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The thermal properties of boehmite with a crystallite size
between 1 and 27 nm were analyzed by thermogravimetry and
differential thermal analysis, and correlated with its crystallogra-
phy, crystallite morphology, and the atom bond lengths deter-
mined by refining its crystalline structure with the Rietveld
method. Boehmite’s thermal evolution depended on atom bond
lengths: the dehydratation temperature was determined by the
interaction between an aluminum atom and the oxygen atom of
hydroxyl. After dehydratation, the number of hydroxyls in crys-
tals was larger than expected from stoichiometry, because oxy-
gen atoms on crystal surfaces perpendicular to the (020) plane
reacted with hydrogen and hydroxyls in environment. The
transition temperature from boehmite into y-alumina was deter-
mined by the hydrogen bond in boehmite. The transformation
temperature from transitional aluminas into a-Al,O; also varied
with boehmite’s crystallite size; however, it was not determined
by the amount of hydroxyls in transitional aluminas, but
probably by the aluminum—oxygen bonds in boehmite. ¢ 2001
Academic Press
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INTRODUCTION

Transitional aluminas are widely used as catalysts, cata-
lyst supports, adsorbents, coatings, ceramics, and abrasives
(1-4). In general, they are prepared by dehydroxylation of
aluminum hydroxides AI(OH); (gibbsite and bayerite) or
aluminum oxyhydroxides AIOOH (boehmite and diaspore),
which determine alumina’s final properties. Therefore, the
thermal transformation of these hydroxides and oxyhydrox-
ides into transitional aluminas has been studied intensively
(5-11). Of them boehmite has been the most studied (13, 14),
because it is widely used in industry (12).
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When boehmite is annealed, it undergoes a series of
polymorphic phase transformations: from boehmite into
y-alumina and then into J- and 6-alumina, which are known
as transitional aluminas, and eventually into a-alumina, the
thermodynamically most stable alumina phase (15). The
transformation of boehmite into y-Al,O; is endothermic
and occurs after partial dehydroxylation between 300 and
550°C, while the transformation of transitional aluminas
into a-Al,O5 is exothermic and requires complete dehyd-
roxylation, which occurs between 800 and 1300°C. The
transformations of y- into J- and 0-alumina proceeds
pseudomorphically (11), requiring only small amounts of
energy that are hardly detected in DTA experiments. Trans-
formation temperatures strongly depend on boehmite “cry-
stallinity”—boehmite with low “crystallinity” traditionally
has been named pseudoboehmite, which has been assumed
to have water molecules in its crystalline structure (16, 17).

It was demonstrated, however, that boehmite and
pseudoboehmite are the same crystalline phases but with
different crystallite size (18,19), and that pseudoboehmite
does not have intercalated water in its structure as has been
claimed by many authors (16, 17, 20, 21). Because boehmite’s
atomic bond lengths and bond angles depend on its crystal-
lite size (19), it is interesting to study how they affect the
properties of y- and «-aluminas derived from boehmite,
which are known to depend on synthesis conditions: pH
(22,23), digesting (24) and aging time (25), and synthesis
routes (26-28). It is worth mentioning that y-alumina crys-
tallite size depends on the crystallite size of its precursor
boehmite.

In this paper, we report how boehmite’s crystallite size
and atomic bond lengths correlate with water desorption,
transformation temperature of boehmite into y-alumina,
and the transformation temperature of transitional
aluminas into «-alumina. Transition temperatures and
weight loss were determined via thermogravimetry (TG)
and differential thermal analysis (DTA), and the evolution
of hydroxyls was followed with infrared spectroscopy.
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Boehmite’s crystallography and crystal morphology were
analyzed with X-ray powder diffraction and the crystalline
structure was refined via the Rietveld method.

