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Abstract

A novel sol-gel process for preparing alumina sol is reported in this article. Ultrasound is used to prepare the alumina sol
at room temperature. The study of the effect of ultrasound as a function of treatment time on the pH and the particle diameter
distribution of the sol was also made. 2’ Al NMR, TEM, XRD and DTA were used to detect the properties of the sol and the
alumina materials. The result of 2’ Al NMR shows that there existed Alj3’* species in the sol. The acid used not only acted
as catalyst for peptizing, but also as reactant to react with aluminum hydroxide to produce the Alj3’* species. On the other
hand, TEM results show that the morphology of the particles was spherical in the sol, but transformed to needle-like as well
as spherical when calcined at 450°C. At the end, the morphology of the particles changed to spherical again at 550°C. By
using this alumina sol as precursor, an alumina material with uniform mesoporous distribution was formed after calcination
at 550°C without adding any templates or other organic additives. The results of this work also show that the formation of
alumina with uniform mesoporous distribution is related to its crystalline phase, the morphology of the particles and the
particle diameter distribution of the precursor sol. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction radius higher than 1.0nm and lower than 25.0nm)

has triggered major synthetic efforts in academic and

Most of the shape-selective reactions used by the
industry today involve catalysts containing zeolites
having pore diameters between 0.5 and 0.6 nm. This
size is sufficient to accommodate a broad spectrum of
small molecules of technological interest. However,
the usefulness of the present-day heterogeneous cat-
alysts in processing high-molecular-weight hydrocar-
bons, which are of increasing importance, is limited by
the pore size of the microporous zeolites used and/or
by the pore geometry of the supports. Because of this
reason, the demand for mesoporous materials (pore

* Corresponding author. Fax: +86-411-4694447.
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industrial laboratories [1]. Alumina, mainly in its
v-form, is widely used in catalysis as inert carrier of
metal catalysts and as part of bifunctional catalysts,
largely because it is inexpensive and reasonably stable,
and can provide high surface area for many catalytic
applications. As a general rule, the alumina used in
catalytic reactions always requires a controlled pore
size distribution [2]. Due to the importance of alumina
as catalysts, several attempts have been made to syn-
thesize alumina that has uniform mesoporous distribu-
tion, which can be applied in the catalytic processing
of the large molecules. Compared with the traditional
preparation method, the sol-gel process has been
proved to be convenient for catalyst carrier synthesis,
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as it is possible to control the pore size and the surface
area [3]. Therefore, the sol-gel process is widely used
for the preparation of alumina at present. The most of-
ten cited process for making alumina sol, the precursor
of the alumina materials, developed by Yoldas, is to
hydrolyze aluminum iso-propoxide or sec-butoxide in
a large excess of water and in the presence of an acid
catalyst in the ratio of 0.07 molar acid/molar Al [4,5].
In this article, we denote this sol—gel preparation route
as the Yoldas method. Besides the work of Yoldas,
Maeda et al. [6] have shown that the type of solvent to
be mixed with aluminum iso-propoxide is very impor-
tant for the final pore size distribution of the calcined
alumina. They suggested that the nature of complex-
ation of the alkoxide determined the gel structure,
and therefore, the final pore structure. Lopez et al.
synthesized +y-alumina from aluminum-sec-butylate.
They observed a great variation in surface area with
the pH in the sol [7]. In the work of Ramsay et al.,
the precursor alumina sol also could be prepared by
peptizing fine powder of boehmite with dilute mono-
protic acid [8]. However, the raw materials often used
to prepare alumina by the sol-gel method, as reported
in the literature and exemplified before, were expen-
sive alkoxides and boehmite powders. Furthermore,
the synthesis procedures often have to be carried out
at above 80°C in order to avoid the appearance of
bayerite that cannot be peptized by acid [9].

In this paper, a novel sol-gel process has been
developed. This new method can prepare alumina
sol from inexpensive materials such as inorganic alu-
minum salts. By using ultrasound to provide energy,
the temperature of the preparation is successfully
controlled at room temperature. Using this alumina
sol as a precursor, alumina materials with uniform
mesoporous distribution are formed after drying and
calcining at desired conditions.

