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INTRODUCTORY SURVEY 

Chapter 1 

INTRODUCTORY SURVEY 

1.1 General Background 

Today, much of the world's energy need for the power genera

tion depends on the combustion of fossil fuels. On the other 

hand, combustion systems have caused various problems of environ

mental disruption. One of the most serious emission gases is 

nitrogen oxide (NOx), which causes an acid rain. The forest 

damage due to the acid rain has become a hot issue in the world. 

Carbon dioxide leading to the greenhouse effect is another big 

target of environmental protection. We can not expect the dra

matic reduction of carbon dioxide as long as we use fossil fuels. 

In this circumstance, increasing energy efficiency is quite 

important to reduce the emissJon of carbon dioxide. 

To settle these global er1vlronment and energy issues, the 

combustion systems need to be much improved for a high efficiency 

and low emissions.l-3 Catalytic combustion has been proposed and 

developed as the method of promoting fuel-lean combustion with a 

minimum pollutant formation. The term, catalytic combustion, 

generally means the complete oxidation of fuels over solid cata

lysts regardless of chemical reactjon mechanisms. But, purely 

catalytic processes can not achieve the high performance require

ments demanded by commercial combustors, such as a gas turbine. 

A possible process for attaining these objectives is "catalyti

cally stabilized thermal combustion", which demonstrates the 

exceptional performance due to tl1e combination of features of 

both catalytic oxidation and gas-phase combustion. 4,5 
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Chapter 1 

The use of oxidation catalysts in a combustor has been an 

important subject for researchers of catalysis and combustion 

since the 1970's, particularly in the United States. To date 

there have been five international workshops, many technical 

papers and re v i ew articles6-14 devoted to catalytically stabi-

lized thermal combustion. While preliminary results have been 

quite promising,15-17 there are several problems still remaining 

to be solved prior to practical applications. First, catalyst 

materials with t h e sufficjent heat resistance h ave not been 

developed. Since the catalytic combustion is operated above 

1200 �. conventional catalysts, such as supported noble metals, 

can be hardly used because of the thermal deactivation. Sec-

ondly, the catalytic combustion mechanism is not well understood 

because of the complex interaction between heat and mass transfer 

processes and elemental reactions. The elucidation of combustion 

me chanism is strongly necessary for the optimal combustor design. 

However, the second problem also depends on the development of 

catalyst materials which can be used for the reaction at high 

temp ratures. Th catalyst with high thermal stability is indis

pensable for the whole study of high-temperature catalytic com

bustion. 

l.l.J Pr"nciple of Catal yt i c  Combustion 

A catalytic combustor consists of a catalyst bed through 

which a premix d and preheated fuel/air mixture is passed (Fig. 

1.1) .18-ZO Figure 1.2 shows the corresponding reaction rate of 

catalytic combustion. In th e front part of the catalyst bed, 

where the catalyst temper<1ture is low, combustion starts as a 

surface reaction (region a). After initiation of surface reac

tlons, the reaction rate is going to be high with an increase in 
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Fig. 1.1. Schematic profiles or temperature and NOx emission in 

a combustor. 
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Fig. 1.2. Temperature dependence of overall reaction rate in 

catalytic combustlon. 
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Chapter 1 

temperature so that the overall process is limited by the rate of 

mass transport to the surface (region b). In this region, the 

observed reaction rate levels off wjth increasing the temperature 

because the mass transfer coefficient is a rather weak function 

of temperature. for more active catalysts or for richer fuel 

concentrations, the mass transfer limitation could be observed 

more easily. As the exothermic surface reaction proceeds further, 

the axial catalyst temperature increases and conseque ntly, the 

radical reaction wlll be initiaLed at some points in the cata

lyst bed. Then, bulk gas temperature becomes so high that the 

gas-phase reactions occur simultaneously with the catalyti c  

reactions and the combustion goes to completion (region c). 

The resultant axial temperature gradients in the catalytic 

combustor are compared to that Jn the conventional flame combus

tor in Fig. 1.1. The catalytic combustion can reduce the peak of 

combus ion temperature unless lowering the combustor performance 

because the hlgh heat release rate can be attained by the cata-

lytically-stabJlized homogeneous gas-phase combustion. Thus, in 

the high temperature ca taJytic combustion, gas-phase combustion 

dominates the overall reaction rate. This is the most different 

feature from other conventional catalytic processes. Although 

the high temperature catalytic combustion is one of the gas-phase 

combustion, the catalyst plays a very important role in stabiliz-

ing the lean gas phase combustion. This is apparent from that 

flame at lean fuel conditions easily blows out in the absence of 

catalysts. A stable fuel-lean combustion can be successfully 

attained by employing the oxidatlon catalysts, of which surface 

reactions provide the heat necessary for the ignition and the 

progress of the gas-phase combustion below the flame temperature. 

This is the reason why the catalytic combustor can maintain peak 

- t\ -
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temperatures well below the flame tempearture. 

Figure 1.1 shows that thermal NOx formation takes place as 

the combustion process proceeds, moving from the combustor inlet 

toward the outlet. The conventional combustor produces the peak 

temperature, which is far into the thermaJ NOx formation region. 

The formation of thermal NOx from N2/02 mixture can be expressed 

by the Zeldovich mechanjsrn, in which the formation rate is basi

cally controlled by the following reaction.lB-20 

- NO + N 7.6 x Jo13 exp(-75500/RT) (R:cal/mol, T/K) 

The high activation energy of this reaction leads to the strong 

temperature dependence of the NOx formation. This means that the 

combustion temperature is preferred to be as low as possible in 

order to reduce NOx emissions. 

Emission performance of the catalytic combustor Js schemal -

cally shown in Fig. 1.3 . 18
- 20 Although 111 a conventional flame 

combustor, much of attempt has been done for th� reduction of 

emissions by utilizing a lean, premixed, prcvaporized combustion, 

these combustor designs suffer from unstable combustion and 

resultant drop i n  the combustion temperature leads to signifi

cant CO emission. On the contrary, thermal NOx and CO can be 

significantly reduced si multaneously by using the catalytic 

comb ustor. The p rimary reason that catalyti c  combustors can 

reduce thermal NOx formation without i�creasing CO emission is 

due to their capability to carry out stable, highly efficient 

combustion of lean fuel mixtures. This is effective in suppress

ing the peak temperature below the temperature at which apprecia

ble amounts of NOx formation occur (Fig. 1.1). 
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Fig. 1.3. CO and NOx emission of different combustion systems. 

1.1.2 Catalytic Materials 

The combustion catalysts operated above 1200 � require the 

high heat resistance as well as the combustion activity. Even 

though this means that the catalyst properties necessary for 

catalytic combustion arc qulte different from those for conven-

tional oxidation catalysts, the catalyst design from such a 

viewpoint has not been examined so far. Materials required for 

high-temperature combustion are summarized in this section. 

a) Substrate and support materials 

Combustion catalysts are generally comprised of an active 

species, a oxide support (washcoat), and a substrate. Substrates 

are shaped into monolithic honeycomb structure in order to reduce 

a back pressure. The most common heat resistant substrate based 

on alumina, which is inexpensive and can be operated at high 

temperature (>1480 OC). Zirconia can be used at higher tempera-

- 6 -
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ture up to 2210 OC without any interaction wlth metals. Cordierite 

is most widely used honeycomb ceramics with the highest thermal 

shock resistance. However, the low melting point will limit the 

operation temperature below 1300 � . For higher temp rature and 

lower thermal expansion, aluminium titanate ceramics are studied. 