EXPERIMENTAL
Sample Preparation

Boehmite seeds were annealed under hydrothermal con-
ditions at specific temperatures to get different crystallite
sizes. Seeds were precipitated at room temperature by si-
multaneously dropping two aqueous solutions into 50 mL
of distilled water at pH 8. The first solution (300 mL, 0.3
M AI*") was prepared by dissolving AICl;-6H,O (J. T.
Baker) in distilled water; the second one (100 mL) was
prepared by dissolving NH,OH (J. T. Baker, 50 vol%)
in distilled water. The suspension (450 mL) with the
precipitated boehmite seeds was placed in the 600-mL auto-
clave vessel and heated at a fixed temperature between 23
and 240°C for 18 h under autogenous pressure, stirring
continuously. Thereafter, the suspension was filtered and
washed thoroughly several times with distilled water until it
was chlorine free, according to silver nitrate test; the
washed suspension was eventually dried overnight at 110°C
in air.

Characterization

X-ray diffraction. X-ray diffraction patterns of the sam-
ples packed in a glass holder were recorded at room
temperature with CuKo radiation in a Bruker Advance D-8
diffractometer that had ®-@® configuration and a graphite
secondary beam monochromator. The diffraction intensity
was measured in the 26 range between 10 and 127°, with
a 20 step of 0.02° for 8 s per point. Crystalline structures
were refined with the Rietveld technique by using DBWS-
9411 (29) and FULLPROF-V3.5d (30) codes; peak profiles
modeled with pseudo-Voigt functions (31) contained aver-
age crystallite size as one of its characteristic parameters
(32). Standard deviations, which show the last figure vari-
ation of a number, are given in parentheses; when they
correspond to refined parameters, their values are not esti-
mates of the probable error in the analysis as a whole, but
only of the minimum possible probable errors based on
their normal distribution (33).

Thermoanalysis. Weight loss and temperatures asso-
ciated with phase transformations were determined by ther-
mogravimetry and differential thermal analysis with
a Perkin-Elmer TG-7 and a Perkin-Elmer 1700 apparatus,
respectively. To enhance the peaks associated with trans-
formations, samples were heated in a static atmosphere
from room temperature to 1400°C at 10°C/min. DTA was
carried out using platinum crucibles and «-alumina as
reference.
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Infrared spectroscopy. FTIR spectra were measured on
a Nicolet Protege 460, which had a resolution of 4 cm ™.
The sample powder was mixed with KBr (2%) and pres-
sured into thin disks to be measured in a Pyrex cell that had

CsI windows.

RESULTS AND DISCUSSION
Crystallite Size

Boehmite was the only phase observed in all fresh sam-
ples (Fig. 1). The crystalline structure was refined by
modeling it with an orthorhombic unit cell with the sym-
metry described by space group Cmcm; more details of the
refinement are given elsewhere (19). Diffraction peak widths
depended on Miller indices; the widest one corresponded to
the (020) reflection, indicating that the crystallite’s shortest
dimension was parallel to the [020] direction, and cor-
roborating the platelike form of boehmite crystallites (34).
This dimension, represented as d g0, corresponds to crystal
thickness and depends on the hydrothermal heating temper-
ature (Table 1).

Boehmite’s average crystallite thickness varied from near-
ly a unit cell, 1.13(1) nm, to 26.3(5) nm for the samples
crystallized at 23 and 240°C, respectively. Along the crystal-
lite plate, the average dimension, which is represented as
d(o0zy in Table 1, grew from 3.21(8) to 49(1) nm for 23 and
240°C, respectively; the smallest dimension along the plate,
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FIG. 1. X-ray diffraction patterns of the samples annealed under hy-
drothermal conditions at temperatures between 30 and 240°C. Tic marks
correspond to boehmite. Because they are specially mentioned in tables,
(020) and (002) reflections are also indicated.
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TABLE 1
Boehmite’s Crystallite Size and d,,_on Bond Length as a
Function of Synthesis Temperature

T (°C) d(on) (nm) d(002) (nm) dpon (nm)
23 1.13(1) 3.21(8) 0.1810(1)
30 1.56(2) 3.53(8) 0.1825(1)
50 2.04(4) 4.0(1) 0.1805(1)

100 2.42(4) 5.4(1) 0.1823(1)

140 6.90(8) 16.6(4) 0.1892(1)

180 14.2(2) 43(2) 0.1901(1)

240 26.3(5) 49(1) 0.1904(1)

3.21(8) nm, was nearly 10 times the unit cell lattice para-
meter (¢ and ¢) along the plate, indicating that boehmite
crystals grew with preference along plates. Because crystal-
lite thickness occurs along one crystallographic axis (b axis),
it is a well-defined crystal dimension that can be used as
representative of crystallite size; therefore, in the following
discussion, it will be used to identify boehmite’s crystallite
dimensions (19).

