JOURNAL OF MATERIALS SCIENCE 29 (1994) 2459~2466

Synthesis of large pore-size and large
pore-volume aluminas by glycothermal
treatment of aluminium alkoxide and

subsequent calcination
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Aluminas were prepared by calcination of the products obtained by glycothermal treatment of
aluminium alkoxides, and their pore structures investigated by means of the nitrogen
adsorption technique and mercury porosimetry. The product had a honeycomb-like texture
which developed well with increasing crystallite size of the product. The crystallite size of the
product was in turn controlied by the glycol used, and increased in the following order
(carbon number of glycol): 2 < 3 < 6 € 4. The honeycomb-like texture was preserved even
after calcination. Because of the well-developed honeycomb-like texture, the alumina derived
from the product obtained by the treatment of aluminium isopropoxide in 1,4-butanediol had
quite large pore diameters (70 and 700 nm) and a large pore volume (2.4 cm3g~") with a

sufficient surface area (184 m?g~").

1. Introduction

Alumina is most widely used for supports of industrial
catalysts; it is inexpensive, reasonably stable and can
be provided with a wide range of surface areas and
porosities suitable for a variety of catalytic appli-
cations [1]. To avoid diffusion problems, large pore-
size aluminas are usually favoured in industrial
processes. For example, in hydrotreatment of heavy
oil, shale oil, tar sand liquid or coal liquid, the catalyst
with a larger pore-size showed a better performance
than that with a smaller pore-size, despite having a
smaller surface area [2, 3]. This is explained by the
ease of diffusion of large molecular-weight reactant
molecules in larger pores. Moreover, when catalysts
with small pores are used in this reaction, metals such
as V and Ni are deposited at the entrance of the pores,
and finally metal particles blockade the pores. This
completely destroys catalyst activity, even though the
core of the catalyst is still active; this phenomenon is
known as ‘pore mouth plugging’ [4].

For a mass of agglomerate composed of the closest
packing of spherical particles, specific surface area (S)
and mean pore radius () are given by the following
equations:

s =, (1)

where a and p are the radius and density of the
particles, respectively. Obviously, with an increasing
radius of the particles, the pore size becomes larger.
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However, at the same time the specific surface area
decreases, which is undesirable for most catalyst uses.
To solve this dilemma, several techniques have been
developed [5—11]. One method is to form micropores
within the large particles [5-10]. Calcination of well
crystallized aluminium hydroxides or oxyhydroxides
forms intraparticle pores within the pseudomorph of
the original crystal of the hydroxides or oxyhydrox-
ides. In another method, combustible materials such as
fibre and carbon black are mixed with an alumina
source such as pseudoboehmite (microcrystalline
boehmite) and the admixture is pelleted and then fired
[11]. In addition to the mesopores developed between
alumina particles, macropores are formed after com-
bustion of the admixed materials. However, macro-
pores formed in this way are not always open to the
outside of the pellet, and therefore only small portions
of the macropores may be effective. Moreover, when
the proportion of the macropore is increased by the
increased amount of combustible material, the mech-
anical strength of the pellet drastically decreases.

If primary particles are irregular in shape, the
above-mentioned relation does not hold any more.
This problem may be overcome by making primary
particles as irregular as possible. During the course of
a long-term study on controlling the pore texture of
alumina support [12-15], it has been found that the
thermal treatment of crystalline aluminium hydroxide
(gibbsite) in a glycol medium (glycothermal treatment
of gibbsite) yielded a novel derivative of boehmite, in
which the glycol moieties were incorporated into the
boehmite layers [14]. In a subsequent paper [15], it
was reported that the glycothermal treatment of
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aluminium alkoxides also yielded the glycol derivative
of boehmite.

In the present paper, the pore texture of aluminas
prepared by calcination of the products obtained by
glycothermal treatment of aluminium alkoxide is re-
ported.

2. Experimental procedure
2.1. Glycothermal treatment of aluminium
alkoxide
A suspension of 12.5 g aluminium triisopropoxide
(AIP)in 130 cm?® of a glycol [ethylene glycol (EG), 1,3-
propanediol (PG), 1,4-butanediol (BG), or 1,6-hexa-
nediol (HG)] was placed in a test tube, which was then
set in a 300 cm? autoclave. An additional 30 cm?® of
the glycol was placed in the gap between the autoclave
wall and the test tube. After the atmosphere inside the
autoclave was thoroughly replaced with nitrogen, the
mixture was heated to the desired temperature
(250-300°C) at a rate of 2.3°Cmin ! and held at that
temperature for 2 h under the spontaneous vapour
pressure of the glycol. After the mixture had been
cooled, the resulting precipitates were washed with
methanol by repeated cycles of centrifugation and
decantation, and then air-dried. The product was fine
white powders, and was stable in wet atmosphere.

