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The thermal stability of gamma alumina toward sintering at high temperatures (in the 1050-1220°C 
range) in the presence of steam has been studied from both structural and textural points of 
view. Improvement of the stabilization of alumina has been found be grafting silicon-containing 
compounds on the alumina surface. A reaction between the hydroxyl groups of alumina and the 
silicon-containing precursor was found to occur, The silicon-modified alumina is constituted by a 
layer of silica firmly bonded to the alumina support. The stabilization increases with increasing 
silicon loadings and reaches a plateau for ca. 3 wt% silicon. © 1991 Academic Press, Inc. 

INTRODUCTION 

The catalytic combustion of hydrocar- 
bons, especially methane, has received 
great attention for the regulation of emission 
pollutants. This process is particularly well 
adapted to the production of energy and heat 
in the field of drying. On the industrial scale, 
the catalysts presently used are based on 
noble metals (Pt, Pd, and Rh) deposited on 
alumina (1). Alumina in its gamma form is 
the most commonly used support. Alumina 
can be used alone or doped with colloidal 
silica in the form of fibrous material (2). 
Alumina can also be present as a washcoat 
of refractory materials of low specific area. 
Among these materials, fibers made of sil- 
ica, based ceramic monoliths, and metallic 
monoliths are the most frequently found 
(3, 4). 

During the operating conditions the cata- 
lysts are submitted to the action of water at 
elevated temperatures. The measure of the 
real temperature of the catalyst is a difficult 
task because of the presence of hot spots 
in the catalytic bed. In the vicinity of 1000°C 
and in the presence of water, the specific 
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area of the gamma form of alumina strongly 
decreases (5): this sintering is associated 
with the transformation of alumina into the 
alpha phase. The thermal sintering of the 
support contributes to the deactivation of 
the catalyst because of the sintering of the 
noble metal particles and the encapsulation 
of the metallic phase by the support. 

Numerous works have been devoted to 
the stabilization of alumina toward thermal 
sintering. Promoters have been introduced 
during the preparation of alumina or added 
by impregnation onto commercially avail- 
able aluminas in order to improve the ther- 
mal stability of this support. Rare earth 
based promoters (6) have been extensively 
described in the patent literature with this 
objective. Among these promoters lantha- 
num in association with neodymium is cer- 
tainly the most widely encountered and 
studied. Some more fundamental papers 
have proposed explanations for the stabiliz- 
ing effect of adducts like lanthanum (7-14). 
Ceria is also used in conjunction with lantha- 
num, in the catalytic automotive converters, 
because of its specific properties toward ox- 
ygen storage (15, 16). 

Alkaline-earth metal ions are also effec- 
tive promoters for the stability of gamma 
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alumina toward thermal sintering. Specific 
areas as high as 10 m 2 g-1 can be observed 
after aging at 1600°C for alumina doped with 
barium; the formation of barium hexaalumi- 
nate BaO, 6 A1203 could be at the origin of 
this stabilization (17). 

Silicon was also found, in the patent 
literature, to be a good candidate for the 
stabilization of alumina (18-21). It can be 
introduced in the form of colloidal silica 
or of silicon-containing organometallic 
compounds. In the open literature, no fun- 
damental study concerning the reasons for 
this improvement in the stability of alumina 
has been found. The aim of this paper is 
to measure the extent of the stabilizing 
effect of silicon, to study the state of 
the silicon deposited on alumina, and to 
propose an explanation for the positive 
effect of silicon. 

EXPERIMENTAL 

Materials 

The starting material is an alumina sup- 
plied by Rh6ne-Poulenc (SCM 129). X- 
ray diffraction measurements showed the 
presence of the gamma and delta forms. 
The BET area of this support was found 
to be 107 m 2 g-l ,  and the pore volume was 
close to 0.62 cm 3 g-~. 

