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Abstract

First, the structural features of nanocrystalline boehmite synthesized by hydrolysis of aluminum sec-butoxide according to the Yoldas
method are reported. The nanosized boehmite consists of rectangular platelets averaging 8 by 9 nm and 2-3 nm in thickness which contain
a large excess of water. Dehydration by heating under vacuum induced an increase in the specific surface area, down to a minimum water
content (~0.2 HO per ALO5); values up to 470 flg can be reached. However this enlargement of specific surface area only results from
water loss, the surface area remaining constant. The particle morphology, the excess of water, as well as the specific surface area, depen
on the amount of acid used for the peptization during the synthesis. Second, a comprehensive investigation of the dehydration kinetics is
presented. The simulations of the non-isothermal experiments at constant heating rates show that thermally stimulated transformation of
nanocrystalline boehmite into alumina can be accurately modeled by a 4-reaction mechanism involving: (1) the loss of physisorbed water, (I1)
the loss of chemisorbed water, (Ill) the conversion of boehmite into transition alumina, (V) the dehydration of transition alumina (loss of
residual hydroxyl groups). The activation energy of each step is found to be very similar for experiments done in various conditions (heating
rate, atmosphere, kind of sample).. .
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction of their high surface area, mesoporosity, and surface acid-
ity.

Alumina is a low cost material used in many domains Transition aluminas are prepared by calcining aluminum
like catalysis, ceramics and mechanical ceramics, refractory,hydroxides. Starting from different hydroxides leads to dif-
electrotechnology, electronics, bio-medical, The wide va- ferent forms having different thermal stability, surface acid-
riety of these applications comes from the fact that alu- ity and textural properties. Among aluminum hydroxides,
mina occurs in two forms, corundum er-alumina with boehmite, aluminum oxyhydroxide (AIOOH) is an important
an hexagonal close-packing of oxygen ions and transition precursor because the heat treatment of boehmite produces
aluminas with a cubic close packing of oxygen. Transi- a series of transition aluminas frogAl,O3 andm-Al203
tion aluminas include a series of metastable forms that ex-to 3-Al>,03, and8-Al 203, which exhibit high surface areas
ist on an extended temperature range, but all of them lead(200-500 rd/g) and thermal stability up to 100€.
to a-alumina by calcining at high temperatures. Corundum  The structures of the transition aluminas all are based on a
has excellent mechanical, electrical, thermal, and optical face-centered cubic (fcc) array of oxygen anions. The struc-
properties. Transition aluminas are widely used as adsor-tural differences between these forms only involve the ar-
bents, catalysts, catalyst supports, and membranes becausangement of aluminum cations in the interstices of the fcc

array of oxygen aniongy-Al,0O3 andm-Al,03 have defect
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produced by dehydration of bayerite Al(Ofi)whereasy- coatings or in catalysts manufacturing, good modeling of its
Al>Os3 is formed by dehydration of boehmite. Upon heating, dehydration kinetics would be very useful for the accurate
v-Al>,03 andn-Al,03 are gradually converted ifrAl 20s. design of industrial thermal processes.