Support and/or washcoat oxides serve im portan t  functions 

even in the catalytic combustion. One of the crucial problem is 

to suppress sintering and to retain large surface area of the 

oxide supports.21,22 l·or transitJon aJuminas, which are the most 

commonly used support mater j aJ, their transformation to a -phase 

accompanies the significant loss ln surface area (ca. 100 m2;g 

at 1100 � to 2 m2/g at 1300 �) . Thermal stabilization of alumina 

by additives has been reported by several researchers as summa

rized in Table 1.1.23-35 These effects are originated from the 

i nhibition of the phase t rans formatton t o  a-phase an d/or the 

sintering of metastable phase, which cause slgnlficant oss in 

surface a r e a above 1 0 0 0 oc . La n than u m ox i de , w h i c h · s L h c b s L -

known inhibitor against the sintering of transition alumJnas,24-

33 produces a surface layer iden tified as LaAJ03.28 Such a 

surface layer inhibits the surface diffusion of transitJon alumi-

nas or corundum nucleation in the initial step of the phase 

transformation to a-phase. Addition of Si02 also produces sur

face compounds or glassy layers, which prevent the phase trans

formation. 24,25 Other additives, such as Li+, K+, and Ba2+, are 

considered to suppress an atomic diffusion by occupying a certain 

lattice site.23,24 Consequently, the role of these additives is 

to suppress the sintering of alumina kinetically. However, it 

appear s  doubtful that th ese mechanisms are e ffective above 

1200 °C, because these alumina-additive systems are in a metast

able state. 
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A different type of the stabilization was reported by Matsu

da et al.34 They suggested that the addition of La203 to alumina 

resulted in the formation of La·�-alumina, which retains the 

large surface area of ca. 30 m2/g after calcination at 1200 �

Other rare earth elements, Pr and Nd, which produce �-alumina 

structure also stabili�ed the surface area of alumina.35 Since 

these compounds are the equilibrium crystal phases, their thermal 

stability is expected to exceed that of the conventional addi-

tive-alumlna systems mentioned above. 

Table 1.1 Improvement of thermal stability of transition alumina by additives 

Additives 1\ tornic Location occupied Stabilization mechanism Max. Ref. 
fraction by additives (Inhibited process) Temp. 

Li+ < 2% Lattlce /\13+ vacancy Bulk Al3+ diffusion 1000 oc 23 
K+ < 3% Surface sjte Surface diffusion 1000 oc 23 
Mg2+ < 3% Deposition in pores 1000 oc 23 
Ba2+ Lattice Al3+ site Bulk /\13+ diffusion 1200 oc 24 
Si4+ Glassy surface layer 1-a transformation 1200 oc 24 
Si4+ 3wt% ( Si) Surface layer Interaction with vapor 1220 oc 25 

water 
La3+ 1% Surface compound Surface diffusion 1100 oc 26-28 
Ln3+ 1% Surface Lni\103 phase Corundum nucleation 1150 oc 27 
(Ln=La,Pr,Nd) 
La3+ 3wt%(La) Surface layer 9] 0 oc 30,31 

La3+,Th4+ 1% Lattice /\13+ site 
1-a transformation 1150 oc 32,33 

zr4+,ca2+ or catjon vacancy 

Ln3+ 5% Formation of LnAl11o18 1400 oc 34,35 
(Ln=La,Pr,Nd) 
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Noble metals 
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Noble metals possess the highest catalytic activity and thus 

initiate the catalytic oxidation of fuels at the lowest possible 

temperatures.36-38 From a practical view point, however, the use 

of noble metals in a combustor should be limited because of the 

following two serious problems. One is due to the high volatility 

of noble metals or their oxides at high temperatures. Except for 

Pd, the vapor pressure of the oxide is much higher than those of 

metallic state.39 Since these noble metals are used as highly 

dispersed fine particles and exposed to 

volatilization will proceed more rapidly. 

gas of high velocity, 

Previous studies indi-

cate that noble metals other than Pt and Pd can be hardly used for 

catalytic combustion. Palladium is the most possible active spe-

cies for catalytic combustion below 1 00 0 �- The interaction 

between PdO and alumina surface Js sufficient to give considerable 

thermal stability.40-42 

The other problem of noble metals is the ase of sint ring 

at relatively low temperatures (500-900 OC). Sint ring results in 

a loss of the active surface area and hence in the reduction of 

relative catalytic activity. Therefore, a large particle ( <10t.tm) 

Pd catalyst is examined for stable operation of combustors.43 

Some additives such as MgO were reported to inhibit the fusion of 

dispersed Pd particles.44 Similar effects were obtained by the 

interaction between noble metals and support materials. In order 

to prevent the deterioration of catalysts due to the sintering, 

heat resistance should be much more improved not only for active 

species but also for support oxides. 

- 9 -
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Metal oxides and mixed oxides 

A great deal of fundamental and industrial study on catalyt

ic oxi dation over various meta] oxide systems was reported so 

far.45-48 The relation between the catalytic activity and the 

physicochemical properties of metal oxides is systematically 

understood as the reduction-oxidation model with the volcano-type 

relation.49-51 Some of these oxide catalysts, e.g., perovskite 

type oxides containing Mn or Co cations,52-53 can substitute for 

the noble metals as practical oxidation catalysts at low tempera-

tures. However, only few study was reported concerning the cata-

lyst design emphasizing on the heat resistance which is the most 

advantaged character of oxides. 

It was reported t hat the metallorganic-aided preparation 

procedure such as an amorphous citrate process54 is quite effec

tive in producing a large surface area (ca.30 m2/g) of perovskite 

oxides as well as other single oxides at Jow temperatures.55 But 

these oxlde cataJysts easily sjnter jnto a large grain with low 

surface areas (< 1 m2/g) above 1000 oc regardless of preparation 

procedures. Thus, how to stabilize the active phase by supporting 

on the thermally stable oxides (hexaaluminate-related compounds56 

and Zroz57) is interested. In the supported oxide system, howev-

er, a more serious problem is how to suppress the solid state 

reactjon between the catalyst and the oxide support at h igh tem

peratures. 

1.2 Outl'ne of the Th sis 

As pointed out in the above mentioned short review of cata

lytic combustion, the Jevelopment of heat resistant catalyst 

materials is a valuable and urgent study for the practical appli

cation. Such a need for thermally stable catalysts is not limited 

- 10 -
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to catalytic combustion. General high-temperature catalytic proc

esses, e.g., steam reforming, automobile, and other emission gas 

control also suffer from thermal deactivation of conventional 

catalyst materials. llowever, there is no doubt that heat resist

ance necessary for high-temperature catalytic combustion is the 

most difficult target, which could not be succeeded by the conven

tional catalyst design. 

Here, thermal stability or heat resistance of catalysts means 

the retention of the large surface area and the high catalytic 

activity at high temperatures. Although the previous studies 

concerning solid catalysts revealed the improvement of thermal 

stability of some oxide supports, in particular, alumina, their 

heat resistance is not enough for the high-temperature combustion 

operated above 1200 �. More systematic knowledge is required to 

attain the large surface area and the high catalytic activity at 

such a temperature region. It must be pointed out tha the deve -

opment of heat resistant catalysts includes foJlowing serious 

difficulties from a view point of materials design. First, fine 

particles with a large surface area are apt to sint r into large 

agglomerates because of their large surface energy. Secondly, 

active catalysts are also apt to be thermally deactivated. Cata-

lysts dissociate oxygen molecu les and oxygen atoms (or ions) 

thus formed sometimes participate the mass transfer process which 

determines the rate of sintering. For catalytically active 

oxides, the lattice oxygen is so active that both bulk and surface 

diffusion will proceed rapidly to accelerate their sintering. How 

to solve these trade-off relations ls a key to the successful 

design of combustion catalysts. 

From the above stand points, this study has been directed 

toward the materials design of the heat resistant catalyst for 

- 11 -
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high temperature catalytic combustion. Two new design concepts of 

the high-temperature combustion catalyst are proposed here in this 

study to solve the trade-off mentioned above. 

This study consists of two major parts. In the first part 

(Chapters 2-4), the development of heat resistant fine particles 

and their characterization are described. This part begins with a 

material screening, in which an effect of additives on the surface 

area of various oxide supports was examined (Chapter 2). The 

results revealed that the surface area of alumina is always stabi

lized when the additives give rise to the formation of the hexaa

luminate structure. For the hexaaluminate compounds, the key 

material for the solution of the first trade-off, the stabilizing 

effect ls discussed and compared to the other type of alumina

additives systems reported previously. 