2. Experimental
2.1. Preparation of materials

All the chemicals used in this work were A. R.
grade, and the water was deionized and twice distilled.
Sufficient ammonium hydroxide (2.5%) was added
dropwise to 25 ml of 0.96 M aluminum nitrate solution
under vigorous stirring, which brought the pH to about

9.20. The precipitate was collected by centrifugation
immediately and then washed by putting it into 50 ml
water, and stirred for about 15 min. Washing was con-
tinued until the pH of the final suspension was near 7.0.
Then a 0.94 M nitric acid was added to this aluminum
hydroxide suspension until the desired [HT]/[AI’*]
molar ratio was attained. As soon as the adding of the
nitric acid was complete, the beaker which contained
the suspension was transferred to the cleaning tank
of ultrasonic cleaner, and the cleaning tank was filled
with 1.01 water. After ultrasonic treatment for 10 min,
a clear and stable alumina sol was obtained. During
the ultrasonic treatment, a thermometer was inserted
into the suspension in order to monitor the change of
the temperature. After stirred for 10 h, the alumina sol
was dried at room temperature in a vacuum box until
it began to form white gel. The vacuum box was kept
at up to 60 mmHg during the dry procedure. Then the
gel was calcined in a muffled oven at 350, 450 and
550°C for 10h in air, respectively. The appearance of
the material is white and hard pieces after drying in
vacuum and calcining at 350, 450 and 550°C, respec-
tively. During the whole preparation process, the tem-
perature was strictly controlled at room temperature.
The temperature of the sol system would not exceed
40°C even after ultrasonic treatment for 20 min.

2.2. Characterization

The pH of the sol system was monitored using a
Cole-Parmer 5986-50 pH meter. The Ny plus laser
scattering particle meter (Coulter) was used to mea-
sure the sol particle diameter distribution at 90° to the
light beam. A He—Ne laser operating at 10mw was
used as the light source. Drops of the sol system were
diluted in the sample cuvette with water to give ap-
propriate intensity for the measurement. BET surface
area and pore size distribution were determined by N,
adsorption—desorption at 77 K, using BET, BJH and
MP methods, respectively. Measurement was made
on an Omnisorp-100CX apparatus from Coulter. All
samples were previously desorbed at 300°C under
vacuum (1070 Torr) for at least 2h before recording
their isotherms. The phases of all samples were an-
alyzed by powder X-ray diffraction with a Rigaku
D/MAX-RB using a copper target at 40kV and
100 mA. DTA was done on a Perkin-Elmer TDA-1700
instrument in the temperature range of 20-850°C, and
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the conditions were: heating rate 5°C/min, air flow
30 cm3/min. 2’Al NMR spectra of solution samples
were recorded in a DRX400 (Bruker) spectrometer
operating at 104.3 MHz. Chemical shifts were refer-
enced to 1 M Al(SO4)3 solution. The SB2200 com-
mercial ultrasonic cleaner from BRANSON was used
as the ultrasound source. The operating frequency of
this ultrasonic cleaner is 50 kHz. The sound intensity
is 80 W/cm?. The solvent capacity is 31. TEM was
performed on a JEM1200EX transmission electron
microscope, with a 100kV accelerating voltage. The
sol specimen was diluted to 0.01 M before observa-
tion. The solid specimen calcined at 450 and 550°C,
respectively; were crushed into powders, embedded
in metal copper and polished on both sides of the
specimen until the powder was exposed. Then ion
etching was performed to make the specimen trans-
parent to electron [10]. In order to keep the original
structure of the powder, high temperature treatment
and chemicals including acid and base were not used
during the specimen preparation for TEM.

3. Results and discussion

3.1. Particle diameter distribution and
pH value of the alumina sol

Fig. 1 shows the particle diameter distribution of
different alumina sols characterized by the laser light
scattering meter. In order to elucidate more clearly,
we used the [HT/[AI*+] molar ratio to investigate
the effect of the acid. As can be seen in Fig. 1, the
alumina sols of different concentrations or peptized
at different [HT]/[AI’T] molar ratios all have narrow
particle diameter distributions. The result of SDP anal-
ysis shows that over 90 wt.% of the particle diameter
of every sol was within 20-60 nm. The morphology
of the sol particles (0.42M, [HT]/[AI’*] = 0.27) is
directly observed by TEM in Fig. 2. The TEM results
reveal that the spherical particles disperse well in this
sol system. The results of TEM and laser light scatter-
ing measurements imply that alumina sols with good
dynamic stability and a narrow particle diameter dis-
tribution can be obtained by the procedure proposed.