In the case ofy-Al03, this transformation occurs via the
formation of3-Al,0O3 which is not observed foij-Al 203.
Boehmite was thought to exist under two distinct forms, 2. Experimental
well-crystallized boehmite and pseudoboehmite (also called
gelatinous boehmitgB,4], with significantly different mor- 2.1. Synthesis
phologies, porosity, and surface areas. However, recent crys-
tallographic studie§5-9] have clearly demonstrated that Three kinds of boehmite samples were synthesized ac-
pseudoboehmite is simply micro- or rather nano-crystallized cording to the well-known Yoldas procef22—-25], which
boehmite, the differences observed between the two formsconsists of introducing aluminum tri-sec-butoxide (ASB)
coming from the difference in crystallite size. Al(OC4Hg)3 in an excess of distilled water g&/Al = 100)
Since the oxygen sublattice of boehmite is cubic pack- under vigorous stirring at 85C. Stirring was maintained for
ing, boehmite dehydration to form transition aluminas and 15 min. The first sample (S1) was obtained by drying the
the further transformations through the transition alumina hydrolyzed slurry at 50C in air (no peptization). For the
series only involve short-range rearrangements of atoms insecond sample (S2), the hydroxide precipitate was peptized
the crystal structure. These conversions are topotactic and reby adding 0.07 mol of nitric acid per mol of alkoxide and
quire only a small energy. Hence, the temperatures at whichstirring at 85°C until a clear sol is obtained (~24h). For
they are observed are variable and depend on the crystallinitythe third sample (S3), peptization was done with 0.20 mol of
of the boehmite precursor as well as on the thermal treatmentnitric acid per mol of alkoxide.
conditions. Therefore, the characteristics of the transition alu-
minas, such as specific area, porosity, pore-size distribution,2.2. Powder X-ray diffraction (PXRD)
acidity, are deeply affected by the microscopic morphology
of the boehmite precursor. The crystal structure was investigated by powder X-ray
The identification and characterization of various transi- diffraction. Data were collected on a Seifert 3003#+F6
tion aluminas formed by the dehydration of boehmite have diffractometer in Bragg—Brentano geometry, using filtered
been extensively investigated. Several studies demonstratéCu Ka radiation and a graphite secondary-beam monochro-
the close relationship between the microstructural featuresmator. Diffraction intensities were measured by scanning
of boehmite and the structure and texture of the resulting from 5 to 90 (26) with a step size of 0.02(26).
transition aluminagl,7,10—15]. The few papef$6—21]pub- Whole powder pattern fitting (WPPF) was done by the le
lished on the kinetics of the boehmite dehydration generally Bail method using the softwar@owderCelldeveloped by
give conflicting results. As pointed out by Tsuchida et al. Nolze and Kraug26]. The reflection profiles were mod-
[20], the discrepancies between them are attributable to theeled by pseudo-Voigt functions. The peak positions were
differences in particle size, specific surface area and crys-constrained by lattice parameters. The variation of the peak
tallinity of the boehmite used for the experiments. Most FWHMSs (full-width at half-maximum) across the pattern
of these kinetic studies assume that the dominating reac-were calculated from the classical Cagli@v] formula.
tion process is a single rate-controlling process throughout
all stages of the reaction. Furthermore, it is often accepted2.3. Specific surface area and density
that the associated activation energy remains constant dur-
ing the dehydration process. In this work, we clearly show  The specific surface areas were computed from the N
that these assumptions are inaccurate for nanocrystallineadsorption isotherms (recorded at 77 K with a Micromerit-
boehmite. ics ASAP 2010), using the Brunauer—-Emmett—Teller (BET)
The main goal of the present paper is to report a compre- method.
hensive investigation of the dehydration kinetics of nanocrys-  Skeletal densities of powder were determined using a
talline boehmite synthesized by hydrolysis of aluminum gas pycnometer (Micromeritics AccuPyc 1330) and work-
alkoxide. In kinetic studies, a precise knowledge of the struc- ing with helium. Each experimental value results from the
tural and microstructural features of the involved materials is average of 10 successive measurements on the same sample.
essential, therefore the first part of this paper reports the thor-
ough characterization of both nanocrystalline boehmite and 2.4. Electron microscopy
its dehydration products. Using a material with a very small
crystal size is critical when dehydration affects the structure ~ Transmission electron microscopy (TEM) analyses were
rather than the surface layer. With larger crystals the limiting done ona JEOL 2010. A small amount of sample powder was
step is very often the diffusion of gas through the solid and put in ethanol and dispersed with ultrasound during 1 min.
the true kinetic parameters cannot be determined. Finally, it Then the carbon-coated grid was dipped in the suspension
is worth noting that, given the importance of boehmite in and allowed to dry at room temperature.
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2.5. Thermal analysis than finding a solution which describes the state of the system
at all points in time, this software uses a stochastic method
Simultaneous thermogravimetric (TG) and differential where changesinasystem are modeled by randomly selecting
thermal (DT) analyses were carried out on a SETARAM TG- among probability-weighted reaction st¢p8].
DTA 92 thermobalance using 20 mg of samplealumina
was used as reference. _ _
Kinetics studies were performed with a special apparatus 3- Results and discussion
built around a CAHN D200 electrobalance. The balance can