2.2. Calcination

Two series of experiments were carried out. In one
series, the samples obtained by glycothermal treat-
ment were pre-dried at 130 °C for 2 h; then calcined at
600 °C for 2 h in a box furnace. In the other series, pre-
dried samples were heated at the rate of 2.5°Cmin~!
in a tubular furnace under a 40 dm®min~! air flow.
During the course of heating, small portions were
taken out from each sample at the desired temper-
atures and the rest was further heated. Thus alumina
samples calcined at up to 1200 °C were obtained. The
calcined samples were kept in a desiccator or in sealed
ampoules. These aluminas will be designated by the
abbreviations for the media used in glycothermal
treatment, followed by the calcination temperatures in

degrees Celsius in parentheses. The original samples
from the glycothermal treatment will be specified by
the term “as syn” in parentheses.

2.3. Characterization

X-ray diffraction (XRD) was measured on a Rigaku
Geigerflex-2013 diffractometer employing CuK« radi-
ation and an Ni filter. Nitrogen adsorption isotherms
were measured on a Micromeritics AccuSorb 2100E
instrument at 77.4 K employing the conventional con-
stant-volume method. Isotherms and surface areas
were quoted for 1 g of outgassed solid without correc-
tion for the water or organic moiety remaining after
outgassing at 180 °C for 2 h for the calcined aluminas,
or at room temperature for 9 h following to drying at
130°C for 2 h for the products. Surface areas were
calculated by applying the usual BET procedure to the
adsorption data, taking the average area occupied by
a nitrogen molecule as 0.162 nm?,

Pore size distribution curves in the range 3-30 nm
were calculated from the nitrogen adsorption iso-
therms by the Cranston—-Inkley method [16] and
those in the range larger than 30 nm were determined
by a mercury porosimeter, Micromeritics Auto-pore
9200.

The morphology of the products was observed with
a scanning electron microscope (SEM), Hitachi-
Akashi MSM-102.

3. Results and discussion
3.1. General features of the glycothermal
treatment of AIP

As the pore textures of the products obtained by
glycothermal treatment of AIP and of the derived
alumina are closely related to the reaction paths,
general features of the reaction will be briefly de-
scribed in this section. As discussed in a previous
paper [15], glycothermal treatment of aluminium alk-
oxide at 300 °C yielded the glycol derivatives of boehm-
ite, the structure of which was identical to that of the
product obtained by the glycothermal treatment of
gibbsite [14]. Some properties of the products obtained
by the glycothermal treatment of AIP in various

TABLE I Properties of the products obtained by the glycothermal treatment of aluminium isopropoxide in glycols at 300°C for 2 h

Properties Ethylene glycol 1,3-Propanediol 1,4-Butanediol 1,6-Hexanediol
Glycol/Al 0.57 0.37 0.26 0.22
Crystallite size* (nm) 5 11 29 13
Surface area (m? g~ 1) 516 223 150 nd.
Ignition loss (%) 39.5 317 37.8 36.7
Bulk density 0.28 0.19 0.14 0.42
Pore volume (cm?® g™ 1)

(D < 30 nm) 0.69 0.86 0.41 n.d.

(D > 30 nm) 1.58 2.52 1.43 0.66

Total 227 3.38 1.83 nd.
Mode pore diameter {nm)

mesopore region 4 20 100 nd.

macropore region 1000 1000 n.d.

2 Calculated by the Scherrer equation; shape factor, K, taken as 1.84.
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glycols at 300°C are given in Table 1. The crystal-
lite size of the product calculated from the half-height
width of the 020 diffraction peak varied with the
carbon number of glycol and increased in the follow-
ing order:

2 < 3 < 6 < 4 (carbon number of glycol).

The amount of glycol moieties remaining in the prod-
uct decreased with increasing crystallite size (growth
of layers) of the product, suggesting that the cleavage
of the glycol moiety was the key factor controlling
crystallite size. As the order mentioned above agreed
with the order of the solvolysis rate of ®-methoxyalkyl
p-bromobenzenesulphonate (CH;O(CH,),0Bs) [17],
it was concluded that heterolytic cleavage of the C-O
bonds of HO(CH,),-O-Al <, formed by alkoxide
exchange between aluminium alkoxide and glycol,
controlled the development of the boehmite layer
structure. In the case of BG, the cleavage of the C-O
bond was accelerated by the intramolecular particip-
ation of the hydroxyl group, as depicted below:

CH,—CH,
/ ~ -
CH, CH,—O0-Al<—» + O™ -Al<
. o
H

A honeycomb-like texture (Fig. 1), as observed in
the product obtained by the glycothermal treatment of
gibbsite [14], was also seen in the product, and the
texture developed well with the increase in crystallite
size of the product.

