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A rigorous study of the experimental conditions for the obtention of several aluminum
hydroxide gels was performed. To obtain different alumina hydrate phases, some of the key
factors which affect the rates of formation like precipitation temperature, ammonia
concentration, and aging and pH conditions were studied. The alumina hydrates obtained
such as amorphous gels, boehmite, bayerite, and gibbsite were calcined under controlled
conditions, to yield the final 6- and a-aluminas. Either the intermediate alumina hydrates
or the final alumina oxides were structurally characterized using SEM, TG, XRD, and
nitrogen physisorption (BET areas and pore distributions) techniques in order to understand
the key factors that control faster rates of hydrates formation. Large amounts of gibbsite
were obtained under aging times of 1 week, compared with the reported several months.
Then, pure a-Al,O3 with surface areas of about 40 m?/g was easily obtained from gibbsite.
a-Al,O3 with less than 10 m?/g was usually obtained from bayerite.

Introduction

Alumina and its hydrates (hydroxides and oxihydrox-
ides) are commercially important materials due to their
use as ceramics and catalyst supports.

y-AlO(OH) (boehmite) may be a precursor of o-AlO-
(OH) (diaspore) on a geological scale, but diaspore can
only be obtained in the laboratory at high temperatures
and pressures. Typical features of the a-Al,O3 obtained
from diaspore by calcination are high stability and high
surface area (70 m2/g).1

Differences in surface energy can favor the formation
of a particular alumina polymorph in the nanocrystal-
line region. Then, nanosized corundum of higher surface
area (160 m?/g) from precursor diaspore and energeti-
cally more stable y phase relative to corundum at
surface areas greater than 125 m2/g were reported by
Perrotta et al.23 In regard with the diaspore route to
corundum, Perrotta and co-workers claim a two-step
transformation sequence from the formation of a mono-
clinic o'-Al,O3 intermediate, which is responsible of a
fast and high conversion process to corundum in the
presence of moist air at elevated temperatures.*>

The dehydration of the alumina hydrates during
calcination has been examined using a wide variety of
techniques, and the alumina hydrates (boehmite, bay-
erite, and gibbsite) are eventually transformed into the
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extremely stable a-alumina or corundum.6=21 The num-
ber of dehydration paths depend on a number of factors,
including particle size, moisture, alkalinity, pressure,
bed depth, heating rate, and preparation method.202!
Likewise, the aging of the gels is a parameter that can
give alumina hydrates with different textural and
surface properties. Some studies have been done on the
gel hydroxide evolution (aging) under different pH
conditions.?1:22 Mathieu?® has proposed Scheme 1, where
a fast transformation into boehmite is reached on
maintaining the gel in its precipitating solution (basic
medium). However, the evolution of this boehmite, first
to bayerite and eventually to gibbsite, takes a longer
time. Gyani?* also observed that the gels obtained from
aluminum salts under basic conditions crystallize quickly
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in the precipitation medium, whereas they evolve slowly
if acetic acid is added.

Scheme 2 shows the generally accepted thermal
sequences for the transformation of aluminum hydrates
in air.1921.2526 On the whole, the total transformation
needs temperatures higher than 1100 °C and the result
is an a-Al,O3 of low surface area (about 1—5 m?2/g).2728
On the other hand, the gibbsite phase seems to have a
lower transition temperature.?®

The aim of this work is the study of the phases
involved and the key factors affecting the formation
rates of gel hydroxides and their transformations to
corundum, by controlling gel preparation conditions
such as precipitation temperature, ammonia concentra-
tion, gel aging, and pH. The textural and structural
properties of the different a-Al,O3 precursors obtained
should be related to these preparation conditions.