operate in vacuum and detect a mass changedfgoGen- 3.1 Characterization of boehmite samples
erally, these experiments were done either under Ar or under ) ) )
a gas mixture containing 20%;@n Ar. The concentration of TEM micrographs of the boehmite samples (Fig. 1) re-

water in these gases was less than 50 ppm. A vacuum purg&/€@l the very small size of the crystallites. Nanocrystals of
of atmospheric air was done before starting the experiments./€sS than 10nm can be seen, which have a strong tendency
This operation induces a systematic mass loss because, undd organize themselves to build polycrystalline fibers, sheet

vacuum, the samples start to lose water from room tempera-Or slabs. The main difference between the samples seems to
ture. be the ability of crystallites to undergo auto-organization. S1

gives bidimensional objects (sheets) often folded. S3 essen-
tially contains almost monodimensional particles (fibers). S2
presents an intermediate behavior.
The X-ray diffraction patterns of the three samples are

reported inFig. 2. Except for the first reflection they appear

o be very similar. The broad diffraction lines reveal that the
“crystallites are very small. Moreover, in the same pattern, the
peak widths are also different, the first reflection being the
widest. The structural elements in boehmite crystals consist

2.6. Computer simulations of reactions

The computer simulations of the chemical kinetic reac-
tions involved in the supposed reaction mechanism have bee
done using the classical deterministic model based on the nu
merical integration of a set of differential equations through
time. The differential equations are the rate laws of each re-
action step. The’algorithm Is a predictor—corr'ector algorithm of double chains of Al@octahedra giving double molecules
(based on Heun’s methdd8]) which automatically adjusts [1,31]
the step size of the integration. Iterative refinement of the =" " o)
parameters (frequency factors, activation energies and reac- [HO-AlT > ALOH],
tion orders) was done by a non-linear least-squares method ~ o7
based on the simplex algorithf8] to optimize a fit to the These chains are parallel, forming layers with the OH
experimental data. groups outside. The double chains are linked by hydro-

Moreover, to check the validity of the results given by the gen bonds between hydroxyl ions in neighboring planes.
numerical integration procedure, we have also used the IBM Boehmite crystals exhibit perfect cleavage perpendicular to
Chemical Kinetics Simulator (CKS) prograf9]. Rather  the general direction of the hydrogen bondj&y

.'}: i { s
T 7 ! ;-.—"""-."EL It ) it £
Sample S1 Sample S2 Sample S3
not peptized peptized with 0.07 mol HNO; /Al peptized with 0.20 mol HNO3 /Al

Fig. 1. TEM micrographs of the boehmite samples.
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Fig. 4. Pattern decomposition of the experimental pattern recorded with the
sample S1. Each diffraction profile has been modeled using a separated
set of parameters (intensity, FWHM, Lorentzian fraction of pseudo-Voigt
function). Orthorhombic unit cell, space groGmcm.

2theta (°)

Fig. 2. X-ray diffraction patterns of boehmite samples (Cu f#édiation).
Orthorhombic unit cell, space group number 68pcm.

This structure corresponds to an orthorhombic unit cell.

The diffraction peaks have been indexed using the space \yngle pattern fitting agreement with the experimental pat-
groupCmem. Whole pattern fitting of the experimental di- o1, js not very good for two groups of lines, at about 50 and

agrams ofFig. 2 gives an acceptable agreement with the g (20) (Fig. 3). This is because the crystallite shapes are
boehmite structure (Fig. 3) provided that the firstline (020) gnisotropic. If the refinement is done using a separate set of

was excluded because it presents too large a shift toward Smalbarameters—peak intensity, FWHM, Lorentzian fraction of
angles from its calculated position (skle 1). This shiftof g6 (,do-voigt function, for modeling each diffraction profile
the (020) line, observed for microcrystalline boehmite, has (peak positions being fixed), the agreement between experi-

been the subject of much controversy in the past. It has beenyental and modeled patterns improves (Fig. 4). The widths
attributed to interlayer wat¢81,32], orto a smaller attractive 4t the 002 and 200 reflections are smaller than the others

force between layers due to water absorption at the peripherypecause the crystallite dimensions along #hendc-axes