Chapter 3 describes the preparation of l arge surface area 

h .xaalumtnates. Hydrolysis of metal alkoxides showed inherent 

advantages in derivjng the largest surface area at el evated 

te mperatures .  Re lation betwee n the preparation m e thod with 

different formation routes of hexa aluminate and the resultant 

surface area ls discussed from the solid state reaction mechanism. 

The effect of hy drolysis conditions on the microstructure of 

hcxaaluminate is also described. 

In Chapter 4, crystallographic elucidation of the excellent 

heat resistance is examined from a view point of morphology, 

crystal growth, and solid state diffusion of hexaaluminate. High 

resolution electron microscopes and secondary ion microscope 

analysis employed here provided valuable information on structure

crystal growth relations. 

In the second part (Chapters 5,6), the material design of 

high-temperature combustion catalysts is studied by using hexaa-

- 12 -
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luminate as a base material. Toward the solution of t he second 

trade-off between the catalytic activity and the slnterability, a 

new structural concept, in which active species are dispersed in 

the hexaaluminate lattice, is first proposed in Chapter 5. The 

incorporation of various metal elements was examined as the par

tial cation-substitution of hexaaluminate and as the subsequent 

structural modification. Moreover, catalytic properties of hexaa

luminates are discussed in cvnnection with the redox property of 

the incorporated elements. 

Finally, the combustion activity of the hexaalumiante cata

lyst was evaluated under practical combustor conditjons (Chapter 

6). The heat resistance of the hexaaluminate catalyst is found to 

be very important for the high performance of combustion at high 

temperatures and at high space velocities of feed gas. It should 

be noted that the second part of this thesis describes a systemat

ic study on catalytic properties of hexaalumlnate for the first 

time. 

At the last of the thesis, the results of the above investi

gations are summarized in Chapter 7. 
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Chapter 2 

EFFECT OF ADDITIVES ON SURFACE AREA OF 

OXIDE SUPPORT 

2.1 Introduction 

Practical applications of catalytic combustion require the 

design of a new catalyst system because conventional catalysts 

are deactivated due to sintering and/or vaporization.1-3 Main

taining the surface area of oxide supports is one of the most 

important problems for the industrial application of high-temper

ature ca t a l yt i c  combustion . Most of fuel molecules are almost 

completely oxidized for such purposes but complete combustion of 

fuels at a high conversion level is strongly affected by the mass 

transfer of reactants to the active surface from gas phase 

rather than the activity of each active sites. The catalytic 

activity at the high conversion region is almost determined by 

the area of the reaction surface. 

Although alumina is widely used as an oxide support, its 

surface area significantly decreases simultaneously with the 

transition from metastable phases into a -phase. Some attempts 

have been mad� to design oxide supports, but few materials satis

fy both high heat rcsJstance and a large surface area at high 

temperatures of 1ntcrcst. The effect of additives such as BaO, 

La203, MgO, Li20, K20 and Si02 on the surface area of alumina was 

reported by several researchers as mentioned in Chapter 1. These 

additives are effective in suppressing the phase transformation 

accompanied by significant sintering, but the details were not 

studied as to use them for support materials for high temperature 
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combustion operated above 1200 °C. 

In this chapter, the effect of additives on the surface area 

of Al203-, Zr02- and MgO-based oxides was examined. Since the 

BaO-Al203 system was revealed to have the largest surface area in 

the material screening, the relation between the crystal phase 

and the thermal stability was studied in detail. 

2.2 Experimental 

2.2.1 Preparation of Samples 

Metal oxide and carbonate (MgC03, CaC03, SrC03 and BaC03) 

powders were used as starting materials for oxide supports. r

alumina was used for the preparation of alumina-based support 

oxides. Powder mixtures of oxides and/or carbonates were calcined 

at 1450 � for 5 h in air. Crystal structures of samples were 

determined by the powder X-ray diffraction (Rigaku Denki 4011) 

with Cu Ka radiation. Specific surface area of oxide supports 

was measured by the BET method using nitrogen adsorption. 

Cobalt oxide was selected as an active component for combus

tion of methane and was supported by a conventional impregnation 

method. Support oxides were suspended in an aqueous so ution of 

cobalt nitrate followed by evaporation to dryness. Dried samples 

were calcined at 1300 � prior to use in the combustion reaction. 

The loading amount of cobalt oxide was lOwt% as CoO. 

2.2.2 Catalytic Reaction 

Catalytic activity for methane combustion was measured in a 

conventional flow system at atmospheric pressure. Catalysts were 

fixed in a quartz reactor by packing alumina beads at both ends 

of the catalyst bed. A gaseous mixture of methane (1 vol%) and 

air (99 vol%) was fed to the catalyst bed at a flow rate of 

- 17 -
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48000 cm3/h (space velocity=48000 h-1). The methane conversion 

in the effluent gas was analyzed by on-line gas chromatography. 

Catalytic activity was evaluated in terms of the temperature at 

which conversion level attains 90% and denoted as T90%· Thus, the 

small value of T90% indicates correspondingly high catalytic 

activity. These values were estimated from the temperature 

dependence of the methane conversion to carbon dioxide. 

2.3 Surface Area of Oxide Support and Effect of Additives 

Surface area of ox ide su pports at high temperatures is 

dependent on their intrinsic properties (melting point and phase 

transformation) and ls also influenced by some extrinsic factors 

(water vapor pressure, oxygen pressure, and impurities) as well. 

MgO and Zr02, for instance, offer high melting points above 
2500 � so that the surface area is stable even at the operation 

temperatures of combustors. Magnesia can retain the largest 

surface area among the single oxides examined here because of the 

extremely high melting point (2852 �). Phase transformation, 

which activates atomic diffusion, sometimes results in signifi

cant sintering as can be seen in the case of Al2o3 (r-a , ca. 

1100 �) and in Ti02 (anatase-rutile, ca.700 �). 

The effect of additives on the surface area of these oxides 

was studied.4,5 Surface areas of Al203-, Zr02-, and MgO-based 

oxides containing 10 mol% of additives were measured after calci-

nation at 1450 � (Table 2.1). The effe ct of addit i v es was 

scarcely observed or was observed as a slight decrease in surface 

area for MgO- and Zr02-based oxides. Although the surface areas 

of pure and MgO-, and Zr02-added alumina were less than 1.5 m2/g 

after calcination at 1450 °C, BaO-added alumina, i.e., (Ba0)o.l

(Al203)0.9• showed the three times larger surface area. It seems 

EFFECT OF ADDITIVES ON SURFACE AERA OF OXIDE SUPPORT 

Table 2.1 Surface area of oxide supports and catalytic activities 
of supported cobalt oxide catalysts for methane combus

tion 

Support Surface areaa Tgo%b,c Crystal phased 
;m2g-l I oc 

Al2o3 1.4 a-Al203 
(BaO)o.1(Al203)o.9 4.5 790 a-Al203+BaAl12019 
(MgO)o.1(Al203)o.9 1.2 820 a-Al203+MgA1204 
(Zro2)0.1(Al203lo.9 1.0 810 a-Al203+Zr02(ss) 

Zr02 0.8 Zr02 
(MgO)o.1(Zr02)o.9 0.3 860 Zro2(ss) 
(CaO)o.1(Zr02)o.9 0.9 820 Zr02(ss) 
(Al203)o.1CZr02)o.9 0.5 845 Zr02(ss) 

MgO 9.6 MgO 
(Al203)o.1(MgO)o.9 1.0 820 MgO+MgA12o4 
(Si02)o.1(MgO)o.9 1.3 840 MgO+Mg2Si04 
(cr2o3)0.1(MgO)o.9 1.5 825 MgO+MgCr204 

a Calcined at 1450 °C. 

b Temperature at which conversion level is 90%. 

c Loading of CoO, 10wt%. Reaction conditions; CH4 1 vol%, 
air 99 vol%, S.V.=48000 h-1. 

d 'ss' means solid solutjon. 

Table 2.2 Surface area of alkaline earth metal aluminates and 
catalytic activities of supported cobalt oxide cata
lysts for methane combustion 

Support Surface area a 

Al203 
(BaO)o.14(Al203)0.86 
(Sr0)0.14(Al203)o.86 

(Ca0)0.14(Al203)0.86 
(MgO)o.J.o(Al203)0.90 

a Calcined at 1450 �. 