From the experimental data shown in Table 1, it is
evident that the acid concentration also exerted influ-
ence on the stability of the alumina sol. The translucent
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Fig. 1. Particle diameter distribution of the alumina sol. A, B
and C indicate the particle diameter distributions of 0.42M sols
peptized at [HTJ/[AI>*] ratios of 0.24, 0.27 and 0.3, respectively;
D indicates the particle diameter distribution of 0.12 M sol peptized
at [HYJ/[APPF] ratio of 0.09.
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Fig. 2. TEM image of alumina sol obtained by the proposed
process.
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Table 1

Influence of preparation condition on the qualities of the alumina sol

Sample Concentration of Concentration of [HTV[APT) Average particle

number AI(NO3)3 (mol/l) alumina sol (mol/l) molar ratio pH value Diameter (nm)
Al 0.96 0.42 0.24 4.27 19.2

A2 0.96 0.42 0.27 4.14 35.7

A3 0.96 0.42 0.30 4.17 39.8

A4 0.20 0.12 0.09 4.59 13.6

and homogeneous sol of 0.12 M can only be achieved
at [HT]/[AI’T] molar ratios higher than 0.09, whilst
the stable sol of 0.42M can only be obtained when
[HT/[AI**] molar ratios higher than 0.24. This is
quite different from the results reported in the litera-
ture, where the [HT]/[AI’T] ratio used was nearly the
same for different concentrations of the sols. This ratio
was between 0.07 and 0.1 [4]. Furthermore, Table 1
also shows that the sol can be stabilized at higher pH
values as compared with the alumina sol of pH value
equivalent to 3.6 by the Yoldas method [11]. The in-
terpretation of these strange phenomena will be given
in the later section of this article.

3.2. Characterization results of >’ Al
NMR, XRD and DTA

Before discussing the results further, a few
remarks should be made about the crystalline struc-
ture and the preparation condition of the Alj3’*
species. The tridecamer polyoxocation of aluminum
[AlO4A112(OH)24(OH2)12]7+ has a structure in which
the central tetrahedrally coordinated aluminum is
surrounded by 12 edge-linked and octahedrally co-
ordinated aluminums. This Alj37t species is often
prepared by base hydrolysis of aluminum salts in an
aqueous solution at OH/AI ratios of 0.8-2.5 [12,13]
(the theoretical OH/Al value for Alj37t is 2.46). In
this work, we studied the aluminum species in the sol
by 2’ A1 NMR. Several representative 2 Al NMR spec-
tra are shown in Fig. 3. Fig. 3A shows the spectrum
of the alumina sol that was formed after acid adding
and ultrasonic treatment. The sharp peak at 0ppm
in Fig. 3A is attributed to monomer octahedral-Al
resonance, and the broad peak centered near 5 ppm
is ascribed to oligomer octahedral-Al resonance. The
sharp signal at 63 ppm has also been assigned to the
tetrahedral-Al and this peak is a significant proof in

confirming that the Al;3’* species exists in this sol
[14]. The spectrum B in Fig. 3 is the >’ Al NMR spec-
trum recorded immediately after the adding of acid to
the suspension but without ultrasonic treatment. We
can see that the spectra A and B are similar to each
other. This result suggests that the Al;3’" species
appears just after the adding of the acid to the suspen-
sion. As can be seen in Fig. 3C, the Alj3’" species
can also exist in the 0.12M sample of the alumina
sol. Thus, two points of the 27 A1 NMR results deserve
special comment. First, the Alj3’" can be prepared
by adding a suitable amount of acid to the aluminum
hydroxide suspension, besides by base hydrolysis of
aluminum salts in aqueous solutions. Another point
is that the Alj3”t can exist in the alumina sols at
room temperature. This one is quite different from
the results reported in the literature, such as the work
of Olson and coworkers [15,16], which showed that
there was no Alj3’* species in the alumina sol.