of layers[33]. More recent work$5-7] have demonstrated  4re |arger than along theaxis, which means that crystallites

that th_e (020) peak shift is essentially due to a particle-size 56 4 platelet shape. Such a shape has often been reported

effect like the one observed for clajt]. for microcrystalline boehmite and can be related to the fact
that the cleavage plane is perpendicular tattaxis. The re-

experimental fined FWHM of the 200,020 and 00 2 lines can be used to
| — calculated estimate, by Scherrer’s equation, the average crystallite size
021 } 002 —— difference along thea-, b- and c-axis. The instrumental broadening con-

tribution was evaluated by usirgalumina (S1 calcinated at
1400°C for 2 h) as standard. The results, reportetiable 1,
show that crystallites are rectangular plates averaging 8 by
9 nm and 2-3 nm in thickness. This size is in good agreement
with the size of the elementary particles observed by TEM.

The marked enhancement in intensity of the 0 2 0 diffrac-
tion line indicates that a large fraction of the crystallites have
their b-axis oriented in a direction close to normal to the

| wf . sample holder plane. This texture is due to the plate shape
MW‘;‘!F-'W&W‘W# W*MWMMM Mﬁw‘"ﬁ’*"“ﬂ]ﬂ*’“"‘*’ﬂfﬂm“) of thz crystalliteps and has already been repoﬁéel-gﬂ for P
' microcrystalline boehmite.

The values of the cell parameters corresponding to the best
fitare very similar for the three samples (Table 1) and they are
close to the parameters reported in literature 238685\; b=
Fig. 3. Whole powder pattern fitting (le Bail method) of the experimental 12.214A; c = 3.694A) for crystallized boehmitg38]. From
pattern recorded with the sample S1. Orthorhombic unit cell, space group the cell parameters, we have also calculated the cell volume
number 63Cmcm. and the crystal density (Table 1).

Intensity (a.u.)

20 30 40 50 60 70 80
2theta ()
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Table 1
Characteristics of boehmite samples

79

S1 not peptized

S2 peptized with 0.07 mol HNAI

S3 peptized with 0.21 mol HNGIAI

20 shift (°) for 020 line 1.05+0.01 0.74+0.01 0.86+0.01
a(nm) 0.287+0.0005 0.287+0.0005 0.287+ 0.0005
b (nm) 1.222+0.001 1.2194+0.001 1.223+ 0.001
¢ (nm) 0.371+0.0005 0.371+0.0005 0.371+ 0.0005
Cell volume/nnd 0.130+ 0.0005 0.13@ 0.0005 0.13Gt 0.0005
Crystal density/g crm® 3.063+0.012 3.0710.012 3.059+ 0.012
D200 (nm) 6.3:0.2 7.3£0.2 8.5+ 0.2
D020 (nm) 2.8:0.1 2.9+0.1 25+0.1
D002 (nm) 9.G:0.3 9.0+0.3 8.9+ 0.3
Specific surface areafg ! 352+ 0.4 341+ 1.5 256+ 0.5
L.O.I. (wt.%) 30.5+£ 0.5 28.5+ 0.5 32.0£ 0.5
Al,03 (%) 69.5+ 0.5 715+ 0.5 68.0+ 0.5
AIOOH (%) 81.8+ 0.5 84.1+ 0.5 80.0+ 0.5
Formula AIO(OH)-0.74H,0 AlIO(OH)-0.63H0 AIO(OH)-0.83H,0
Experimental density (g cn¥) 2.355+ 0.0004 2.478t 0.0005 2.378t 0.0007
Calculated density (g cri?) ~2.2 ~2.3 ~2.2