/m2g-1 

1.4 
6.0 
4.2 
5.0 
1.2 

Tgo%b,c Crystal Phase 
I oc 

a-AJ203 
760 BaA112o19 
765 SrAl12019 
75 5 CaAlJ.2019 
820 a-Al203+MgAl204 

b Temperature at which conversion level is 90%. 
c Loading of CoO, 10wt%. Reaction conditions; CH4 1 vol%, 

air 99 vol%, S.V.=48000 h-1. 
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that the addition of barium oxide suppressed the sintering of 

alumina and retained the larger surface area at high tempera-

tures. 

Oxidation of methane over cobalt oxide catalysts was carried 

out using the oxide supports thus prepared. The catalytic activ

ities of supported cobalt oxide catalysts are also summarized in 

Table 2.1. It is noted that activities, which are expressed by 

Tgo%• roughly depend on Lhe surface area of support materials. 

Most of the catalysts attained Tgo% of conversion level only 

above 800 �. ln this temperature region, methane is oxidized by 

homogeneous gas phase reaction by passing through the catalyst 

bed. However, cobalt oxide supported on (Ba0)o.1(Al203)o.9 with 

the largest surface area showed lhe relatively high activity. 

Series of alkaline earth metal oxides were also mixed with 

alumina and the effect on surface area was investigated (Table 

2. 2) . The addition of SrO and CaO to alumina also brought about 

a larg surface area as in the 8aO-Al203 system. Moreover, the 

crystalline phase denoted as MAl12019 (M=Sr, Ca) of these systems 

is similar to that of the BaO-J\1203 system. The methane oxida

tion activity indicated that the catalysts supported on BaO-, 

SrO- and CaO-added alumina were more active than that supported 

on alumina and MgO-Al203. Thus, the large surface area should be 

quite effective in enhancing the combustion activity. Further 

study was focused on the BaO-Al203 system to elucidate the origin 

of the large surface area. 

2.4 Crystal Phase and Surface Area of BaO-Al203 System 

The barium oxide-alumina system exhibits the largest surface 

area and is most promising for a support material for high tern-

perature catalytic combustion. In this section, the reported 
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phase diagram and the crystal structures of this system are 

briefly described for the later djscussion. The molar fraction 

of BaO in binary oxides is expressed by x in (BaO)x(Al203)1-x· 

Equilibrium phases appeared in the phase diagram of the BaO-Al203 

system were reported by Purt et al.6 (Fig. 2.1) a-Phase is the 

equilibrium phase of' pure alumln::.l. Two binary compounds, i.e., 

BaAl12o1g (x=0.14) and BaAl204 (x=0.5), are known in the composi

tion range from x=O to x=0.5. The oxide except for these two 

composition are the mixtures of DaAl12019 and BaAlz04 or a-Al203 

and BaAl12019· 

Crystallographic anaJysls indicated that barium hexaalumi

nate, BaAl12019• is a pseudo-layered structure, w hich can be 

classified into two types of related structures as shown in Fig. 

2.2.1-11 The structure of equimolar compounds, BaAl204, is called 

a stuffed trydimite type. The atomic arrangement in this struc

ture is represented by completely replacJng Lhe Si4+ site in the 

trydimite lattice with Al3+ ions. Because of the charge n utral

ity requirement, barium ions are placed at the large hole in the 

framework of Al04 tetrahedra.l2,13 

X-Ray diffraction patterns and surface area of the barium 

oxide-alumina system with various composition ratios were meas-

ured after heating at 1450 �. Figure 2.3 shows the X-ray dif-

All of the diffraction 

peaks from pure alumina are ascribable to a-phase. The diffrac

tion patterns of oxides at x=0.14 and .0.5 consisted of single 

Phases of BaA112o19 and BaAl2o4, respectively. Samples between 

these compositions are mixtures of a-Alz03 and BaAl12019 at 

0<x<0.14 and of BaAl1z01g and BaAl204 at 0.14<x<0.5. Thus, the 

results of X-ray diffraction confirms that samples consisted of 

the equilibrium phases after calcination at 1450 �-
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The surface area of ( BaO)x(Al203 ll - x after heating at 1450 � 

is plotted as a function of x in Fig. 2.4. It is clearly shown 

that the surface area increased with the addition of barium oxide 

to alumina up to the maximum value of 6.0 m2/g at x=0.14. Then, 

it decreased gradually with a further increase in barium oxide 

content at 0.14<x<0.5. The composition at the maximum surface 

area agreed closely with that of barium hexaaluminate, indicating 

that the formation of this binary compound suppressed the de-

crease in surface area cturing the heating process. 

2.5 Effect of Hexaaluminate Formation on Surface Area 

Detailed investigations were focused on the sample at x = 

0.14, which showed the largest surface area in the BaO - Al203 

system. Figure 2.5 shows the X-ray d iffraction patterns of 

(Ba0)o.14(Al203)0.86 during the course of heating. It is noted 

that the binary compound pruduced at the first stage of the solid 

state reaction was not the equilibrium phase, but BaAl204 with a 

trace amount of BaC03. The equilibrium phase, i.e., BaAlJ 2019 • 

appeared only after heating above 1200 �- The sample finally 

consisted of a single BaAJ12019 phase above 1450 � with the 

completion of the sol1d state reaction. Such a comp licated 

reaction is typical for the powder mixture process. Detail forma

tion processes of hexaaluminate is discussed in Chapter 3. 

The surface area of (BaO)O.l4(Al203)0.86 in the heating 

course is shown in Pig. 2.6 wjth reference to pure alumina. 

Although both samples had almost the same amount of surface area 

after c a 1 c in a t i on a t 1 0 0 0 OC , s i g n i f i can t de c r e as e s f o ll owe d a 

rise in calcination temperature. The decrease was more steep for 

The steep decrease i n  

surface area of alumina was accompanied by the phase transition 
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Fig. 2.5. X-Ray diffraction patterns of (Ba0)o.14(Al203)0.86 
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to a-phase. In the case of (Ba0)o.14(Al203)0.86• however, the 

decrease of surface area was suppressed with correspondence to 

the formation of barium hexaaluminate. 

These results indicate that the large surface area of Ba0-

Al2o3 system appears to originate from the formation of barium 

hexaaluminate. The large surface area could be obtained by an 

addition of CaO and SrO, which also produced the hexaaluminate 

struct ure (Table 2.2) in agreement with reported phase dia

gram.1 4 - 16 However, the i r effects were not so strong as that of 

barium oxide. Although three alkaline earth oxides, i.e., CaO, 

SrO, BaO, are more or less effectively enhanced the surface area 

at elevated temperature, an addition of MgO to alumina leads to a 

decrease in surface area. While a spinel phase is known as the 

equilibrium phase for the MgO-Al203 system, magnetoplumbite and 

other layered aluminate structures are not formed because of the 

small ion'c radius of Mg2
+ . 

2.6 Compa r i son with Other Alumina-Additive Systems 

Sintering of alumina proceeds via bulk diffusion or surface 

diffusion. Also, the phase transformation to a-phase requires a 

change in the oxide ion lattice from cubic to hexagonal close 

packing and results in a full recrystallization with a signifi-

cant loss in surface area. As mentioned in Chapter 1, several 

researchers have r�ported the effect of additives on the surface 

area of alumina.l7-25 Additives or impurities have a great influ-

ences on the sintering of alumina, not only stabilizing transi-

tion aluminas but also prevent i ng r-a transformation as summa-

rized in Table 1.1. While these effects could not be formulated 

at thls moment, they must be closely related to the inhibition 

of the solid state diffusion on a surface or in a bulk, which 

EFFECT OF ADDITIVES ON SURFACE AERA OF OXIDE SUPPORT 

plaY a mass transport required in sintering of transition alumi

nas. However, the thermal stability of these additive-alumina 

systems in a metastable state is not enough for the use at com

bustion operation temperatures above 1300 �. 