3.2. Pore structure of the products obtained
by glycothermal treatment of AIP in
various glycols

Nitrogen adsorption isotherms of the products are

shown in Fig. 2a. De Boer [18] classified the shapes of

hysteresis loops of adsorption—desorption isotherms
into five categories. According to his classification, the
isotherms of PG(as syn) and BG(as syn) belong to the

E-type hysteresis, which is explained either by pores

with an ink-bottle shape, or by pores having varying

Figure 1 Scanning electron micrograph of the product obtained by
glycothermal treatment of aluminium isopropoxide in 1,4-butane-
diol at 300°C for 2 h.
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Figure 2 Nitrogen adsorption isotherms (a) and t-plots (b) of the
products obtained by glycothermal treatment of aluminium isopro-
poxide in various glycols at 300°C for 2h. O, Ethylene glycol;
O, 1,3-propanediol; A, 1,4-butanediol.

widths. For the present samples, the latter explanation
seems to be more feasible as the pores formed between
primary particles have varying widths. The hysteresis
loop of EG(as syn) appears to belong to the B-type,
explained by slit-shaped capillaries with parallel walls.
As the boehmite layer structure of EG(as syn) was
only poorly developed, slit-shaped micropores may
have been formed between small plate-like crystals of
the glycol derivative of boehmite.

More information can be obtained from Lippens—
de Boer’s t-plot [19, 20] (Fig. 2b). In the t-plot, the x
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and y coordinates are the statistical thickness of the
nitrogen layer adsorbed on non-porous solids and the
amount of nitrogen adsorbed on the products, respect-
ively. Lippens & de Boer [20] classified the shapes of
t-plot into three types. When a sample has neither
micro- nor mesopores, the ¢-plot exhibits a straight
line going through the origin. When a sample has
micropores, the slope of the t-plot decreases abruptly
after micropores are filled with adsorbate molecules.
When a sample has mesopores, the slope of the ¢-plot
increases because of capillary condensation of adsorb-
ate molecules into mesopores.

The t-plot of EG(as syn) showed a decrease in slope
due to the micropore filling [207]. The slope of the
t-plots of PGf(as syn) and BG(as syn) increased, indic-
ating that both samples had mesopores. As capillary
condensation in BG(as syn) began at a larger ¢ value,
BG(as syn) had larger mesopores than PG(as syn),
which is further confirmed by the pore size distribu-
tion curves shown in Fig. 3. In the mesopore region,
the curves of EG(as syn), PG(as syn) and BG(as syn)
had peaks at 4, 20 and 100 nm, respectively. Therefore
the mode pore diameter of the product increased with
increasing crystallite size (the primary particle size). As
discussed from the hysteresis loop, these pores were
formed between primary particles. Therefore the mode
pore diameter reflects the primary particle size.

The mode pore diameter of EG(as syn) was larger
than expected from the t-plot. However, the pore size
distribution curves are derived from differentiation of
the plots for the cumulative pore volume against the
logarithm of the pore diameter. The population of
wider pores is always exaggerated by this type of
distribution curve, and the curve for the surface area
distribution of EG(as syn) against the pore diameter
exhibited a peak at 2 nm (lower limit of the pore
diameter which can be determined by the nitrogen
adsorption method).

As seen in Fig. 3, PG(as syn) and BG(as syn) had a
bimodal pore distribution and a distribution peak at
~ 1000 nm, in addition to the peaks at the mesopore
region. The macropores can be attributed to the voids
of the honeycomb-like texture shown in Fig. 1. The
absence of macropores of EG(as syn) is attributed to
the lack of the honeycomb-like texture.

The BET surface area and the bulk density of the
product decreased with increasing crystallite size of
the product (Table I). Generally, the bulk density of
powder materials increases with an increase in particle
size (or a decrease in the surface area). Nevertheless,
the bulk densities of the present products show a
tendency contrary to the general rule. This is ex-
plained as follows: with the increase in crystallite size
of the product, the surface area decreased, while the
honeycomb-like texture developed well. The honey-
comb-like texture possessed large voids (macropores)
and because of these voids, the product with a large
crystallite size (a lower surface area) had a low bulk
density.

