μm. The lower mass densities (ρ) and higher porosities (π) correspond to those samples where the alumina used was synthesized from synthesis solution of lower pH.

4. Conclusions

A green synthesis method was developed to produce single phase γ-alumina nanoparticles around 1000 °C with crystallite size of 9±3 nm. These nanoparticles were mixed with a glassy phase and sintered between 1100 and 1300 °C, leading to macroporous ceramics. Polymorphs of alumina embedded into the glassy phase were verified in these ceramics. They exhibit the lower densities and higher porosities (as high as 72%) when the alumina used comes from a synthesis solution of low pH. Both nanoparticles synthesis and ceramic processing proposed are simple, requiring low-cost equipment without the use of toxic additives, and lead to low environmental impact.
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Figure 1. Flowchart of alumina synthesis method
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Figure 2. X-ray diffraction pattern of alumina synthesized from a green xerogel and calcinated at 1000 °C por 4 h.

[image: image3.wmf]20

30

40

50

60

70

80

q

b

b

a

a

b

b

k

a

q

b

q

k

a

a

b

a

a

a

a

a

a

a

a

a

 2-theta (deg)

T

h

 = 1300 

o

C

 

t

h

 = 4 h

pH of synthesis solution

.

 = 9

Intensity (arb. units)

Al

2

O

3

 + 20% wt of glassy phase


Figure 3. X-ray diffraction pattern of a sintered macroporous ceramics of alumina with 20% wt. of glassy phase. 
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Figure 4. Scanning electron micrography of fractured surfaces in ceramics having alumina obtained from a synthesis solution of pH = 4, along with 15% weight of glassy phase, and sintered at 1100 °C for 4 h.

Table 1. Porosimetry and mass density data of macroporous alumina ceramics. The samples were sintered at 1300 °C for 4 h. 

	pHs.s.
	Dav (μm)
	ΔD80% of pores (μm)
	ρap (kg/m3) 
	%glassy phase
	πap (%)

	0
	5.0
	1.7-8.4
	1050
	20%
	72

	6
	9.9
	2.3-16.0
	1430
	20%
	62

	9
	8.2
	4.1-13.0
	1740
	20%
	54

	2
	5.0
	1.3-8.8
	1290
	15%
	67

	6
	7.5
	1.9-12.0
	1450
	15%
	63

	9
	8.4
	2.7-7.7
	1810
	15%
	54