On the other hand, the formation of barium hexaaluminate as 

well as other alkaline earth hexaaJuminates stabilize the surface 

area in the higher temperature range (1200-1600 �). Moreover, 

such an effect is quite similar to rare earth·�-alumjna reported 

by Matsuda et al.26-28 These compounds are similar to barium 

hexaaluminate except for a slight difference in the number of 

coordination cations as mentioned in an earJier section. Besides 

these di- or trivalent large elements, monovalent elements, such 

as potassium, also showed the same effect as revealed in the 

later part of this study. Therefore, it is concluded that the a 

large surface area can be obtained when the layered aluminate 

structure of magnetoplumbite or E-alumlna (Fig. 2.2) ls pro

duced. Since the hexaaluminate compounds are equl ibrium crystal 

phases at each compositions, thermal stability higher than that 

of any conventional alumina-additive systems must be available. 

Oxides which crystallize in other structures by mixing with 

alumina exhibited no effect or a decreasing effect on the surface 

area on the heating above 1200 �- Thls indicates that the large 

surface area is the structure-dependent property of hexaalumi

nates. The relation between the crystal structure and the large 

surface area retention is discussed in detail in Chapter 4. 

2.7 Conclusion 

This Chapter indicated that the barium oxide-alumina system, 

Which maintains the large surface area at elevated temperatures, 

is quite appropriate as a thermally stable oxide support. When an 
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addition of oxides leads to the formGtion of a layered hexaalumi

nate structure, the surface area is always higher than that of 

pure alumina above 1�00 °C. The formation of barium hexaaluminate 

exhibited the most outstanding effect in suppressing the decrease 

in surface area . Catalytic activity for methane comb ustion 

strongly depends on the surface area of support materials. Since 

the large surface area of support materials always gives rise to 

an enhanced catalytic activity at a high conversion level, choice 

of support materials is very important for combustion catalysts. 

Hexaaluminate compounds are likely to prove extremely useful in 

catalytic comhustion. 
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Chapter 3 

PREPARATION OF LARGE SURFACE AREA HEXAALUMINATE 

FROM METAL ALKOXIDES 

3.1 Introduction 

In the preceding chapter, the addition of BaO was revealed 

to improve the thermal stability of alumina. The effect of BaO 

strongly depends on the formation of hexaaluminate, 

of which surface area reached 6 m2/g even after calcination at 

1450 �. Further improvement of surface area requires the prepara-

tion of hexaaluminate fine powders to be examined, because the 

large surface area is originated from this crystal phase. 

The surface area of ceramic powders is susceptible to prepa-

ration method, the alkoxide process being superior to convention

al preparation from a powder mixture because of high purity, very 

fine primary particle, and uniform mixing of componcnts.l-8 

This Chapter describes the marked elevation of high temperature 

surface area retention of BaAl12019 by employing the preparation 

from metal alkoxides with various conditions. The powder charac

teristics of sol-gel prepared powders were compared with those 

from the conventional powder process. Furthermore, to elucidate 

the reaction mechanism effective for the large surface area, 

microstructures, chemical compositions, and crystal structures at 

a nanometer level were studied by analytical electron microscopy 

( AEM) . 9,10 The dependence of the solid state reaction mechanism 

on the chemical homogeneity of precursors was examined from the 

viewpoint of microstructure and microchemistry. 
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3.2 Experimental 

3.2. 1 Preparation of Samples 

Barium hexaaluminate (BaAl1201g) was prepared from mixtures 

of Baco3 and 1-Al2o3. The average crystallite size of BaC03 and 

d 5 nm' respectively. They were mixed r-Al203 were 0. 8 �m an 

with an automatic mortar grinder for 2 h before firing. The 

mixture was heated in air at a constant rate of 5 deg/min and 

kept at a desired temperature for 5 h. 

A sample with the same composition was prepared by hydroly-

sis of the corresponding metal alkoxides. Barium isopropoxide, 

Ba(oc3JI7)2, was prepared by the reaction between l3a metal and 2-

propanol in N2 stream at 80 �.11 

( 1) 

Calculated amounts of Ba(OC3H7)2 and Al(OC3H7)3 were 

dissolved together in 2-propanol and refluxcd at 80 � for 5 h 

wlth vigorous stirring. All the procedure before the hydrolysis 

has been carried out in a dried Nz atmosphere. As distilled water 

was slowly added to the resulting clear solution, gelation was 

observed immediately accompanied by a rise in temperature from 80 

to ca. 90 �- After several hours of aging under stirring at 80 �. 

the hydrolyzed alkoxides were evaporated to dryness in vacuo and 

the powders thus obtained were calcined in the above mentioned 

manner. Surface areas of alkoxide-derived BaAl12019 were investi

gated as a f uncti on of the amount of water for hydrolysis and of 

an aging period of hydrolyzed alkoxides. Thus, a series hydroly

sis reactions were performed in order to demonstrate the optimum 

preparation condition. 
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3. 2.2 Characterization of Samples 

Pore size distribution and l3ET surface areas of oxide pow

ders were determined using nitrogen adsorption at 77 K. Crystal 

structures of the calcined samples were determin ed by X-ray 

diffraction (Rigaku Denki, 4011). Microstructures of the powder 

samples were measured by a scanning electron microscope (JEOL, 

JSM-50). Thermal decomposition of the hydroJyzed precursors to 

the corresponding oxides was observed by differential thermal 

analysis and thermal gravimetry (ULVAC, TGD 5000RH) in air. 

Samples were heated at a const�nt rate of 10 deg/min up to 

600 �. The infrared spectra were taken on a JASCO IR810 spec

trometer before and after the thermal decomposition. Mixtures of 

hydrolyzed precursors (30 mg) and KBr powders (300 mg) were 

pressed into disks of 20 mm in diameter and placed in a tempera

ture-controlled in-situ cell. The infrared spectra were record

ed after evac uation at elevated temperatures and subsequent 

cooling to room temperature. 

3. 2.3 Analytical Electron Microscopy 

A JEM 2000FX electron microscope (HVEM Laboratory, Kyushu 

University) was used for imaging and selected area diffraction 

(SAD) in TEM mode operating at 200 kV. Local chemical composi

tions were obtained using a Tracor Northern TN2000 energy-disper

sive X-ray spectrometer (EDS) with a beryllium window installed 

on the microscope. The electron probe (10-50 nm in diameter) was 

positioned at each location across a particle and the net Ba or 

Al X-ray counts (BaKa and AlKa) were measured. The Ba/Al ratio 

at each point was estimated from the X-ray counts. The analyses 

were performed at least 20 times for different particles heated 

at same temperatures. 
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3.3 Powder Properties of Alkoxlde-Derived Hexaaluminate 

7-Alumina and the two BaO-Al203 precursors, which were 

prepared from powder mixtures and metal alkoxides, were heated at 

elevated temperatures for 5 h. The decrease in surface area 

during the heat treat ment was measured as a functi on of the 

calcination temperature (Fig. 3.1). Surface areas of three 

samples are almost same after calcination at 1000 �. but their 

changes were in a different way with a r]se in calcination tern-

perature. The decrease in surface area was most significant in 

pure alumina. As revealed in Chapter 2, the addition of BaO was 

obviously effective in maintaining the surface area at higher 

temperatures because of the forn1ation of BaAl12019. The surface 

areas of a typical alkoxide-derived sample are also shown in Fig. 

3.1. It should be noted that the loss of surface area upon heat

ing was more gradual than that of the powder mixtures. Thus, the 

surface area of alkoxjde-dcrivcd sample was 3 times larger than 

that from BaC03/7-Alz03 mixtur s above 1300 �12-14. The value 

of 11 m2/g after heating at 1600 oc has not been achieved by any 

oxlde supports so far reported. 

After calcination at 1450 �. microstucture of alumina and 

BaAl12019 was observed by a scanning electron microscope (SEM), 

as shown in Fig. 3.2. The particle size of alumina (ca. 2 #ill) 

was considerably lar ger than that of the BaAl12019 samples. 