Experimental Section

Gel Preparation. One series of gel hydroxides (G1—Gs) was
prepared from the precipitation of a 0.1 M aluminum nitrate
hexahydrate agueous solution with ammonia aqueous solu-
tions of several concentrations at 25 and 75 °C (Table 1). The
gels obtained were washed and dried overnight in an oven at
120 °C.
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Table 1. Preparation Conditions of the Alumina Gels

gel [NH3] (%) precipitation temp (°C)
G: 125 25
G2 125 75
G3 5.0 25
Gy 5.0 75
Gs 0.5 25
Geg 0.5 75

Table 2. Aging Conditions of the Gels G;, G4, and Gg and
XRD Characterization of the Aged Gels Obtained

first step? second stepP
gel time time aged cryst phases
detected pH (days) pH (days) gel (XRD)
Gz 8 14 P} boehmite
Gs 8 14 lg bayerite
Gs 8 14 le bayerite
Gz 8 7 7 7 Jo boehmite
Gy 8 7 7 7 Js bayerite
Gse 8 7 7 7 Js bayerite
G2 8 7 7 35 Kz bayerite
Gs 8 7 7 35 Ke bayerite
Gs 8 7 2 1/3 Le gibbsite
Gs 8 7 2 1 Ms gibbsite

a Gel maintained in its precipitating solution. ° pH adjusting
with 6% HNO3 solution.

Gels G;, G4, and Gg obtained at the higher precipitation
temperature (75 °C) and at a calcination temperature of 950
°C for 1.30 h, showed a greater tendency to evolve to the
a-alumina phase. For this reason those G2, G4, and G6 gels
were chosen as the starting material to study the effect of the
aging process on the formation of a-Al,O3 (see Table 2).

The gels labeled I, 14, and g were aged in their precipitating
solutions (pH = 8) for 14 days (first step in Table 2), whereas
the gels labeled J,, J4, Js, K2, Ks, L, and Mg were obtained in
two steps by modifying the pH and aging time (first + second
steps in Table 2).
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The results of these studies show that importnt variables
that affect the evolution of the gels are pH and aging time.
The gels obtained were washed to pH = 7 and dried overnight
in an oven at 120 °C.

Alumina Preparation. Several aluminas were obtained
from the calcination of the gels previously prepared. The
calcination procedures were performed in a furnace at 950 °C
under air for 1.30, 4.30, and 6 h.

The nomenclature used to refer to the aluminas will be the
name of the initial gel and the calcination time (hours in
parentheses) at 950 °C; i.e., G1(1.30) corresponds to the
alumina obtained by calcining the G; gel at 950 °C for 1.30 h.

Scanning Electron Microscopy (SEM). The scanning
electron micrographs were obtained with a JEOL JSM-35C
scanning microscope operating at an accelerating voltage of
30 kV, a work distance (wd) of 39 mm, and magnification
values in the range of 100—200x.

Thermogravimetric Analysis (TG). Thermal decomposi-
tions of alumina hydrates were carried out in a Perkin-Elmer
TG 7 microbalance, with an accuracy of 1 ug, equipped with a
0—1000 °C programmable temperature furnace. Each sample
(50 mg) was heated in a N flow (80 cm3/min) from 50 to 900
°C at 10 °C min~! and maintained at 900 °C for 1.30 h. The
weight change obtained is a measure of the water loss of the
sample after calcination.

X-ray Diffraction (XRD). Powder X-ray diffraction (XRD)
patterns were obtained with a Siemens D-5000 diffractometer
using a nickel-filtered Cu Ka radiation. The patterns were
recorded over a range of 26 angles from 5° to 85° and they
were compared with the X-ray powder files to confirm the
phase identities. This technique was also used to determine
the percentage of a-Al,O3 in completely crystalline mixtures
of 0-Al,03 + a-Al,O3 by the Rietveld method.*® This method
enables a quantitative phase analysis of multicomponent
mixtures to be made from the X-ray powder diffraction data,
provided no amorphous materials are present.

BET Areas and Pore Distributions. The BET surface
areas of the different samples were calculated from the
nitrogen adsorption isotherms at 77 K using a Micromeritics
ASAP 2000 surface analyzer and assuming a nitrogen molecule
cross section of 0.164 nm?. The same equipment automatically
calculates the pore distribution of the solids for pore diameters
between 10 and 3000 A using the Barrett, Joyner, and Halenda
(BJH) method.3!

Results and Discussion

Our observations show that certain preparation pa-
rameters, like precipitation temperature of the gels,
ammonia concentration, gel aging, and pH, strongly
affect the bulk and surface structures of the aluminas
obtained. Small changes of these parameters lead to
different alumina hydrate phases that evolve to differ-
ent aluminas after calcination. The results obtained are
discussed below.