Silicon was introduced using tetraethoxy 
silicon Si(OCzHs) 4 as precursor. A known 
amount of tetraethoxy silicon was dis- 
solved in 200 ml of ethanol. Added to the 
previous solution was 50 g of SCM 129 
alumina (50-125 /xm granulometry). SCM 
129 alumina was not pretreated prior to the 
modification. The mixture was maintained 
under stirring for 1 h at 60°C. Then ethanol 
was removed under reduced pressure using 
a rotary evaporator. The obtained solid 
was dried overnight at l l0°C. In the final 
step, the material was treated under flow- 
ing oxygen (6 liters h-1) at 500°C for 12 h 
with a slow heating rate (I°C min-1). Dur- 
ing the oxygen treatment, Si(OC2H5)4 in 
excess was removed and the carbon-con- 
taining ligands were burned off. 

Aging Test 

Pure alumina as well as the silicon-modi- 
fied aluminas were aged under a flow of air 
at elevated temperatures (1050 and 1220°C) 
in the presence or in the absence of a known 
amount of water (20 vol.%). This percentage 
corresponds to the amount of water formed 
during the combustion of a stoichiometric 
air + methane mixture. The weight of the 
sample was 3 g and the flow of effluents was 
close to 10 liters h-  1. Three aging tests were 
usually performed in the following condi- 
tions: 

- -a t  1050°C for 24 h under dry air, 
- -a t  1050°C for 24 h under air + 20 vol. 

% water, 
- -a t  1220°C for 24 h under air + 20 vol. 

% water. 

Physicochemical Measurements 

BET areas were measured by nitrogen ad- 
sorption at - 196°C. The cummulated pore 
volume was determined after recording the 
complete adsorption-desorption isotherm 
of nitrogen at the same temperature accord- 
ing to the Mikhail-Brunnauer-Bodor the- 
ory (t curve method). 

The phase structure was determined by 
X-ra3; diffraction. A Siemens generator 
equipped with a back graphite monochro- 
mator was used. An average wavelength of 
154.18 pm was taken for the CUKal-CUKa2 
radiation. 

Transmission electron microscopy 
(TEM) measurements were performed on a 
JEOL 1200 EX instrument with a resolution 
of 0.2 nm. The samples were suspended in 
ethanol, a drop of the suspension was depos- 
ited on a carbon-coated copper grid, and 
ethanol was evaporated. 

An infrared Fourier transform spectrome- 
ter (IFS 110 from Bruker) was used for the 
analysis of the hydroxyl groups present at 
the surface of the solids. Samples were 
pressed in order to obtain thin self-sup- 
ported wafers of known weight. They were 
introduced in a cell allowing thermal treat- 
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TABLE 1 

Specific Surface Area (S), Pore Volume (Vp), and 
Crystalline Phases of Starting SCM 129 Alumina after 
Aging Tests Performed in Various Conditions 

Aging test S (m 2 g-i) Vp (cm 3 g-i) XRD 
observed 

Temp %H20 phases 
(°C) 

500 0 107 0.62 3' + 8 
1050 0 57.4 0.11 0 + a 
1050 20 26.4 0 + a 
1220 20 4 0.007 Pure a 

ments  under  controlled a tmospheres  (22). 
Spectra  were  recorded at room tempera ture  
with a resolution of  4 c m -  1 and the number  
of  scans was fixed to 100. 

RESULTS AND DISCUSSION 

Aging of the Starting Alumina 

Table 1 shows the influence of  the temper-  
ature as well as the effect of  the presence  of  
water  on the specific area,  the pore  volume,  
and the XRD pat tern  of  SCM 129 alumina. 
After  24 h of  aging at 1220°C in the presence  
of  20 vol .% of  water ,  a lumina was trans- 
formed into its a lpha form (Fig. 2A) with a 
dramatic  decrease  of  the specific area  (4 m 2 
g-1) and of  the pore  volume.  As expected,  
the loss of  specific area is more  limited after 
an aging at 1050°C. Never the less ,  at 1050°C, 
Table 1 shows the effect of  the presence  of  
water  during the sintering process  of  alu- 
mina. As ment ioned in previous work  (5), 
the introduction of  water ,  at a given temper-  
ature,  increases the loss of  the specific area 
of  oxide supports .  