Significant grain growth of alumina is evident from the large 

par ticles with a smooth surface. In contrast, the BaAl1z019 

powder was clearly fine and possessed a rough surface. The two 

BaAl12019 samples are obviously different in their particle 

sizes and microst ructures. When the mixture of BaC03 and 7-

Alz03 was calcined at 1450 °C, the resultant particles ( 0.5-1.0 

#ill) were strongly agglomerated. Such large agglomerates were 
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Calcination temperaturetC 

Temperature dependence of surface areas of (Ba0lo.14_ (Alz03lo.s6 and Al2o3. 

a 

• (Ba0)o.14(Alz03)0.86 (alkoxide) 
V (BaO)o.14(Alz03)o.ss (BaC03/7-A12o3) 
0 Al203 

b c 
� 

1�m 
S�M photographs of BaAJ12o19 and Al2o3 after cal
cination at 1450 �- a) Al2o3, b) BaA112o19 from Baco3; 
7-Alz03, c) BaAl12019 from alkoxldes. 
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absent in the sample prepared from hydrolyzed alkoxides. The 

particles were in a granular shape with uniform (0.3 �m) size. 

Pore size distributions of alumina and the BaAl12019 sam-

ples were measured after calcination at 1450 �. The distribu-

tion was maximum at the pore sjze smaller than 10 nm (Fig. 3.3). 

The relative pore volume gradually decreased with increasing pore 

size. The barium hexaaluminate sample, in particular, that was 

prepared from alkoxides possessed obviously larger total pore 

volume than alumina. The sequence of total pore volume of three 

samples agreed with that of the surface area. 

3.4 Analysis on Formation Process of Hexaaluminate 

3.4.1 Powder X-Ray Diffraction Analysis 

The phase diagram of the ila0-Alz03 system indicates that the 

BaAl12019 in the equilibrium state.15 However, the BaC03/ 

r-Al203 precursor underwent a complicated formation process to 

evolve this phase during the heating process as mentioned in 

Chapter 2. Figure 3.4 compares the X-ray diffraction patterns of 

BaC03/r-Alz03 mixtures and alkoxide-derived samples in a heating 

course. A fter calcination at 1000 �. the phase observed in 

BaC03/r-Alz03 sample was the equimolar compound (BaAl204) and a 

trace amount of B a C03, instead of the equilibrium phase 

The sample at this calcination condition is almost 

completely composed of a mixture of BaAlz04 and Alz03, though 

the diffraction lines from the latter phase are too weak to be 

observed by due to its poor crystallinity. With a rise in calci-

nation temperature, the diffraction lines from BaAl12019 ap-

peared and became intense. The formation of the equilibrium 

BaAl12019 phase was completed after heating at 1450 �. 

The samples from alkoxides, on the other hand, showed no 
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1000 oc The diffraction lines diffraction lines after heating at · 

h appeared at 1200 �(Fig. 3.4(b)). only due to the BaAl12019 P ase 

They became sharp and intense at elevated calcination tempera-

tures, not observed at any temperabut the BaAlz04 phase was 

tures. x-ray diffraction data suggest the different formation 

process of BaAl12o19 from the two types of precursors. While 

powder mixtures of BaC03/r-Alz03 produced BaAl12019 via forma

tion of a metastable phase of BaAl2o4, hydrolyzed alkoxides 

produced BaAl12o19 directly at lower temperatures. Thus, the 

large surface area of alkoxide-derived BaAl12019 appears to be 

closely related to the formation mechanism. However, X-ray dif-

fraction gives only average information for bulk materials. An 

actual reas on for the large surface area was investigated in 

detail from microscopic observation of particles under reaction 

in the following section. 

3.4.2 AnaJytlcal Electron Microscope Analysis 

Ba0-Alz03 samples submitted to AEM analysis are listed in 

TabJe 3.z.16 
XRD measurement after calcination at 1100 � showed 

that only the equilibrium phase, BaAl1z019 was �bserved in the 

a koxide-derlved sample. The powder mixture sample consisted of 

BaAl204 as well as trace amounts of BaC03. After calcination at 

1300 �. the diffraction pattern of the alkoxide-derived sample 

was basically unchanged. The powder mixture sample also contained 

BaAl12019 at this temperature, but BaAl204 still remained. After 

calcination at 1100 �. the surface areas of both samples were 

similar (50 m2
/g), but they decr0ased sharply with calcination at 

1300 °C. The alkoxide-derived sample, however, retained a surface 

area (20.2 m2
/g) 

sample (6.3 m
2/g). 

three times Jarger than the powder mixture 
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Precursor 
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Surface areas and crystalline phases of (Ba0)o.14-
(Al2o3)0.86 for AEM analysis 

temperature 

I oc 

1100 

1300 

Surface area 
;m

2
g-1 

53.1 

6.3 

Phase 

BaAl12019 

+ Alz03 + BaC03 
BaAl12019 

+ BaAlz04 

Hydrolyzed alkoxides 1100 

1300 

47.5 
20.2 

BaAl12019 

BaAl1z019 

(a) Baco3;r-Al2o3 powder mixture 

Figure 3.5 shows a TEM image (a), corresponding EDS spectra 

(b) and SAD patterns (c) for BaC03/r-Al203 mixtures calcined at 

1100 oc. The sample consisted of fine particles (particle 1) and 

large columnar particles (particle 2) with the length of 200-500 

nm. The EDS analysis and the SAD pattern with Debye-Scherrer 

rings showed that the fine particles are metastable alumina with 

poor crystallinity. On the other hand, only a Ba peak in the EDS 

spectrum was seen in the columnar particles and a single crystal 

SAO pattern indicated the lattice spacings of 0.64 and 0.53 nm in 

two orthogonal directions (Fig. 1c). These values agreed with 

the b and c unit cell dimensions of orthorhombic BaC 03. The 

formation of BaAlz04 was observed in the same sample both by X-
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ray diffraction and by electron diffraction. However, the SAD 

patterns contain spots from unreacted Alz03 and BaC03 phases. 

After calcination at 1 300 � .  reaction products and their 

morphology changed as shown in Fig. 3.6. The agglomerates of 

fine alumina particles were no longer observed and considerable 

grain growth occurred. The EDS analyses indicated that the 

cation composition of particles 1 and 2 in Fig. 3.6a corresponds 

to BaAl12o19. A typical spectrum is shown in Fig. 3.6b. This is 

consistent with the SAD patterns of these particles, which could 

be indexed with respect to the [001] zone axis of BaAl12019 (Fig. 

3.6c). However, some non-equilibrium products were observed at 

this composition because of incomplete solid state reaction. 

Particle 3, which exhibits considerable grain growth, is pure 

alumina without including other cation components. This particle 

is thermally formed a-Alz03 as can be judged from the SAD pat

tern (Pig. 3.6c). Partlcle 4 contains more Da than the equi

librium composition. The Ba/Al atomlc ratio, which is calculated 

from the integrated intensity ratio of BaKa/AlKa , was roughly 

six times as large as BaAl12019• implying the composition of 

BaAlz04. Thus, the composition of the product is still heteroge

neous even after heating at 1 300 � Jue to incomplete solid state 

reaction between Alz03 and BaAlz04. 

(b) Alkoxide-derived sample 

As shown in Table 3.2, the surface area of BaAl1 2019 is 

enhanced by the prepara tion from alkoxides. This process facili

tates the direct formation of BaAJ12o19 a t  low temperature, which 

is effective in retaining the large surface area during the 

heating process. Figure 3.7 shows the analysis result of alkoxide 

derived Ba0-Alz03 calcined at 1100 � .  The sample, which predom-
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a 

2 

200nm 

Cu 
1 3 

Ba 

c 

Fig. 3.6. a)TEM photograph of DaC03/r-A12o3 powder mixtures 

calcined at 1300 �; b) and c) illustrate EDS results 

and SAD patterns taken from the numbered particles, 

respectively. X-ray analyses of particles showed the 
following Ba/Al atomic ratios. 