Scanning Electron Microscopy (SEM). In an
attempt to correlate the particle sizes with the evolution
of the gels toward the a-Al,O3 phase, the SEM technique
was used. Therefore, we estimated here the particle
sizes taken from the SEM pictures and the magnifica-
tion parameters.

Figures 1, 2 and 3 show the scanning electron
micrographs of the gels Gi, G,, and Gg, respectively. If
we compare G; and G;, which were prepared with the
same concentration of ammonia (12.5%), we find that
the particle sizes of the gel precipitated at 75 °C (Gy)
are smaller than those from the precipitate at 25 °C (G,).

(30) Rietveld, H. A. J. Appl. Cryst. 1969, 2, 65.
(31) Barrett, E. P.; Joyner, L. G.; Halenda, P. P. 3. Am. Chem. Soc.
1951, 73, 373.
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Figure 3. Scanning electron micrograph of the gel Ge.

On the other hand, if we compare the gels G, and Geg,
both precipitated at 75 °C but with different ammonia
concentrations (Table 1), we can see that the particle
sizes of the gel Gg¢ are smaller than those from gel G..
The gels with smaller particle sizes are found to evolve
more efficiently to the a-Al,O3 phase after calcination,
as is shown below (see Table 3), probably because
nucleation and diffusion rates are favored by the large
grain boundary areas available in fine-grained powders
with small particle sizes.

Thermogravimetric Analysis (TG). Another pa-
rameter, studied by TG, was the loss of water from the
gels. Figure 4 shows the TG plot for the samples G; and
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Table 3. BET Areas of the Aluminas Obtained after
Calcination at 950 °C for 1.30 Hours

alumina BET area (m?2/g) phases (XRD)
G1(1.30) 93 0-Al,03

G3(1.30) 101 0-Al,03

Gs5(1.30) 114 0-Al,03

G»(1.30) 98 0- + a-Al;03 (2%)2
G4(1.30) 77 0- + a-Al;03 (10%)2
Ge(1.30) 56 0- + a-Al;03 (25%)2

a o-Al,O3 content, in parentheses, determined by the Rietveld
method.?6
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Figure 4. TG plot of change in weight percent vs time for
the gels G; and Ge.

Ge under the conditions given in the Experimental
Section. The gel Gg, which after calcination shows a
higher content of the a-Al,O; phase, undergoes a
smaller loss of total water.

Therefore, the ammonia concentration and the pre-
cipitation temperature exert two important and opposite
effects on the gel obtained and consequently on the kind
of alumina formed after the calcination of the gels.
When the ammonia concentration used in the precipita-
tion procedure is high, the gel loses more water and
larger particles are obtained, whereas if the precipita-
tion temperature is high, the gel loses less water and
yields smaller particles.

When the gels have low water content and conse-
qguently are made of small particles, the structure of the
gel evolves more quickly toward the o-Al,O3 phase, as
confirmed below from the XRD results.

X-ray Diffraction (XRD) and Aging. The XRD
patterns of the gels G;—Gs, before calcining, showed
amorphous phases, as expected from the precipitation
method used. No differences were observed among the
XRD patterns, although the gel particle sizes appeared
somewhat smaller when the ammonia concentration
used was low.

After calcining the gels at 950 °C for 1.30 h, we
obtained several aluminas whose diffraction lines are
plotted in Figures 5 and 6.

The aluminas G1(1.30), G3(1.30), and Gs(1.30), ob-
tained from the calcination of the gel precipitated at 25
°C (Table 3 and Figure 5), were identified as poorly
crystallized 6-Al,0O3. On the other hand, the aluminas
G2(1.30), G4(1.30), and Gg(1.30), obtained from the
calcination of the gel previously precipitated at 75 °C,
gave the diffraction lines of a-Al,O3 and 0-Al,O3 phases
(see Table 3 and Figure 6). The 26 angles of these
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Figure 5. X-ray diffraction lines of the aluminas obtained
from the calcination (950 °C) of the gels precipitated at 25 °C.
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Figure 6. X-ray diffraction lines of the aluminas obtained

from the calcination (950 °C) of the gels precipitated at 75 °C:
., (1-AI203.

crystalline phases, with the relative intensities in
parentheses, are summarized as follows: 31.14 (40),
32.78 (80), 36.96 (60), 39.49 (40), 45.55 (80), 66.76 (60),
and 67.31 (100) for the 6-Al,0O3 phase; 25.58 (75), 35.14
(90), 37.78 (40), 43.36 (100), 52.55 (45), 57.52 (80), 66.55
(30), and 68.20(50) for the a-Al,O3 phase.