Aging of the Silicon-Modified Aluminas 

Silicon-modified aluminas with silicon 
contents  compr ised  be tween  0.91 and 3.16 
wt% have  been prepared  according to the 
procedure  described in the experimental  
part.  In one impregnat ion step, the maxi- 
mum amount  of  silicon remaining on the 
sample after  calcination at 500°C corre- 

sponds to a loading close to 2.13 wt%. So 
the 3.16 wt% Si-A1203 was prepared  f rom 
the 2.13 wt% Si one by treating this solid 
after the calcination under  oxygen  at 500°C 
by Si(OC2H5)4 in ethanolic solution. 

After calcination under  oxygen at 500°C, 
the BET areas of  the silicon-modified alumi- 
nas (Table 2) are close to the specific area  of  
the starting alumina material.  This behavior  
suggests that the introduction of  silicon does 
not lead to a filling of  the pores  of  alumina.  
According to the BET surface areas and sili- 
con loadings, the coverage  in silicon a toms 
comprised be tween 1.97 and 6.85 Si nm -2. 
In addition, after the oxygen t rea tment  at 
500°C, X-ray pat terns showed the p resence  
of  only delta alumina. In addition, no peak  
attributed to a silica phase  was detected.  

The main features of  the silicon-contain- 
ing samples after aging under  the more  se- 
vere conditions previously described were  
given in Table 2. The stability of  alumina 
toward thermal sintering in the presence  of  
water  increases with the silicon content .  
Figure 1 shows the change of  the BET area  
as a function of the silicon content  for sam- 
ples aged for 24 h at 1220°C in the presence  
of  20 vol .% of  water.  The stability of  alu- 
mina increases with the silicon loading since 
the BET area of  such samples  follows the 

TABLE 2 

Specific Surface Area (S), Pore Volume (Vp), and 
Crystalline Phases of Silicon-Modified Aluminas after 
Aging Tests 

Wt%Si Temp %H20 S ( m 2 g  - t )  Vp(cm3g -1) XRD 

(°C) observed 
phases 

0.91 wt% 500 0 112 0.48 c~ 
1.97 Si/nm 2 1220 20 8 0.014 ct + 0 

500 0 111 0.55 8 
1220 20 30 0.18 ct + 0 

500 0 112 0.52 3 
1220 20 44 0.29 0 

500 0 111 0.45 8 
1220 20 51 0.19 0 

1.35 wt% 
2.9 Si/nm 2 

2.13 wt% 
4.6 Si/nm 2 

3.16 wt% 
6.85 Si/nm 2 

double grafting 
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FIG. 1. Variation of the specific area of silicon-modi- 
fied aluminas as a function of the silicon loading. Sam- 
ples were aged for 24 h at 1220°C under an air + 20 
vol.% water mixture. 

ceed 20% after the aging test. In addition, 
in the aged sample, alpha alumina was not 
detected; the only identified phase was delta 
alumina (Fig. 3). 

TEM measurements are in agreement 
with the high thermal stability of Si-contain- 
ing alumina samples. The starting alumina 
sample exhibits sheets (400 nm × 100 nm) 
with pores of diameter close to 5 nm. After 
heating at 1220°C in the presence of water 
vapor, large particles of alpha alumina were 
detected (Fig. 4a). TEM micrographs of the 
fresh 3.16 wt% Si-AI203 sample are similar 
to those of the original SCM 129 alumina. In 
contrast, aging at 1220°C in the presence of 