Thermal Analysis

Boehmite samples had a significant weight loss below
200°C (Fig. 2) produced by water desorption (Fig. 3); the
amount of desorbed water molecules relative to the number
of AIOOH units in crystal versus crystallite size decreased as
size increased, following a hyperbola (Table 2 and Fig. 4).
Because the dependence of the surface-to-bulk ratio on the

crystallite thickness followed the same relationship
Boehmite
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(1/d020)), these water molecules should be uniformly distrib-
uted on boehmite’s crystallite surface.

The weight loss observed between 200 and 550°C (Fig. 2)
was produced by the partial dehydroxylation occurring
when boehmite transformed into y-alumina (Fig. 3); this
transformation temperature depended on the crystallite size
(Table 3 and Figs. 2 and 5). The structure observed in the
absorption band located around 3500 cm™!, which was
produced by the stretching vibrations of hydroxyls, in-
dicated that hydroxyls were in more than one local environ-
ment. The weight loss between 550 and 1300°C was
associated with the further elimination of the residual hy-
droxyls in the crystalline structure of the transitional
aluminas (35, 36). The concentration of these hydroxyls was
large, and should play a key role in compensating the cation
vacancies in the spinel structure characteristic of
transitional aluminas (37).

The total weight loss produced only by hydroxyls (after
eliminating adsorbed water) was quantified (Fig. 6) by using
the following stoichiometric equation for boehmite trans-
formation:

Ideally, this equation gives rise to a H,O/Al,O; molar
ratio of 1.0; but, in the present study, this ratio strongly
depended on boehmite’s crystallite size: it decreased as the
crystallite size increased, and was approximately 1.0 only for
large crystallites. This excess of hydroxyls has been ex-
plained by assuming that boehmite’s crystalline structure
contains water (16,17), especially in the so-named
“pseudoboehmite” (16,20). This explanation, however,
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FIG. 2. TG curves of boehmite samples: (a) prepared between 23 and 50°C; (b) prepared between 100 and 240°C.
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FIG. 3. FTIR spectra of the boehmite sample synthesized at 30°C,
d020) = 1.56(2) nm, after it was annealed in situ between room temperature
and 390°C in air.

should be discarded, because a detailed study on the crystal-
lography of boehmite with different crystallite sizes (19)
showed that water molecules cannot be hosted in its crystal-
line structure (18, 19).

In the present analysis, we are proposing an alternative
interpretation for this observed weight loss: boehmite crys-
tallites are made of double layers of octahedra with an
aluminum atom near their center and two hydroxyls and
four oxygen atoms in their vertices (Fig. 7) (19). The oc-
tahedra in the double layers interact strongly with each
other, but the interaction between double layers is weak,
because it is produced via hydrogen bonds (Fig. 7). This

TABLE 2
Water to Boehmite and Alumina Molecular Ratio as a
Function of Boehmite’s Crystallite Size
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FIG. 4. Amount, quantified via the ratio H,O/AIOOH, of adsorbed
water on boehmite. Points correspond to experimental data; the continu-
ous line is only a visual aid.

weak interaction causes the crystal surface to end in the
interface between two double layers, producing surfaces full
of hydroxyls (those in the crystalline structure). On the
crystal surfaces parallel to the b axis and cutting the double
layers, for example the one projected in Fig. 7, the charge of
the oxygen atoms should be compensated. This occurs by
the reaction of oxygen atoms with the hydrogen or hy-
droxyls of the environment, causing all of these surfaces to
be covered with hydroxyls; the corresponding octahedra
then will contain more than the two initial hydroxyls. The
local atom distribution around these new surface hydroxyls,
however, is different from that of hydroxyls in bulk and on
the crystal surfaces parallel to octahedral double layers.
When the crystallite size diminished, the number of these
new hydroxyls increased, because the area of the surfaces
parallel to the b axis relative to the total surface increased as
the crystallite size decreased, giving rise to larger
water/alumina ratios than expected from stoichiometry.