Aging is the spontaneous evolution of a gel structure
which results from an ordering of its crystalline state.
This evolution varies according to the initial gel, the pH,
and time of aging.1617 These parameters have been
studied for the gels G, G4, and Gg under the conditions
shown in Table 2. This table also shows the XRD phases
obtained after the aging treatment. The 26 angles (with
the relative intensities in parentheses) for the different
phases identified are also summarized as follows: 14.48
(100), 28.18 (65), 38.34 (55), and 48.93 (30) for the
boehmite phase; 18.83 (90), 20.40 (70), 27.86 (30), 40.57
(100), and 53.11 (40) for the bayerite phase; 18.28 (100)
and 20.30 (16) for the gibbsite phase.

The gel I, was obtained after aging the gel G, for 2
weeks in its precipitating solution at pH = 8, then a
new crystalline phase, boehmite (y-AlIO(OH), was de-
tected by XRD. When the aging is carried out for 1 week
at pH = 8 and a second week at pH = 7 (gel J,) the
amount of boehmite increases, and if the second step is
increased to 5 weeks at pH = 7 (gel K3), the bayerite
phase (a-Al(OH)3) can be identified.

Gels G, and Gg were somewhat different than G,.
After the aging treatment at pH = 8 for 2 weeks (gels
I, and lg), the bayerite peaks were detected. The
bayerite content increases when both gels are aged for
1 week under pH = 8 followed by 1 more week at pH =
7 (gels J4 and Jg). It should be pointed out that the
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Figure 7. X-ray diffraction lines of the aluminum hydrates
obtained by aging gel Ge: O, bayerite; v, gibbsite.

amount of bayerite phase obtained by the different aging
procedures tested is always bigger when starting from
the gel Gs, showing that this gel exhibits a faster
evolution to the bayerite phase. Several new aging
procedures, which involve increasing the aging time and
the acidic conditions, were performed to study the
evolution of Gg (see Table 2).

Figure 7 shows the XRD results for gel Gg under
different aging conditions. When the aging time at pH
= 7 is increased to 5 weeks (gel Kg) a new evolution of
the gel was observed. The XRD shows that the peaks of
bayerite partially disappear. This may be interpreted
in terms of the gel transformation to a new gibbsite (y-
Al(OH)3) phase. As we have seen previously, the pH has
a considerable influence on the evolution of the gels.
Then, pH conditions for the second step were modified
to pH = 2. When gel Gg is aged for 1 week in its
precipitating solution at pH = 8 and then at pH = 2,
the gibbsite phase shows up after 8 h (gel Lg), and if
this aging time at pH 2 is raised to 1 day (gel Mg), the
gibbsite peak intensities increase parallelly (Figure 5).
Those observations are in agreement with Scheme 1.

BET Areas and Pore Distributions. The BET
surface areas and the crystalline phases described above
for these aluminas are given in Table 3. The aluminas
obtained from the gels precipitated at 25 °C have higher
BET area values when the ammonia concentration used
is lower. The later may be due to the formation of small
particles when the precipitation is carried out under
these conditions, which is in agreement with the XRD
results. In contrast, the aluminas obtained by calcina-
tion had lower BET area values when the precipitation
temperature was 75 °C and the ammonia concentration
decreased, which may be interpreted in terms of the
presence of a-Al,O3 (see Table 3 and Figure 6). The
specific surface area decreases when the content of
o-Al,Oz in the sample increases, according to the
characteristic lower surface area of this phase.

Chem. Mater., Vol. 11, No. 1, 1999 127

Table 4. Surface Characterization of Several Aluminas
by Nitrogen Physisorption and XRD

phases pore

detected BET area volume? average pore
alumina (XRD) (m?/g) (cm3/g)  diametera (A)
G1(0.30) 0-Al03 96 0.25 70
G1(1.30) 0-Al03 93 0.23 52
Ge(0.30) 0-Al03 74 0.14 44
Ge(1.30) O- + a-AlO3 69 0.12 31
Gs(6.00) 0-AlxO3 23 0.12 120

a Calculated by the machine software from the method of Barret,
Joyner, and Halenda.?’
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Figure 8. Plot of the nitrogen adsorption (full symbols)/
desorption (empty symbols) isotherms at 77 K for the aluminas
AG;(0.5) (O, O) and AG;1(1.5) (2, A).