3.3. Pore structure of aluminas prepared by
calcination of glycothermal treatment
products at 600°C

The products were calcined at 600°C and the pore

texture of the resulting alumina was examined. Ni-

trogen adsorption isotherms and t-plots of the alu-
minas are shown in Fig. 4a and b, respectively. The
t-plot of EG(600) showed an increase in slope due to

capillary condensation into mesopores, and then a

decrease in slope due to mesopores being filled with

nitrogen. This suggests that the pore size was distribu-
ted in a narrow range, which is actually shown by the
pore size distribution curve (Fig. 5). However, the
t-plot of EG(600) did not show any sign of the presence
of micropores. Because EG(as syn) had a small crystal-
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Figure 3 Pore size distribution curves of the products. (————— ) Ethylene glycol; (—-—-—-— ) 1,3-propanediol; (
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Figure 4 Nitrogen adsorption isotherms (a) and t-plots (b} of aluminas prepared by calcination of glycothermal products at 600°C.
O, Ethylene glycol; [, 1,3-propanediol; A, 1,4-butanediol; @, 1,6-hexanediol.
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Figure 5 Pore size distribution curves of the aluminas. (——~—— ) Ethylene glycol; (—-—-—-— ) 1,3-propanediol; (

(- -) 1,6-hexanediol.

lite size, the primary particles possessed a large surface
energy, and therefore had a good ability for sintering
the particles. Calcination of EG(as syn) resulted in a
large decrease in surface area (Table II). Sintering the
primary particles diminished the micropores formed
between primary particles, and the average diameter
of the resulting void was enlarged.

The slope of the t-plot of BG(600) slightly decreased
at around t=0.8nm and increased at around

1000 10000 100000

d (nm)

) 1,4-butanediol;

t = 1.5 nm, suggesting that BG(600) had both micro-
and mesopores. It is well known that calcination of
well-crystallized boehmite (crystallite size > 10 nm)
affords alumina with micropores inside the pseudo-
morph of the boehmite particles [10, 20] whereas
microcrystalline boehmite (crystallite size <10 nm)
does not create micropores on calcination [20-22].
The crystallite size of the glycol derivative of boehmite
in BG(as syn) was sufficiently large (29 nm), and there-
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TABLE II Properties of aluminas prepared by calcination of the glycothermal products at 600°C*

Properties Ethylene glycol 1,3-Propanediol 1,4-Butanediol 1,6-Hexanediol
Surface area (m? g™ 1) 354 297 184 284
Bulk density 0.23 0.15 0.13 nd.
Pore volume (cm® g~ ')
(D < 30 nm) 1.00 1.06 0.43 0.77
(D > 30 nm) 1.76 3.67 1.97 n.d.
Total 2.76 473 2.40 n.d.
Mode pore diameter (nm)
mesopore region 7 70 11
macropore region - 700 700 n.d.

2 Glycothermal treatment conditions as described in Table 1.

2 um
- —

Figure 6 Scanning electron micrograph of the alumina (BG(600))
prepared by calcination of BG(as syn) at 600 °C.

fore micropores seem to have been formed inside the
particles as water molecules and glycol moieties were
expelled from the particles to form an alumina lattice.
However, the surface area calculated from the slope of
the second segment of the t-plot after all the micro-
pores were filled with nitrogen was 164 m? g™, which
means that the surface area due to micropores was
about 20m2g™ !, only 10% of the total surface area
(184 m2g™1).

The t-plots of PG(600) and HG(600) also showed an
increase in slope, which indicates that these aluminas
also had mesopores. In agreement with these results,
the pore size distribution curves of EG(600), PG(600),
BG(600) and HG(600) exhibited peaks at around 7, 16,
70-and 11 nm, respectively (Fig. 5 and Table II). The
mode pore diameter of the calcined alumina increased
with increasing crystallite size of the originating
sample.

In addition to the peak at the mesopore region, the
distribution curves of PG(600) and BG(600) exhibited
a peak at 700 nm. Because the honeycomb-like texture
was preserved even after calcination (Fig. 6), these
mesopores can be explained by this texture.

When pore structures of the product and the alu-
mina obtained by calcination of the product are com-
pared, the mode pore diameters of all the aluminas
except EG(600) were smaller than those of the corres-
ponding products. Judging from the BET surface area
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of the alumina, sintering of the primary particles took
place to a negligible extent during calcination. This is
attributed to the fairly large crystallite size of PGf(as
syn), BG(as syn) and HG(as syn). Because the forma-
tion of alumina from the glycol derivative of boehmite
is accompanied by a large decrease in crystallographic
specific gravity, each primary particle must have
shrunk during calcination. Because mesopores were
formed in the voids between primary particles, shrink-
age of the primary particles resulted in a decrease in
the mode pore diameter. As the honeycomb-like tex-
ture is formed by the crystals (not crystallite) of the
glycol derivative of boehmite, calcination also caused
shrinkage of the texture, resulting in a decrease in the
mode pore diameter in the macropore region.