TABLE 3
Boehmite Transition Temperature into y-Alumina and Its
Hydrogen Bond Length as a Function of Boehmite’s Crystallite
Size

d(o20) (nm) H,O/AIOOH H,O/ALLO, doz0) T (°C) don ..o (nm)
1.13(1) 0.577 1.428 1.13(1) 380 0.2765(1)
1.56(2) 0.409 1.538 1.56(2) 403 0.2788(1)
2.04(4) 0.408 1.492 2.04(4) 413 0.2818(1)
2.42(4) 0.395 1.425 2.42(4) 428 0.2803(1)
6.90(8) 0.154 1.161 6.90(8) 471 0.2691(1)
14.202) 0.057 1.073 14.2(2) 508 0.2685(1)
26.3(5) 0.036 1.045 26.3(5) 528 0.2681(1)
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FIG. 5. DTA curves of boehmite samples: (a) prepared between 23 and 50°C; (b) prepared between 100 and 240°C.

When the crystallite size increased, however, the number of
these hydroxyls diminished and the water/alumina molar
ratio was approximately 1.0.

When boehmite transformed into a transitional alumina,
many of the hydroxyls of boehmite remained in the alumina
atom distribution, as revealed by the TG and FTIR studies
(Figs. 2 and 3). The number of these hydroxyls was esti-
mated by assuming the stoichiometric formula proposed by
Soled (37) for the different degrees of boehmite dehydroxyla-
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FIG. 6. Amount, quantified via the ratio H,O/Al,O3, of hydroxyls in
dehydrated boehmite. Points correspond to experimental data; the con-
tinuous line is only a visual aid.

tion: Al,O3_x,2(OH)x; X, varying between 0 and 2, is the
number of hydroxyls contained in the transitional
aluminas—X =2 corresponds to a completely hy-
droxylated boehmite, Al,0O,(OH),, whereas X = 0 corres-
ponds to the totally dehydroxylated a-alumina.

The weight loss observed in transitional aluminas was
due to the hydroxyls leaving the crystalline structure

[00T1]
®
. Oo.(/
=1 d
=,
« Al @O0OH 00O

FIG. 7. Boehmite’s crystalline structure projected on a plane perpen-
dicular to the [100] direction. Double octahedral layers are held together
through hydrogen bonds.
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according to the following equation:
A1203_X/2(OH)X — A1203 + X/szo

The number of hydroxyls (X) in the transitional aluminas
increased when boehmite’s crystallite size increased in the
range between 1.13 and 2.5 nm (Fig. 8). But it decreased for
sizes larger than 2.5 nm, producing a maximum for the
crystallite size of 2.5 nm, which corresponds to the sample
synthesized at 100°C. High-resolution electron microscopy
of the boehmite samples showed well-defined crystallite
morphology when they were synthesized at 100°C and high-
er temperatures (38); crystallites were plates perpendicular
to the [010] direction with lateral surfaces parallel to the
<101 directions and the b axis. The crystallite morphology
in the samples synthesized below this temperature was dif-
ferent and not well defined, which could be responsible for
the increase of the number of hydroxyls in the alumina
derived from boehmite with a crystallite size lower than 2.5
nm. Tsukada et al. (17) recently reported that the number of
hydroxyls in y-Al,O; depends linearly on the boehmite
crystal size; their analysis, however, was performed for
boehmite with crystallite sizes between 4 and 20 nm.