The crystalline phase of the gel that was carefully
dried in vacuum at room temperature is also shown
in Fig. 4. In this XRD pattern, the dominant phase
is pseudoboehmite, also called gelatinous boehmite,
which has a water content of 1.3—1.8 mol H>O:1 mol
Al,O3, as compared with the 1:1 ratio observed in
boehmite. Thus, pseudoboehmite has an X-ray diffrac-
tion pattern which is similar to that of boehmite.
In order to confirm the XRD result, we conducted
DTA analysis. The DTA profiles are also illustrated
in Fig. 4 for the gel and the pure boehmite samples,
respectively. In the DTA curve of the gel sample, an
endothermic peak is observed at 250°C and can be as-
cribed to crystal transformation from pseudoboehmite
to y-AlpO3. As for the pure boehmite sample, the
450°C endothermic peak is attributed to the transfor-
mation of boehmite to y-Al,O3 [2,17]. The results of
the DTA analysis testify that the gel phase is essen-
tially pseudoboehmite. Therefore, in the preparation
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Fig. 3. 27 Al NMR spectra of different samples. (A) The spectrum of 0.42 mol/l sol peptized at [Ht]/[A1’+] ratio of 0.27; (B) the spectrum
recorded just after the adding of the acid, but no ultrasonic treatment; (C) the spectrum of 0.12mol/l sol peptized at [HTV/[AP] ratio of

0.09.

method proposed in this article, the transformation of
pseudoboehmite to bayerite at room temperature is
hindered.

3.3. The effect of ultrasonic treatment

As mentioned before, the alumina sol is often
prepared from alkoxides at temperatures higher than
80°C. The reasons why this procedure should be car-
ried out at above 80°C are: (1) cold-water hydrolysis

forms pseudoboehmite that transfers to bayerite upon
aging through a dissolution—recrystallization process,
and the bayerite cannot be peptized by acid due to the
large crystal size [9], and (2) a higher temperature can
provide certain energy to break down the weak bonds
that cause aggregation between the particles. In recent
years, ultrasound has been found many new applica-
tions in chemistry. According to the article on this
subject, ultrasound provides a form of energy which
can modify the chemical reactivities in different ways,
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Fig. 4. The XRD pattern of the gel dried in the vacuum and DTA curves of the gel and the pure boehmite sample. The solid line curve

is the gel, and the dot line is the boehmite.

as comparing with other conventional energy sources
such as heat, light or pressure [18]. Combining with
the concepts shown before, our attention is drawn on
the possibility of utilizing ultrasound to replace heat
in the preparation of alumina sol, so that the operating
temperature can be controlled below 80°C. The results
shown in Fig. 1 and Table 1 have actually indicated
that the stable sol which has narrow particle diameter
distribution can be obtained by using ultrasound in
this work. As far as we know, this is the first report
on the preparation of stable alumina sols below 80°C.

In general, the effect of ultrasound includes heat
effect, mechanical effect and other effects. In this
experiment, the temperature of the sol system was
measured during the ultrasonic treatment. The result
showed that it was not higher than 40°C after the
ultrasonic treatment 20 min. Therefore, the heat effect
is not a main factor in this study. As discussed before,
the Alj3”" species appears just after the adding of
the acid. Thus, the effect of ultrasound in this work
does not cause the occurrence of a chemical reac-
tion. What is the main effect of the ultrasound in this
study? From detailed calculation, we can answer this
question.

Using SB2200 ultrasound instrument, with f =
50kHz,I = 80W/cm?, C = 1500m/s,p =
1000 kg/m?, we have

Pa = 2pCDH'/? = 1.549 x 10° (1)

Py 1.549 x 10°

A PR T 1033 2
pC 1500 x 1000 @

Vo =

dv 5
ag = — =2nfvg =324 x 10

dr
where C is the transmission velocity of sound in wa-
ter, I the sound intensity, vp the maximum velocity of
the particles (in m/s), p the density of water, f the fre-
quency of ultrasound, ag the maximum acceleration
of the particles (in m/s?), and P, the sound pressure
(in N/s?).