From these results it appears interesting to find out
why different final phases are obtained after calcination,
depending on the precipitation temperature of the gels.
These differences may depend on the different rates of
evolution to a-Al,O3 or on the different sequences
(different transition species) in the process of obtention
of the a-Al,O3 phase.

To try to answer this question, a study was carried
out on the adsorption—desorption isotherms and the
pore distributions of the aluminas obtained by calcining
the gels G; and Gg at 950 °C for 0.5 h [G1(0.30), Gg(0.30)]
and 1.5 h [G1(1.30), Gg(1.30)] using the nitrogen adsorp-
tion technique. Previously, G;(0.30) and Gg(0.30) were
identified by XRD as 6-Al,O3, the same as G;(1.30),
whereas the sample Gg(1.30) was a o-/a-Al,O3 mixture.
These diffraction results are shown in Table 4.

Furthermore, Figure 8 shows the nitrogen adsorp-
tion—desorption isotherms for the aluminas obtained
from gel G;, and Figure 9 shows the nitrogen adsorp-
tion—desorption isotherms for the aluminas obtained
from gel Gg. Figure 10 shows the pore distributions,
according to the BJH method,3! as the plot of dV/d(log
D) desorption pore volume (V) vs pore diameter (D) for
the samples of calcined products obtained from G; and
Ge (including the alumina Gg(6.00) that is pure a-Al,O3).
Some data such as the BET area, pore volume, and
average pore diameter can also be obtained from those
plots (Table 4).

The isotherms in Figure 8 can be identified as type
1V according to the classification of Brunauer, Deming,
Deming, and Teller (BDDT),% characteristic of a meso-
porous material. The shift of the hysteresis loop at lower
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relative pressures in the alumina G1(1.30) is in agree-
ment with the relative increase in the content of smaller
pores, as can be seen in Figure 10. The pore distribution
plots of samples G;(0.30) and G1(1.30) show the absence
of porosity between 200 and 600 A, which is the
characteristic region of materials such as the a-Al,O3
phase.

The isotherms from samples Gg(0.30) and Gg(1.30)
(Figure 9) can also be classified as type IV isotherms
with a desorption plot shifted toward lower relative
pressures for the alumina Gg(1.30). That may be ac-
counted for by the fact that the pores are smaller than
in samples G;(0.30) and G4(1.30) (Figure 10), and it
should be related to the presence of a-Al,O3 phase in
the sample Gg(1.30), as well.

Similarly, the data in Table 4 confirm that the
samples G4(0.30), G1(1.30), G¢(0.30), and Gg(1.30) un-

(32) Brunauer, S.; Deming, L. S.; Deming, W. S.; Teller, E. J. Am.
Chem. Soc. 1940, 62, 1723.
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Table 5. BET Areas of the a-Al,03; Obtained from the
Calcination of the Gels at 950 °C

o-Al;03 calcination time (h) BET area (m2/g)

Gg(6.00) 6.00 23
K(6.00) 6.00 26
Le(4.30) 430 38
Ms(3.00) 3.00 42

dergo different steps in the transformation process from
0-Al,03 to a-Al,O3. Compared to the aluminas prepared
from Gg, those prepared from G; show higher surface
area, mesoporosity, and total pore volume. The porosity
was evaluated from the average pore diameter obtained
from the desorption data by the BJH method.3! The pore
distribution shows that sample Gg(1.30) contains small
amounts of a new mesoporous material with a larger
pore diameter, probably related to the presence of the
o-Al;O3 phase (Figure 10). The Gg(6.00) pore diameter
was clearly found to increase in the 200—400 A range
of the pore size distribution plot. It seems that Gg(1.30)
evolves to the a-Al,O3 phase.

These results suggest that the four samples are
intermediate compounds in the step-by-step transfor-
mation of 6-Al,O3 into the a-Al,O3 phase according to
the following scheme:

G,(0.30) — G,(1.30) — G4(0.30) —
G¢(1.30) — 0-AlLO,

Only the presence of 6-Al,O3; and a-Al,O3; phases have
been detected from the evolution of these gels, as can
be shown by the XRD spectra.