Phase Transitions

When samples were annealed in air, they presented two
endothermic peaks below 550°C, and one exothermic peak
above 1100°C (Fig. 5). The first endothermic peak, which
appeared below 200°C, represents sample dehydratation
(Fig. 3). The temperature at which it occurred increased as
the crystallite size decreased, indicating that the adsorption
energy of water molecules on boehmite surface depended on
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FIG.8. Number of hydroxyls X in transitional aluminas as a function
of crystallite size. Points correspond to experimental data; the continuous
line is only a visual aid.
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FIG. 9. Transition temperature of boehmite into y-alumina as a func-
tion of boehmite crystallite size. Points correspond to experimental data;
the continuous line is only a visual aid.

crystallite size, in accordance with previous reports (17). The
crystallography of boehmite with different crystallite sizes
(19) shows that the interaction between an aluminum atom
and the oxygen atom of hydroxyls increases as the crystallite
size decreases (Table 1); consequently, the interaction of the
hydroxyls on surface with the molecules of the environment,
for example water, is stronger and water desorption will
occur at higher temperatures (19). In the industrial applica-
tions of boehmite (5, 39), this water desorption as a function
of boehmite crystallite size needs to be taken into account
because the shrinkage during the dehydration process will
depend on it.

The second endothermic peak between 300 and 550°C
corresponds to the pseudomorphic transition from boeh-
mite into y-Al,O;, which occurs through partial dehyd-
roxylation (Figs. 2 and 3). The associated transition
temperature diminished as boehmite crystal size decreased
(Table 3 and Fig. 9) and depended on the variation of the
hydrogen bonding with the crystallite size.

As described elsewhere (19), the atomic bond lengths and
bond angles between atoms in boehmite depend on its
crystallite dimensions. Because of its weakness (less than
20 kJ mol ') (40), the only boehmite bond that can be
broken between 300 and 500°C is the hydrogen bond, to
which is associated the bond length dg_y ..o (Fig. 7). This
bond length increases as boehmite’s crystal size decreases
(Table 3), indicating that the corresponding bond energy
decreases. Therefore, these small crystallites require less
energy than the large crystals to break this bond, and
consequently to destroy boehmite’s crystalline structure and
to produce its transformation into y-alumina—the
transformation temperature associated with the above
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phenomenon ranged from 300 to 550°C, which corresponds
to kyT products between 4.77 and 6.84 kI mol ™! (kg is the
Boltzmann constant and T the absolute temperature in
kelvin).

The exothermic peak above 1100°C in DTA profiles
(Fig. 5) corresponds to the transformation of transitional
aluminas, which are based on the spinel crystalline struc-
ture, into the most stable crystalline structure of alumina,
the o phase. This transition temperature also depended on
boehmite’s crystallite size (Fig. 10); the transition occurred
at higher temperatures for the boehmite samples with larger
crystallite size, in accordance with previous reports (29, 35).

Since the transformation of transitional aluminas into
a-Al,O5 occurs when their crystallites are completely de-
hydroxylated, one would expect that the transformation of
the more hydroxylated alumina occurred at higher tempea-
tures (in the present case those with low crystallite size). It
was observed, however, that the less hydroxylated alumina
(Table 4 and Fig. 8), the one with the largest crystal, trans-
formed into ¢-Al,O5 at the highest temperature, indicating
that this phase transition was not determined by the number
of hydroxyls in the transitional alumina.

This transition temperature followed a linear relationship
when it was compared to the crystallite size of the transition
alumina (Fig. 11): for larger crystallites the transition tem-
perature was higher. The analysis of the crystalline structure
of the transition alumina was not precise enough to get its
atomic bond lengths in order to correlate them with the
observed transition temperatures (19). Since these transition
temperatures were also related to boehmite’s crystallite size
(Fig. 9), it is interesting to analyze the dependence of boeh-
mite’s bonds as a function of this size in order to find
a possible correlation between them and the temperature of
the transition to the o phase. This, of course, is partially
speculative, but the analysis would motivate us to study in

1300 Boehmite T

1275 |- E

1250 |- s i

1225 i

1200 2 .