The calculation result shows that the maximum
acceleration of the particles is 3.24 x 10° m/s*> dur-
ing the ultrasonic treatment under the experimental
condition [19]. This value is 3.3 x 10* times as much
as the value of gravity acceleration. Thus, the ultra-
sonic treatment can provide enough energy to break
down weak bonds that cause particle aggregation at
room temperature, as compared with the mechanical
stirring.

In this study, although the suspension has already
been peptized to small particles after the adding of
the acid, a translucent and homogeneous sol is not
formed, because most of the small particles aggregated
together. The weak bonds such as van der Waals force
are the main reason that cause this aggregation at room
temperature. Since enough energy can be provided
by the ultrasound, as calculated previously, the ultra-
sound applied immediately after the adding of the acid

3
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Fig. 5. Particle diameter distribution of alumina sols treated by ultrasound for different time and measured immediately. (A) Treatment by
ultrasound for 10 min; (B) treatment by ultrasound for 13 min; (C) treatment by ultrasound for 16 min; (D) treatment by ultrasound for19 min.

can smash the weak bonds to form a stable sol system.
Therefore, the dissolution—recrystallization process
that caused the transformation of pseudoboehmite
to bayerite is hindered, because the pseudoboehmite
particles are protected by the double layer of the sol.
In summary, in this study, ultrasonic treatment is one
of the important factors for preparing alumina sols at
room temperature from inorganic salts.

Fig. 5 shows the effect of ultrasonic treatment on
particle diameter distribution of the sol. In Fig. 5, we
can see that the particle diameter distributions mea-
sured by the laser light scattering meter are dissimilar
after ultrasonic treatments for 10, 13, 16 and 19 min,
respectively. The large particles appearing after treat-
ing for 13, 16 and 19 min, together with the smaller
particles, can also be observed by comparing Fig. 5B
and C with Fig. 5SA. The change tendency of the pH
value is shown in Fig. 6. We can see that the pH
value decreases with the increase of treatment time.
A possible explanation of these phenomena is the
agitation of the double layer of the sol by ultrasound.
The steady double layer structure of the sol particles
has already been formed after ultrasonic treatment
for 10 min. Further treatment will destroy this double
layer again. Some protons will desorb from the par-
ticles to the solution and cause a decrease of the pH
value. Thus, the stability of the sol particles is broken.

Large agglomerates can then be regenerated due to the
inter-particle contact, and a broad diameter distribu-
tion is therefore formed. In another way, the smaller
particles can also be obtained by ultrasonic treatment
for a longer time. But this system is unstable, and the
large agglomerates will precipitate. The experimental
results shown in Figs. 5 and 6 suggest that ultrasonic
treatment has a great influence on the pH value and
the particle diameter distribution of the sol. Fig. 7
shows the particle diameter distribution of the sol that
was treated by ultrasound for 10 min but measured at
different time. Plot A in Fig. 7 shows the particle di-
ameter distribution measured just after the treatment,
while plot B in Fig. 7 shows the particle diameter dis-
tribution measured 1 year later. By comparing these
two plots, it is evident that the particle diameter distri-
bution had not changed after 1 year. This result sug-
gests that 10 min is the best ultrasonic treatment time.

3.4. The formation mechanism of the alumina sol

As discussed in Section 3.1 of this article, the
[HTJ/[AI**] ratios used to prepare alumina sols un-
der different concentrations are not identical, and the
alumina sols can be stabilized under the condition
of higher pH values. In an attempt to provide an an-
swer to these strange phenomena, a new formation
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Fig. 6. The relationship between the pH value and the treatment time.