16OO 

amount of introduced silicon and then 
reaches a plateau for silicon loading exceed- " 

t~ 

ing 3 wt% Si, i.e., a density of 6.85 Si atoms 
per nm 2. By comparison with the highest 
surface OH-density of alumina, it appears o ° 
that around half of the hydroxyl groups of 
A120  3 a r e  involved in the grafting of silicon. 
In the meantime, the proportion of alpha 
alumina in the sintered samples decreases o 
when increasing the loading of silicon. For ~o | 

silicon contents corresponding to the pla- [ 
teau observed for the specific area, only the / 
theta phase of alumina is detected in the X- -. 
ray diffraction diagram of the aged silicon- 
modified alumina (Fig. 2B). In addition, no 
diffraction peak typical of a crystalline form 
of silica has been observed, suggesting a 
strong interaction of the silicon adduct with 
the starting alumina material. 

The same behavior was observed after an 
aging of the various samples at 1050°C under 0 
20 vol.% of water; the stabilizing effect of 
silicon was even more pronounced. For in- 
stance, the silicon-modified alumina sample 
containing 3.16 wt% Si has a BET area of 
88 m 2 g- l after such a sintering test instead 
of 26 m E g- 1 for the alumina sample free of 
silicon. The loss of specific area by compari- 
son with the starting material does not ex- 

A a 

I 

8 

j 

2 0  
8 0  

FIG. 2. X-ray diffraction patterns of pure alumina (A) 
and silicon-modified alumina (3.16 wt% Si) (B) after 
aging for 24 h at 1220°C under an air + 20 vol.% water 
mixture. An average wavelength of 154.18 pm was used 
for the CuKaj-CuKt~2 radiation: Peaks labeled " a "  are 
due to the alpha alumina phase; peaks labeled " t "  are 
due to the theta alumina phase. 
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F]6.3. X-ray diffraction patterns of pure alumina (A) 
and silicon-modified alumina (3.16 wt% Si) (B) after 
aging for 24 h at 1050°C under an air + 20 vol.% water 
mixture. An average wavelength of 154.18 pm was used 
for the CuKa j-CuKa2 radiation: Peaks labeled"a"  are 
due to the alpha alumina phase; peaks labeled " t "  are 
due to the theta alumina phase; peaks labeled " d "  are 
due to the delta alumina phase. 

water does not deeply change the size of the 
sheets. Moreover, the aged sample shows 
the presence of needles instead of large 
alpha alumina particles (Fig. 4b). 

Surface Hydroxyl Groups 
Alumina and silicon-modified aluminas 

were first calcined under oxygen at 500°C 
in a reactor. After cooling down to room 
temperature, the samples were compressed 
in order to obtain a wafer which was 
introduced into the infrared cell (22). The 
pellets were treated again under a flow of 
oxygen at 500°C and evacuated at the same 

temperature. After such a treatment, the 
infrared spectrum of the SCM 129 alumina 
exhibits four main v OH bands located at 
3760 cm -1 (weak), 3730 cm -1 (strong), 
3685 cm -I (medium), and 3580 cm -1 
(broad) (Fig. 5a). 

The nature of the hydroxyl groups of alu- 
mina has been extensively studied by infra- 
red spectroscopy. For highly dehydrox- 
ylated alumina surfaces, the u OH bands 
observed have been assigned to hydroxyl 
groups linked either to aluminum ions hav- 
ing various environments of oxygen ions 
(23) or to aluminum ions in octahedral or 
tetrahedral symmetry (24). The alumina 
sample in the present study was dehydrox- 
ylated at lower temperature, i.e., 500°C in 
comparison with similar solids examined in 
the works of Peri (23) and Kn6zinger and 
Ratnasamy (24). As a consequence, the hy- 
droxyl groups are not isolated and bands at 
lower wavenumbers, for instance, the bands 
at 3685 and 3580 cm -~, are observed at the 
expense of the bands due to the isolated 
hydroxyl groups. 