Transition Temperature (°C)

1175 . 1 . 1 . 1 . 1 . 1
0 5 10 15 20 25

d(m) (nm)

FIG. 10. Transformation temperature of transitional aluminas into
o-alumina as a function of boehmite crystallite size. Points correspond to
experimental data; the continuous line is only a visual aid.
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TABLE 4
Number of Hydroxyls (X) per Formula in Transitional
Alumina Al,O;_,,(OH),; y-Alumina Crystallite Size and the
Transformation Temperature into a-Alumina as a Function of
Boehmite’s Crystallite Size

d(020) X dy atumina (NM) T (°C)
1.13(1) 0.274 2.65(7) 1190
1.56(2) 0.2526 2.69(7) 1198
2.04(4) 0.3044 3.0(1) 1203
2.42(4) 0.3168 3.3(1) 1206
6.90(8) 0.1874 4.5(1) 1249
14.2(2) 0.1502 6.2(2) 1289
26.3(5) 0.1452 6.6(2) 1290

detail some of the transition alumina properties coming
from precursors with different crystallite sizes; it is especially
important to get their atomic bonds by using appropriate
techniques—actually, by using FTIR spectroscopy we are
trying to get some information about these bonds to corre-
late them with boehmite’s crystallite size. In another experi-
ment, transitional aluminas, prepared at 788°C in air and
coming from boehmite with crystallite sizes of 26.1(1) and
3.32(4) nm (18), were exposed to heavy water (D,0O) steam at
300°C just after they were annealed in air at 300°C to
eliminate adsorbed water from the environment. In the
sample coming from the boehmite with small crystallites
almost all hydroxyls were substituted by OD ™ ions, but in
the sample coming from the boechmite with the large crystal-
lite the substitution was about one-half. This indicates that
the non-interchanged hydroxyls should be in the bulk of the
transitional alumina, which is larger in the sample coming
from the boehmite with the large crystallite; therefore, these
hydroxyls cannot be interchanged.
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FIG. 11. Transformation temperature of transitional aluminas into

o-alumina as a function of transitional alumina crystallite size. Points
correspond to experimental data; the continuous line is only a visual aid.
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When the bond lengths in the representative octahedron
of boehmite are analyzed (19), it is observed that those
between oxygen atoms and oxygen and aluminum atoms
decrease as boehmite’s crystallite size increases [d», ds, and
d, in Tables 5 and 7 of Ref. (19)], which is equivalent to an
increase of the corresponding binding energy. If we assume
that this bond length’s variation with crystallite size is
maintained when boehmite is transformed into a
transitional alumina, then transition aluminas with stronger
bonds, those with the largest crystallite sizes, would trans-
form into the o phase at higher temperatures, as is observed
experimentally. This requirement is equivalent to assuming
that during the transformation of boehmite into y-alumina
some boehmite octahedra survive without changing their
initial interactions and form part of the alumina crystalline
structure; this assumption is supported by the presence of
large amounts of hydroxyls even when boehmite is trans-
formed into y-alumina (Fig. 3) and the fact that some of
them are in alumina’s bulk. Since the experiments to obtain
Fig. 3 were performed in situ, the hydroxyls of y-alumina
observed at 390°C came from boehmite and not from the
environment.

CONCLUSIONS

Boehmite’s thermal evolution depended on atomic bonds
and crystallite size. The desorption temperature of adsorbed
water on boehmite crystallites surface was determined by
the bonds between aluminum atoms and hydroxyls. After
water desorption, the amount of hydroxyls leaving the
sample when it was further heated was larger than expected
from stoichiometry. This was because the oxygen in the
octahedral vertices on crystal surfaces perpendicular to the
(020) boehmite plane compensated their charge by reacting
with hydroxyls and hydrogen in the environment. The
transition temperature from boehmite into y-alumina de-
pended on the hydrogen bond strength between the oc-
tahedral double layers that sustain the crystalline structure.
The exothermic transformation temperature from
transitional aluminas into «-Al,O3 varied with boehmite’s
crystal size: it was larger for the samples with larger crystal-
lites. The temperature was not determined by the amount of
hydroxyls in transitional aluminas; it probably is deter-
mined by the initial bonding in the precursor boehmite.
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