mechanism of the sol has been suggested based on
the results of 2’ Al NMR and XRD characterization.
The precipitate was formed after adding sufficient
ammonium hydroxide to the aluminum nitrate solu-
tion. After washing for several times, the pH value
of the suspension was near 7.0. Under this condition,
amorphous aluminum hydroxide and pseudoboehmite
were the main components in the precipitate, as

reported in the literature [20]. Then a certain amount
of acid was added to this suspension. According to
the results reported by Ono et al. [20], both these
amorphous aluminum hydroxide and pseudoboehmite
were stable at alkaline condition, but the amorphous
aluminum hydroxide would readily dissolve in acid,
while the pseudoboehmite would not. So part of
the acid would react with the amorphous aluminum
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L 1 L 1 L
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Fig. 7. The particle diameter distribution of the alumina sols treated by ultrasound for 10 min and measured at different times. (A) Measured

just after treatment; (B) Measured 1 year after treatment.
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hydroxide to form the Alj3”F species. We define this
part of the acid as [H; ™]. Eq. (4) shows this reaction:

13A1(OH); + 7H" 4+ H,0
— [AlO4Al12(OH)24(OHy) 121" )

The results of 2’ Al NMR in Fig. 3 have already in-
dicated this aspect. But another part of the acid was
used as a catalyst [2] to peptize the pseudoboehmite
suspension in the precipitate to form smaller particles,
and we define this part of the acid as [HoT]. Actually,
these two reactions occur at the same time. In fact, the
[HT J/[AI**] molar ratio used can really be written as
{[H;r 1+ [Hf]} /{[pseudoboehmite] 4+ [amorphous alu-
minum hydroxide]}. Thus, it is reasonable to believe
that the acid used is not only to peptize but also to
react with the hydroxide to produce Alj3’* species.
This is the first time to report that the acid used in the
preparation of the sol has two functions. A stable sol
was formed after ultrasonic treatment, as has been dis-
cussed previously. The whole formation mechanism of
this alumina sol suggested by us is illustrated in Fig. 8.

Because the acid has two functions, it is easier to
understand why the [HT]/[AI’T] ratio used to prepare
the alumina sol under different concentrations is not
identical. If the concentration of the aluminum nitra-
tion solution is different, the content of amorphous
hydroxide and the pseudoboehmite in the precipi-
tate are also different. Then the [H; 1] used to react
with the hydroxide will be dissimilar. But in an-
other way, the [H,™]/[pseudoboehmite] ratio used
is similar because [H,T] is used just as a catalyst
for peptization. Consequently, the {[Hi|r 1+ [HT]} /
{[pseudoboehmite] 4 [amorphous aluminum hydrox-
ide]} ratio (the [H*]/[AI**] ratio) used is not the same
in preparing the sol with different concentrations.

Inorganic —OE-bpredpitate ﬂ 60 addirg “,,.id +6b©
salt ®

¥ aluminum hydroxide

(O pseudoboehmite aggregation
O sol particle

& Al polymer

+ H+

Fig. 8. The alumina sol formation mechanism.

Because some part of the acid was consumed to
react with the amorphous hydroxide for producing the
Al37t species, it is rational to find that the pH value
of this alumina sol is higher than the value reported in
the literature. As is well know the stability of the sol
is mainly due to the inter-particle electrostatic repul-
sion. However, some excellent work done by Ramsay
et al. [8] showed that there is another short-range
repulsion force which can arise from the presence of
polymeric aluminum cations in colloidal systems. In
this work, the result of 2’ Al NMR has already proved
the existence of the Alj3”+ species. Thus, it is reason-
able to suggest that some of the Alj3’+ polymers ad-
sorbed on the sol particles can provide a short-range
inter-particle repulsion. In addition to the inter-particle
electrostatic repulsion, this short-range inter-particle
repulsion can also provide an extra force that makes
the sol particles to become stabilized at higher pH
values.

3.5. The surface area and pore size
distribution of alumina materials

The 0.42 M precursor sol peptized at the [HT ]/[AI3T]
ratio of 0.27 was dried according to the proposed
method and calcined at different temperatures to
obtain various crystalline phases of alumina. An ex-
perimental study of the adsorption and desorption
branches of the nitrogen isotherms was carried out
for these alumina samples. Fig. 9 shows the plots of
the isotherms of the samples calcined at 350, 450 and
550°C, respectively. As can be seen in Fig. 9, nos. 1
and 3 are I + IV type adsorption isotherms, but no.
2 is a typical IV type adsorption isotherm. The H2
type hysteresis loops are observed in all cases, thus
indicating the existence of the mesoporous texture.
In the relative pressure range between 0.05 and 0.25,
the experimental data can be fitted with excellent
agreement to the well-known BET equation (linear
correlation better than 0.999). The specific surface
area data of the samples calculated by the BET equa-
tion is shown in Table 2. The surface area of the
sample is 178.57 m?/g at 350°C and 265.72 m?/g at
450°C. When the temperature rose to 550°C, this
value decreased to 158.37 m?/g.