The introduction of increasing amounts of 
silicon on the starting material (SCM 129 
sample) leads to the following features 
(Figs. 5a-5e): 

(i) the formation of a v OH band at 3745 
cm-~; its intensity increased with the 
amount of introduced silicon, 

(ii) the intensities of the bands of hydroxyl 
groups attributed to the alumina were 
strongly reduced by increasing the silicon 
loadings; they were absent in the spectrum 
of the more loaded silicon sample (3.16 wt% 
Si) (Fig. 5e). 

The appearance and the growth in inten- 
sity of the 3745-cm- ] band associated with 
the increase of silicon content must be con- 
nected with the formation of increasing 
amounts of silanol groups at the surface of 
the sample. In fact, previous infrared spec- 
troscopic studies of pure silica have shown 
the presence of two types of OH species 
(25): 

--isolated and surface hydroxyl groups 
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detected by a sharp v OH band at ca. 
3740-3750 cm- ~, 

--internal or hydrogen bonded hydroxyl 
groups exhibiting a broad v OH band close 
to 3550 cm-1. 

According to the previous assignments, 
the infrared spectrum of the 3.16 wt% 
Si-AI203 sample presents only two v OH 
bands at 3745 and 3575 cm-J which can be 
reasonably attributed to hydroxyl groups of 
a silica layer bonded to a sublayer of 
alumina. 

The optical densities of the v OH bands 
can be expressed per gram of catalyst with 
the knowledge of the weight of the wafer. 
Figure 6 shows the change of the intensity 
of the 3745 cm- ~ band as a function of the 
silicon content: the optical density of this 
band increases continuously and almost lin- 
early with the amount of silicon, suggesting 
a homogeneous distribution of silanol 
groups and of silica of the surface of alu- 
mina. The intensity of the 3745 cm-~ band 
is not equal to zero for pure alumina since 
the starting material exhibits a v OH band 
at 3730 cm -~, very close to the band due to 
free silanol groups. 

The coverage of the alumina surface by 
silica can also be monitored by the change 
of the ratio of the absorbance of the 3745- 
cm-~ band to the absorbance of the 3680- 
cm-1 band. In the conditions of desorption 
used in the present study, the 3680-cm -1 
band appears typical of the alumina surface 
whereas both alumina and silica contribute 
to the 3745-cm-~ band. Figure 7 shows the 
change of the/3 ratio (where/3 = OD 3685- 
cm-l band/OD 3745-cm-~ band) as a func- 
tion of the silicon content. The 13 ratio de- 
creases with increasing amounts of intro- 
duced silicon showing, as in the preceding 
case, a progressive coverage of the alumina 
surface by silica. 

Since the introduction of silicon is accom- 
panied by a decrease of the intensity of the 

v (OH) bands of alumina, an interaction of 
the Si(OC2Hs) 4 precursor with the hydroxyl 
groups of alumina may be postulated ac- 
cording to the scheme 

--A1--OH + Si(OC2H5) 4 --~ 
L 

- - A I - - O - - - S i  (OC2H5) 3 + C 2 H s O H  
J 

During the treatment of the obtained sample 
at 500°C under flowing oxygen, the hydro- 
carbon chains are likely to be oxidized and 
hydroxyl groups bonded onto silicon are 
formed: 

- - A I - - O - - S i ( O C 2 H s )  3 
I 

(under 02 at 500°C) 

--A1--O---Si(OH)3 + 6 CO2 
I 

Such a scheme has already been postulated 
for the chemical vapor deposition of silicon 
alkoxides on various oxide substrates 
(26-29). 