Particle No. 1 2 3 4 
Ba/Al 0 . 086 0.105 0.000 0.430 
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inantl y  consisted of the fine par ticles with a uniform size 

around 10 nm, exhibited Debye-Scherrer rings as shown in the SAD 

pat t e r n. Th e d-spa cjngs of th S AD r in g s ma tch t h o s e  of 

BaAl12019· It is worth noting that these particles possess a 

composition close to that of AaAllz019· Resides these fine parti

cles, crystals of the same composition grew into planar particles 

(particle 2 in Fig. 3.7a) and the SAD patterns could be indexed 

with respect to t he fOOl] zone axis of Aa/\llzOJg (Pig. 3.7b). 

Thus, the alkoxide-derived sample already produced the single 

phase of BaAl12019 at 1100 �. 

Aft e r c a 1 c in at i on a t 1 3 0 0 oc , i t i s a p par en t both f r orr. the 

shape of particles with facets and from the SAD patterns (Fig. 

3.8a,b) that significant crystallization of BaAl12019 occurred. 

Grain growth is accelerated by crystallization but the particle 

size was considerably small (ca. 100 nm) and uniform as compared 

to the powder mixture sample. In addltloil, it Ls clear f rom EDS 

analyses that all particles have the composi ion of BaAl12019· 

Intermediate products and/or unreacted oxides, which existed in 

the calcined powder mixture sample, were scarcely observed in the 

alkoxide derived sample. J t is apparent that the compositional 

homogeneity of alkoxide derived precursor is superior to that of 

the powder mixture. 

3.4.3 Formation Mechanism and Microstructure of Hexaalumlnate 

XRD and AEM results jndicate that the reaction process is 

different between the two precursors. In the powder mixture 

sample, some non-equilibrium phases still existed even at 1100-

13 0 0 oC . In con t r as t , all particles showed uniform composition 

corresponding to BaAl12019 

Figure 3.9 shows electron 

in the alkoxide derived sample. 

micrographs of a typical particle 

- 43 -



Chapter 3 

b 

1 

50nm 2 

Fig. 3.7. a)TEM photograph of the alkoxide derived Ba0-Alz03 
calcined at 1100 �; b) illustrates SAD patterns taken 
from the numbered particles. X-ray analyses of par
ticles showed the following Ba/Al atomic ratios. 

a 

1 

2 

Particle No. 1 2 

Ba/Al 0.083 0.082 

4 

3 

b 

1 

Fig. 3.8. a)TEM photograph of the alkoxlde derived Ba0-Alz03 
calcined at 1300 �; b) illustrates SAD pattern taken 
from the numbered partjcles. X-ray analyses of par
ticles showed the following Ba/Al atomic ratios. 
Particle No. 1 2 3 4 

Ba/Al 0.086 0.077 0.081 0.084 
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Fig. 3.9. TEM photographs and EDS Ba/Al atomic ratios of Ba0-

Alz03 particles prepared from a) powder mixtures and 

b) hydrolyzed alkoxides. Diameter of an electron probe 

is 10 nm. 
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from the powder mixture (a) and that from the alkoxide derived 

sample (b) after calcination at 1 300 �. The ratios of Ba to Al 

were measured by EDS along the array of dots indicated in the 

figure. In every analysis, the diameter of an electron probe was 

about 10 nm. Ba/Al atomic ratios are plotted in the lower part of 

Fig. 3.9. The intraparticle composition is almost uniform for the 

alkoxide derived sample. In the powder mixture sample, however, 

the composition was heterogeneous due to the incomplete solid 

state reaction, whtch for this particle likely proceeded between 

BaAlz04 and Alz03 in this case (fig. 3.9a). 

Fr6m XRD and AEM results, the formation of DaAl12019 from 

the two types of precursors appears to proceed as follows. In the 

powder mixtures, the formation of BaAlz04 proceeds rapidly at the 

boundary of Alz03 and DaC03 particles at low temperature(1100 �). 

( 2) 

This reaction produces the large particles (500-1000 nm) of 

BaAlz04 which do not contribute to the large surface area. The 

marked grain growth of alumina a lso takes place at the same 

temperature range. Oarium hexaaluminate is subsequently produced 

in the second step by the reactjon between the two kinds of 

particles. 

BaAl2o4 + 5Al2o3 BaAJ12o19 ( 3) 

This step is very slow and requires higher temperatures when 

BaAlz04 has grown into large particles. Similar formation steps 

are pointed out for other aluminates.17,18 

tion for examplc17. initially the reaction between La2o3 and 
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Al203 produces LaAl03. It requires prolonged firing (> 100 h) to 

complete the diffusion-limited solid state reaction to produce 

LaA l 1 1 01s f r o m  LaAl0 3  a nd A l20 3 .  Since t h e  f o r m a t i o n  of 

BaAl12019 starts at high temperatures ( >1200 OC), the particles 

have already undergone some grain growth before the second solid

state reaction. As a result, the large surface area is not suffi

ciently available. 

In the alkoxide derived sample, the formation of BaA112o19 

appears to exclude diffusion-controlled solid state reaction 

steps, since the components have already been mixed at a molecu

lar level. The equilibrium phase crystallizes directly from the 

thermally decomposed hydrolyzed precursor. 

(BaO) o .14 (Al203) o. 86 (amorphous) BaAl12019 (crystalline) ( 4) 

This is reflected in the absence of hoth intermcdJate products 

and considerable grain growth. In addition, hydrolyzed precursors 

consisted of very fine particles with a uniform size.' This 

explains the large surface area and the uniform microstructure of 

the alkoxide-derived B a Al12o19. Once t he sin g l e  phase of 

BaAl12019 has formed, surface area loss at elevated temperatures 

is suppressed successfulJy because the hexaaluminate structure 

shows the excellent resistance to grain growth and sintering. 

3.5 Effect of Preparation Conditions on. Surface Area of 

Alkoxide-Derived Hexaalumtnate 

3.5.1 Surface Area of Alkoxide-Derived Hexaaluminate 

The surface area of alkoxide-derived powders is sensitive to 

some preparation conditions in the hydrolysis process such as the 

a . g1ng p erio d  o f  the hydrolyzed products and t h e  a m o u nt of 
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water.l9,20 The amount of water added for hydrolysis is expressed 

as a molar ratio per metal isopropoxyl group (R(H20/MOC3H7)). The 

number of metal isopropoxyl groups, -MOC3H7, is the sum of 

Figure 3.10 shows the effect of R(HzO/ 

Moc3H7) on the surface area of BaAl12019· The surface area was 

maximum (20.2 m2/g) at R(Hz0/MOC3lh)=0.5, but decreased either 

by an increase or a decrease in the amount of water. The opti

mum condition, R(HzO/MOC3H7)=0.S, agreed with the stoichiometric 

ratio for the hydrolysis of alkoxides. The effect of the amount 

of water is obvious when calcination was p erformed at lower 

temperature such as 1300 L. Figure 3.11 shows SEM photographs 

of precursors after a given amount of water was added to the 

alkoxide solution for hydrolysis. Correspondin g to the two 

regions observed in the Fig. 3.12, the particle morphology was 

different between sampl�s with R(H20/MOC3H7)<0.S and R(H20/ 

MOC3H7)>0.S. The hydrolyzed sample at R(IIzO/MOC3H7)>0.5 con

sisted of submicron particles, but the particle morphology and 

siz were a most unchanged wlth increasing the amount of water as 

observed by SEM. In contrast. the particle size became larger 

when less wat r (R( H20/MOC3H7)<0.5) was used for hydrolysis. 

In this region, the amount of water is not enough for complete 

hydrolysis of the alkoxides. The mic1·os tructures of the hydroly

sis products well reflect the surface area of the BaA112 o1g. 

Large agglomerates and large precursor particles appear to result 

in a low surface area after calcination. 