Another feature of this alumina is its pore size dis-
tribution. Considering that the BJH method is only
used to calculate the mesopore distribution from the
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Fig. 9. Adsorption—desorption isotherm plots of aluminas calcined at different temperatures of: (1) 350°C; (2) 550°C; (3) 450°C.

desorption isotherm, the MP method which is an
extension of the #-plot procedure was applied to cal-
culate the micropore distribution from the adsorption
isotherm [21]. The calculation results in Table 2 show
that micropores and mesopores existed together in
aluminas calcined at 350 and 450°C. But micropores
disappeared entirely and there was only mesopore in
alumina after calcined at 550°C. Fig. 10 shows the
pore size distribution of the alumina at 550°C, as cal-
culated by the BJH method. In Fig. 10, the alumina
sample gives a single maximum in its distribution,
centering around 3.6 nm. In order to check the exis-
tence of microporosity in this sample, the MP method
is used again to calculate the micropore distribution
from the adsorption isotherm. The result suggests

Table 2
Influence of calcination temperature on the texture of the sample

45

—®@—The pore size distribution of alumina
35+
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DVP/DRP
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Fig. 10. Pore size distribution of the alumina calcined at 550°C.

Temperature (°C) Specific surface area (m2/g)

Pore volume (ml/g)

Pore size distribution (nm)

Micropore Mesopore Micropore Mesopore
350 178.57 0.0982 0.044° 1-1.8° 3-4.0°
450 265.72 0.1592 0.080° 1.3-22 3.5-4b
550 158.37 - 0.13° - 2.8-4.2b

4 Calculated from adsorption isotherm by the MP model.
b Calculated from desorption isotherm by the BJH model.
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that, according to this method, no microporosity can
be detected in this sample. In most cases, the meso-
porous alumina was prepared by using templates to
form and adjust the pore size [22,23]. The results
shown in Fig. 10 and Table 2 imply that the alumina
with uniform mesoporous distribution and large sur-
face area can be prepared by using this alumina sol
as a precursor and after calcined at 550°C, without
using any templates.

In order to investigate the phase transformation
and the relationship between the pore size distribu-
tion and the crystalline phase, powder XRD patterns
were recorded as a function of the calcination tem-
perature. Fig. 11 shows the X-ray powder diffraction
patterns of the samples calcined at different tempera-
tures. As can be seen from Fig. 11, the initial phase
is pseudoboehmite. Then this pseudoboehmite began
to disappear after calcined at 350°C. Subsequently,
v-Al, O3 appeared at 450°C and this y-Al,O3 phase
was completely formed when the temperature in-
creased to 550°C. The morphology of the alumina
particles calcined at 450 and 550°C, respectively, was
also detected by TEM, and Fig. 12 shows these TEM
images. It is obvious that needle-like and spherical
particles co-exist in picture A of Fig. 12, but there are

* 550C *

CPS
n

10 20 30 40 50 60 70
20 (O)

Fig. 11. XRD patterns of pseudoboehmite gel and alumina calcined
at 350, 450 and 550°C, respectively. () pseudoboehmite; (*)
v-Al,O3.

only pure spherical particles in picture B. This results
indicate that the particle morphology changes during
the heat treatment. Combining with the results of the
TEM and XRD, we know that the needle-like parti-
cles are pseudoboehmite and the spherical particles
are y-alumina. When the temperature was increased

Fig. 12. TEM image of the alumina obtained by calcining at 450 and 550°C, respectively. (A) 450°C; (B) 550°C.



108 N. Yao et al./Catalysis Today 68 (2001) 97-109

to 550°C, the needle-like pseudoboehmite particles
disappeared, so that there was only pure spherical
v-AlL O3 particles in the sample.