The Si-OH groups so obtained are able 
to condense with other hydroxyl groups 
(linked to Si or AI atoms) in order to firmly 
anchor the silicon-containing layer to the 
alumina surface. Because of the size of the 
tetraethoxysilicon precursor, a full cover- 
age of the alumina surface by Si(OC2Hs) 4 
cannot be reached in one step. The maxi- 
mum loading obtained after a single im- 
pregnation corresponds to a silicon content 
of ca. 2.13 wt% Si, i.e., a coverage of 4.6 
Si nm -2. After an oxygen treatment at 
500°C, some hydroxyl groups of alumina 
are now accessible to the silicon precursor 
allowing the grafting of larger amounts of 
silicon. 

A Possible Role of Silicon in the 
Stabilization of Transition Aluminas 

The thermal sintering of transition alumi- 
nas has been much studied, and in particular 

FIG. 4. TEM micrographs of samples aged for 24 h at 1220°C under an air + 20 vol.% water mixture: 
(a) pure alumina; (b) silicon-modified alumina (3.16 wt% Si). 
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FIG. 5. Infrared spectra of pure and silicon-modified aluminas. Samples were calcined under oxygen 
at 500°C and treated under vacuum at the same temperature: (a) pure alumina; (b) 0.91 wt% Si-A1203; 
(c) 1.35 wt% Si-AI203; (d) 2.13 wt% Si-A1203; (e) 3.16 wt% Si-AI203. 

the presence of water was found to be an 
accelerating factor (1, 5). 

A mechanistic model for the sintering of 
anatase and alumina has been recently pro- 
posed (30-34); it takes into account the in- 
fluence of water, the presence of hydroxyl 
groups, as well as the presence of cationic 
and anionic vacancies. The first step pro- 
posed in this model supposes a dissociative 
adsorption of water onto an anionic va- 
cancy. In the following steps cation diffu- 
sion is postulated to occur by successive 
cycles of desorption-adsorption of water 
(34). The initial sintering by the transport of 
"AIO" building units was taken into ac- 
count by this model. In addition, the rate of 
sintering was found to be proportional to 
(PH2o) °5. However, the rate-limiting step 
was the diffusion of the hydroxyl ions; the 
concentration of the hydroxyl groups was 

much smaller than the concentration of oxy- 
gen vacancies. The formation of alpha alu- 
mina would take place at interfaces via a 
reaction of annihilation between anionic and 
cationic vacancies (31). 

In silicon-modified aluminas, the infrared 
measurements show that the surface of the 
starting material is covered by a layer of sil- 
ica; in such a case, the solid exhibits a surface 
silica behavior. Since the stabilization in- 
creases with the silicon coverage, one can as- 
sume that the surface species responsible for 
the sintering process are not present at the 
surface of the modified aluminas. The forma- 
tion of Si-O-Si or Si-O-A1 bridges during 
the dehydroxylation process is certainly at 
the origin of the stabilization effect because 
their formation allows the disappearance of 
the cationic vacancies from the surface of the 
silicon-modified aluminas. 
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FIG. 6. Variation of the optical density (OD) of the 
(3730-3745 cm -1) band as a function of the silicon 
content. OD was expressed per gram of catalyst and 
the samples were treated under oxygen then in vacuo 
at 500°C. 
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FIG. 7. Change of the/3 ration (OD 3685-cm- J band/ 
OD 3730-3745-cm- r band) as a function of the silicon 
content for samples treated under oxygen, then in 
vacuo at 500°C. 

CONCLUSION 

By contacting a gamma alumina with an 
ethanolic solution of Si(OC2Hs) 4 a reaction 
occurs between the hydroxyl groups of 
A1203 and the silicon-containing compound. 
After calcination under oxygen, the surface 
exhibits silanol groups which develop at the 
expense of the hydroxyl groups of alumina. 
The stability of these solids toward thermal 
sintering in the presence of water vapor was 
improved in comparison with pure alumina. 
The stabilization increases with the silicon 
content. According to a model recently pro- 
posed to describe the sintering of alumina, 
it seems that the silica layer grafted to alu- 
mina is able to fill the anionic vacancies of 
alumina responsible for the thermal sin- 
tering in the presence of water. 
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