As shown in Fig. 3.12 the surface area increased with the 

initial aging period of hydrolyzed products and became almost 

constant after 12 h (R(Hz0/MOC3H7)=10.0). After 12 h of aging 

and subsequent calcination at 1300 L, 

surface area of 18.5 m2 /g, which is 
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Fig. 3.10. Effect of the amount of water added to alkoxides on 
the surface area of BaAl12019· (12 h aging) 

a 

Fig. 3.11. 

b c 

Microstructures of hydrolyzed precursors with vari
ous R(H20/MOC3Jh). 
a) R(H20/MOC3H7)=0.3, b) 0.5, c) 1.0. (12 h aging) 
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Fig. 3.13. Microstructures of hydrolyzed precursors with various 

aging period. 
a) 0.5 h, b) 2.0 h, c) 24.0 h R(H20/MOC3H7=10.0) 
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sample with 30 min of aging. The effect of the aging period was 

investigated by microscoplc observation of the hydrolysis pre

cursors (Fig. 3.13). In the initial stage, the sample contained 

large agglomerates (larger than 10 #m) which consisted of 

submicron primary particles. With the aging progress, the size 

of the agglomerate was reduced. After ag1ng for 24 h, the sample 

consisted almost entirely of equal sized particles and agglomer

ates were rarely observed. 

3.5.2 Thermal Behavior of Hydrolyzed Alkoxides 

The decomposition of the hydrolyzed products (R(H20/MOC3H7) = 

1.0, 12 h aging) was analyzed by in situ IR measurements. The IR 

spectra obtained after heating in vacuo at various temperatures 

are shown in Fig. 3. 14 . At room temperature, the hydrolyzed 

product showed the absorption band of the II-0-H bending vibration 

around 1640 cm-1. This band, being attributed to the physisorbed 

water, completely disappeared after evacuation at 200 �. The 

bands at 3000-3500 cm-1 probably correspond to the 0-H stretching 

mode of the metal hydroxides in the hydrolyzed precursors. These 

peaks were weakened at elevated temperatures due to the thermal 

decomposition of metal hydroxides to mJxed oxides. The 0-II bands 

disappeared at 400 � after complete decomposltJon. 

Figure 3.15 shows the DTA/TG curves of hydrolyzed precur

sors prepared under varJous R(HzO/MOC31I7) conditions. A broad 

endothermic peak below 100 �. which was. observed in every alkox

ide-derived sample, is attributed to the elimination of physi

sorbed water. A large and sharp endothermic p eak with a 25% 

weight loss appeared in the sample wlth R(H20/MOC3II7) = 10 around 

250 OC. From the IR result, this weight Joss can be attributed to 

dehydration accompanied by the thermal decomposition of metal 

- 51 -



Chapter 3 

Q.l 
u 
c 
0 

.0 
..... 
0 
lll 

.0 
<t 

I o. 2 

4000 3000 2000 1500 
Wavenumber I cm1 

20°C 
200°C 
300oC 

400aC 

1000 

Fig. 3.14. Change of infrared spectrum of hydrolyzed alkoxides 

during the course of heating. Preparation condition 

of samples : R(H20/MOC3H7)=l.O, 12 h aging 

0 
>< 

t 
f-
""") 

+ 
0 

lJ 
c 

w 

DTA 

\.r 
v 

TG 

[ 10wt% 

d 

b 
c 
d 

a 

b 
c 

d 

100 200 300 400 500 600 
Temperature I oC 

Flg. 3.15. DTA/TG analyses of the hydrolyzed precursors prepared 

under various R(H20/MOC3H7) conditions. 

a) R(H20/MOC3H7)=lO.O, b) 2.0, c) 1.0, d) 0.5. 
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hydroxides. While the similar behavior was observed in the 

samples with R(H20/MOC3H7)<2.0 at 250-400 �. their small weight 

loss corresponds to the smalJ content of metal hydroxides in the 

hydrolyzed product. 

3.5.3 Effect of Preparation Condjtion in Alkoxide Process 

As described above, surface area of alkoxide-derived sample 

was affected by the amount of water and by the aging period after 

hydrolysis. The change in surface area with the amount of water 

is a p p a r ent l y  d i v i d e d  i n t o  t w o  r e g i o n s  a s  s h o w n  i n  F i g .  

3.10.2,
3

,5 The stoichiometric amount of water for the decomposi

tion of alkoxides is R(H20/MOC3H7)=0.S. 

( 5) 

At R(H20/MOC3H7)<0.5, some fraction of the oxide is produced by 

hydrolysis (reaction(5)) but other fraction is produced by pyrol-

ysis of the residual metal alkoxides. The increase ln surface 

area in this region indicates that pyrolysis of the alkoxides 

does not contribute to the large surface area. Namely, a sub

stantial amount of hydrolysis is required to produce a l arge 

surface area. The particle size of the incompletely hydrolyzed 

product is two orders of magnitude larger than that of the sample 

at R(Hz0/MOC3H7)>0.5 (Fig. 3.11). 

At the second region (R(H20/MOC3H7)>0.5), the surface area 

decreases with an increase in R (II 20/MOC3H7) (Fig. 3. 10) . The 

partial formation of hydroxides (reaction(6)) is included due to 

the presence of excessive water in this region.
2,3,5 

--+ ( 6) 



Chapter 3 

As the amount of water increases, the reaction (6) becomes domi

nant, resulting in a high content of hydroxide groups in the 

product. The hydroxides thus formed are thermally decomposed into 

oxides accompanying elimination of water in the temperature range 

250-400 OC as was observed by TG (Fig. 3.15). The weight loss in 

this temperature range increased with R(H20/MOC3H7), correspond

ing to the increase in the hydroxide content in the precursors. 

The formation temperature of BaAl12019 from the sample with a low 

extent of hydrolysis (R(H20/MOC3H7)<1.0) was near 1100 �. while 

it is above 1200 � for the sample with large R(H 20/MOC 3H7). 

These results indicate that the precursors with homogeneous 

composition can be obtained near the stoichiometric hydrolysis 

condition. Actually, it is well known that hydrolysis of alkox-

ides in the presence of an excess water sometimes leads to disso-

lution-precipltation of resultant hydroxides.6 In the binary 

system such as Da-Al, this may result in decrease of homogeneity 

of precursors. 

The effect of the aging period jn Fig. 3.12 is smaller than 

that of the amount of water. Since the thermal decomposition of 

hydrolyzed alkoxid s was scarcely influenced by the aging period 

as revealed by IR and TG/DTA, the chemical structure of products 

ls not influenced by the aging period. However, the increase in 

surface area with aging appears to be related to the extent of 

agglomeration of hydrolyzed products (Fig. 3.13). The aging of 

hydrolyzed products in the presence of excessive water likely 

reduced the agglomeration of partJcles and brought about a high 

dispersion state. Large agglomerates, which are observed at a 

short aging period, grow into large particles in the course of 

heating. This only leads to the decrease in the surface area of 

BaA112o19. 

PREPARATION OF LARGE SURFACE ARE/\ llEXi\i\LUMINi\TE PROM METAL ALKOXJDES 

3.6 Conclusion 

Preparation by hydrolysis of metal alkoxides is a superior 

process in deriving the large surface area hexaaluminate. The 

surface area of 11 m
2

/g after calcination at 1600 � could not be 

attained by conventional support oxides so far. The relation 

between microstructures and the formation process of BaA112o19 in 

two precursors, i.e .. powder mixtures and hydrolyzed alkoxides, 

was investigated by using XRD and AEM. When prepared from a 

powder m ixture of BaC 03 /7-A12o3, BaAl1201 9 was produced via 

formation of a metastable phase of BaA12o4 upon heating. Since 

this route requires a slow diffusion-limjted step at high temper

atures and the BaAl204 is easily sintered, the product underwent 

considerable grain growth. On the contrary, since an alkoxide-

derived precursor consists of a homogeneous mixture of the 

components, the equilibrium phase directly crystallized from 

the amorphous precursor at 1100 �- Thls is extremely effective 

in producing the fine particle of BaA112o19 with high thermal 

stability. 

In the alkoxide process, the amount of water added for hy

drolysis and the aging period of hydrolyzed precursors influenced 

the surface area of alkoxide-derived hexaaluminate. These effects 

of preparation conditions originated from the difference in 

microstructure and the chemical structure of hydrolyzed precur-

sors. Monodispersed fine precursor particles with high chemical 

homogeneity are necessary for the large surface area hexaalumi

nate. 