Trimm and Stanislaus [2] have summarized the
controlling of the pore size in alumina. They showed
that the micropores in alumina are originated from
spaces within the particle, which are caused, for ex-
ample, by the removal of the water from between the
crystal planes. In addition, the mesopores in the alu-
mina are related to the following factors. First is the
size, shape and packing type of the primary particles.
The other one is the size of the secondary particles.
On the basis of these concepts and the results of
XRD, TEM and nitrogen adsorption and desorption,
we conclude that the micropores appearing in the
samples calcined at 350 and 450°C, respectively,
are originated from the spaces within the particles
due to dehydration between the crystal planes of
the pseudoboehmite. When the temperature was in-
creased to 550°C, the phase transformation from
pseudoboehmite to y-Al,O3 was complete, and there
was only the pure y-Al,O3 phase in the sample. In
other words, the micropores disappeared too.

As for the mesopores, the results of TEM show that
there are spherical particles existing in the alumina
calcined at 450°C, so it is reasonable to suggest that
the mesopores in the sample come from the packing of
these spherical particles. Because the y-Al, O3 phase is
not clear at 350°C (Fig. 11), thus there are few spheri-
cal particles. Therefore, there is only a little mesopore
volume. Considering that there are also needle-like
pseudoboehmite particles existing in the samples cal-
cined at 450°C, therefore, the materials do not exhibit
a uniform mesoporous distribution. When the temper-
ature was increased to 550°C, the texture which con-
sisted of the spherical y-Al,O3 particles occurred in
the final material. This result is in accordance with the
work reported by Ismagilov et al. [24]. They showed
that calcination of aluminum hydroxide granules in
the temperature range of 500-600°C produced spher-
ical y-Al>O3. In our study, the size of these spherical
particles is similar because the precursor sol has
a uniform particle diameter distribution. Therefore,
the voids, which come from the regular packing of
these spherical particles, form the uniform mesopores
at 550°C.

This result indicates that the formation of uni-
form mesopores is related to the morphology of the

particles. Thus, preparation of the sols that have a
uniform particle diameter distribution is not the only
factor to be considered during the preparation of the
materials with uniform pore size distribution from
the sol—gel process, but the crystalline phase of the
materials and the particle morphology are also factors
need to be pondered.

4. Conclusion

A novel sol-gel process has been developed, in
which the alumina sol can be prepared at room tem-
perature from inorganic salts. This novel sol-gel
process can be used to prepare uniform mesoporous
aluminas. The application of ultrasonic treatment
to provide energy instead of heating is one of the
important factors to obtain a stable sol at room tem-
perature. It is shown that the ultrasonic treatment
exerts influence on the particle diameter distribution
and the pH value of the sol. Additionally, ultrasonic
treatment forlOmin is found to be the best treating
time. 27Al NMR characterization shows that Alj3’t
species exists in the alumina sols, and short-range
repulsion between these Aljz’+ species provides an
extra force to make the sols to become stabilized at
higher pH values. The role of the acid in this work is
not only for peptizing, but also for reacting with amor-
phous aluminum hydroxide to produce the Aljz’*+
polymer. This is the most important reason why the
[HT)/[AIPT] ratios used are different for preparing
sols under different concentrations. Based on the re-
sults of the characterizations of 27 Al NMR, DTA and
XRD, a formation mechanism of the alumina sol is
suggested. This mechanism explains quite well some
new phenomena exhibited by these alumina sols.

The results of TEM show that the morphology of
the particles changes with the calcination temperature.
The morphology of the particles is spherical in the
sol system. If the calcination temperature is 450°C,
needle-like and spherical particles exist together.
When the temperature is increased to 550°C, there are
only pure spherical particles in the resulting material.
The results of N> adsorption—desorption experiments
show that micropores and mesopores exist in the alu-
mina when calcined at 350 and 450°C, respectively.
After calcined at 550°C, the alumina exhibits uniform
mesoporous distribution. These uniform mesopores
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are formed from the voids which are originated from
the regular packing of the spherical particles. There-
fore, the results of this work imply that the pore size
distribution of the alumina is related to its crystalline
phase and the morphology of the particles.
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