Some properties of the aluminas are given in Table
II. In all the aluminas, pore volumes increased on
calcination; a part of this increase is attributed to the
weight loss per unit volume. The relationship between
bulk density and surface area of alumina was also
opposite to the general tendency. The bulk density of
BG(600) was ~ 0.13, which is much lower than for
commercial aluminas (usually > 0.4). It must be
noted that BG(600), having the smallest surface area
of the aluminas prepared here, still had a sufficient
surface area (184 m? g~ ') with large mode pore dia-
meters (70 nm and 700 nm) and large pore volume
(2.4 cm3 g~ 1), because of the well-developed honey-
comb-like texture.

3.4, Effect of calcination temperature

The product obtained by glycothermal treatment of
AIP in PG at 300°C was calcined at various temper-
atures, and the effect of calcination temperature on the
pore texture of the resulting alumina was examined.
The XRD patterns of the product and the aluminas
are shown in Fig. 7. PG(600) was amorphous to X-ray.
v-Alumina was formed when the temperature was
raised to 1000°C. 0-Alumina appeared at around
1100°C, and at 1200 °C, a-alumina was formed; how-
ever, 0-alumina remained.

The t-plots of the aluminas are shown in Fig. 8.
Each plot exhibited an increase in slope, and the point
of intersection of the two segments shifted toward a
large t value with elevation of the calcination temper-
ature. As explained above, calcination of the product



10 20 30 40 50 60 70
20 (deg)

Figure 7 XRD patterns of (a) glycothermal product obtained in 1,3-
propanediol; (b—f) aluminas prepared by calcination of the product
at 600, 800, 1000, 1100 and 1200 °C, respectively. The broad peak at
20 = 11.5° indicated by V, is due to grease used to mount the
sample, and peaks, indicated by (@) and (O), are assigned to
transition alumina (y and/or 6 phase) and a-alumina, respectively.

10

V,(x10%2ml (STP)g™ ")
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t (nm)
Figure 8 Effect of calcination temperature of the glycothermal

product obtained in 1,3-propanediol upon the pore structure of the
resulting aluminas. O, 600; [J, 800; A, 1000, @, 1200°C.

at 600°C decreased the mode pore diameter, while
further calcination enlarged the mode pore diameter
(Table I1I). This enlargement of the mode pore dia-
meter is explained by sintering of the primary par-
ticles, because the surface area of alumina decreased
with a rise in calcination temperature. Mesopores
have almost disappeared in PG(1200); however, SEM
photographs (Fig. 9) showed that the honeycomb-like
texture was preserved even in PG(1200). Consistent
with these results, PG(1200) had a relatively large
surface area (37 m?g~!) and a relatively small bulk
density (0.30), suggesting that sintering of the alumina
particies proceeded slowly, even at 1200 °C.

4. Conclusions

Calcination of the products obtained by glycothermal
treatment of aluminium alkoxide yielded aluminas
with a honeycomb-like texture. The honeycomb-like
texture developed well in the following order: (carbon
number of glycol) 2 < 3 < 6 < 4, which was in the
same order for the crystallite size of the uncalcined
product. When 1,4-butanediol was used as the
medium for the glycothermal treatment, alumina with
quite large mode pore diameters (70 and 700 nm) and
a large pore volume (2.4 cm®g™ 1), with a sufficient
surface area (184 m?g~') was obtained. Therefore

Figure 9 Scanning electron micrograph of the alumina (PG(1200))
prepared by calcination of PG(as syn) at 1200 °C.

TABLE III Properties of aluminas prepared by calcination of the product obtained by glycothermal treatment in 1,3-propanediol®

Properties Glycothermal product Calcination temperature ( °C)
600 800 1000 1200

Surface area (m? g~ 1) 223 297 270 149 37.3
Bulk density 0.19 0.15 0.13 0.15 0.30
Pore volume (cm® g™?%)

(D < 30 nm) 0.86 1.06 0.95 0.57 0.09

(D > 30 nm) 2.52 3.67 n.d. nd. 1.81

Total 3.38 4.73 nd.’ nd. 1.90
Mode pore diameter (nm)

mesopore region 20 16 19 28 -

2 Glycothermél treatment conditions, 300 °C for 2 h.
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these aluminas have potential for use as catalyst sup-
port.
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