Table 5 shows the BET areas of the a-Al,03 obtained
from different aged G6 gels. Larger surface areas (where
sintering is minimized) are obtained at shorter calcina-
tion times. Only those experimental procedures which
enable the obtention of o-Al;O3 in a short time are
suitable for the obtention of a-Al,O3 with larger surface
areas.

NH3; Concentration, pH, and Aging. To obtain the
boehmite in a shorter time, the alkaline medium path
is recommended first. Then, at this point, bayerite and
gibbsite are obtained faster and in greater amounts the
more acidic the pH of the solution is (Scheme 3),
allowing the gel Mg (aged from Gg for 1 week in its
precipitating solution and then for 1 more day under
acidic pH) to yield the most gibbsite.

Thus, bayerite and gibbsite are obtained in a signifi-
cantly shorter time than is found in the literature,
where aging times of several weeks to obtain bayerite
and some months to obtain gibbsite have been re-
ported.2!

Another point which is worth emphasizing is that
aging is faster in gel Gg, obtained from precipitation
with the lower concentration of ammonia (0.5%), and it
is slower, under the same conditions, for the gels
obtained by precipitation with a larger concentration
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of ammonia. This effect can also be explained in terms
of the smaller particle size observed in gel Gg (see Figure
3), as nucleation and diffusion rates are faster for
smaller particles.

All the aged gels prepared from G,, G4, and Gg were
calcined at 950 °C for 1.30 h. Consequently, the obtained
aluminas, 1,(1.30), 14(1.30), 15(1.30), J2(1.30), J4(1.30),
J5(1.30), K2(1.30), K6(1.30), L5(1.30), and M6(1.30) show
a-Al,O3 contents in the following decreasing orders,
depending on the starting gel: J,(1.30) ~ K3(1.30) >
12(1.30) > G2(1.30); Ga(1.30) > 14(1.30) > J4(1.30); and
Meg(1.30) > Lg(1.30) > Kg(1.30) > Gg(1.30) > 16(2.30) >
J6(1.30).

From these results we can conclude that the ease of
obtention of the a-Al,O3 phase from gel calcination obeys
the following order: gibbsite > boehmite > amorphous
gel > bayerite.

Conclusions

Experimental conditions, like precipitation tempera-
ture, ammonia concentration, aging, and pH, that affect
the rates of formation of several aluminum hydrates
were studied. The alumina hydrates obtained such as
amorphous gels, boehmite, bayerite, and gibbsite were
calcined under controlled conditions, eventually obtain-
ing 0- and a-aluminas. Either the intermediate alumina
hydrates or the calcined alumina oxides were structur-
ally characterized. SEM pictures show the smaller
particle sizes of those gels prepared under hot precipita-
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tion and lower ammonia concentration. The results from
the TG analysis indicate smaller losses of water in gels
with smaller particle sizes. The XRD technique detects
the presence of crystalline phases of gibbsite, bohemite,
and bayerite from the aluminum hydrates and §-Al,03
and a-Al,O3 from the calcined hydrates. Gibbsite is more
easily obtained from gels with the smaller particle sizes,
and a-Al,O3 is more easily obtained from gibbsite. The
nitrogen physisorption experiments (BET and pore
distributions) show larger surface areas at short cal-
cination times, for these types of mesoporous materials.
Pure o-Al,O3 with surface areas of about 40 m2/g was
easily obtained from gibbsite, whereas o-Al,O3 with
surface areas of less than 10 m?/g was usually obtained
from bayerite.

The rate of gibbsite formation is found to be faster if
(a) the gel precursor is prepared by hot precipitation,
(b) the ammonia concentration is low, and (c) the gel is
first aged in basic medium and then in acid medium,
since this aging procedure enables the initial amorphous
gel to evolve to gibbsite in a short time. It has been
shown that the calcination of gibbsite allows transfor-
mation into a-Al,O3 faster and with higher surface area
than the other alumina hydrates. The method described
in this report enables a-Al,O3 to be prepared with a high
surface area, an easier preparation procedure, and
temperatures and calcination times which are milder
and shorter than other conditions previously reported.?!!
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