The specific surface area, measured after outgassing 15 Horms a monolayer on the surface can be ddrie33]. The
at 100°C, are close to 350fg for S1 and S2, but only maximum adsorption capability for water molecules is ob-
260 /g for S3. Yoldas reported that the specific surface tained by expanding the coordination number of surface alu-
area is affected by the amount of acid used for peptization minum to six and of surface oxygen atoms to four (oxide
[22]. He found that a critical amount of acid was needed to or hydroxide). The number of adsorption sites for water
peptize the hydroxide to a clear sol (the acid concentration molecules on a platelet crystallite (8 2.5 nmx 9 nm),
is about 0.07 mol per mol of Al). Increasing this amount in- worked out following the same model as Nguefack €tlad],
creases the repulsive force between colloidal particles andis given inTable 2. Adsorption on all the sites leads to the
enlarges the gelling volume which has a negative influence stoichiometry AIOOH-0.5HO. Experimentally we have be-
on various properties of the oxide resulting from this gel. tween 0.63 and 0.834® in excess according to the samples
By measuring the loss on ignition (LOI), which isthe mass (Table 1), which means that there is multilayer adsorption.
loss after calcination at high temperature (2 h at 1200 the The water excess can also explain the strong discrepancy
total amount of water contained in the samples is obtained between experimental densities measured with a helium pyc-
because they are transformed int@lumina which is pure ~ nometer and the densities calculated from lattice parameters
Al,03. The expected mass loss for the formation of anhy- (Table 1). The crystal density, calculated from the lattice pa-
drous boehmite AIOOH, according to rameters, is:

2 AIOOH — H»0 + Al,03 Q)

Mcrystal

)

dcrystal =
. . . Verystal
would be 15%. Our samples contain about twice this amount

(Table 1). Such values are not uncommon for very small Similarly the experimental densitlexp is:
boehmite crystallitefl2,14,15,31,39]. MH,0 + Merystal

As stated above, two models have been reported to explaindexp = m
the water excess in boehmite; surface water adsorbed on the 2
particles[33] and inter-layer water in the crystal structure of FOr 19 0fsamplénn,o + merystal = 1 andVia,o0 = m,0 =
boehmite[31,32]. The second hypothesis was proposed to 1—AIOOH/100, which gives:
account for the shift qf the_O 20line towards.small angles put %AIOOH,/100 %AIOOH\ \ ~1
we have seen that this shift has been explained by a particle<dcaic = <— < - W))
size effect5,6]. Now it is admitted that the excess of water
in boehmite is simply adsorbed on the crystallite surface. The results, reported ifable 1, demonstrate that, although
A recent DFT study of the surface properties of boehmite the calculated densities are slightly lower than the experi-
[40] has shown that the surface energy strongly depends onmental values (which could mean that the real volume taken
the crystalline planes. The basal (0 1 0) surface, which forms by water is less than 1 ciy), the agreement is rather good.
about 50% of the total surface, is unreactive. Water is only
physisorbed on it, whereas on the (10 0) and (0 0 1) surfaces,3.2. Thermal decomposition of nanocrystalline boehmite
water is chemisorbed, mainly dissociatively.

From the dimensions of crystallites, an estimation of the  Typical TG-DTG-DTA curves are reportedhig. 5a. The
amount of adsorbed water (physi- or chemi-sorbed) which dehydration appears to occur in three main steps. The first

®3)

(4)

dcrystal
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Table 2

Determination of the number of adsorption sites for water molecules for a platelet crystadlile®Bx 9 nm (the same model §5] has been used)
Direction a b c

Crystal size (nm) 8 2.5 9

Cell parameters (nm) 0.287 1.22 0.37

Number of cells 25 2 25

Faces (100) (010) (001)

Surface of face (nR) 45 133 35

Cell number (on 2 faces) 2x2x25 2x 25x 25 2x2x25
Atoms (ceII) 2Aly +2 0y +2HOQy 1 HGy, 2 Al +20Qy +2HQy,
Adsorption sites 600 1250 800

Molecule HO/nn? 13.3 9.4 22.8

Formula AIO(OH)-0.12H0 AIO(OH)-0.25H0 AIO(OH)-0.1H,0

gives a sharp symmetrical endotherm and finishes at@oo ~ Profiles seem more-or-less the same, though the shape of the
It accounts for 5-9% of the mass loss. The second step givessecond peak is different and its maximum is shifted towards
a broad unsymmetrical endotherm and ends before 00  higher temperatures. This discrepancy between the DTG and
It represents the major part of the mass loss, about 20-25%DTA curves, which indicates that the change in enthalpy is
The last step gives no thermal event but appears as a conhot directly prpportlonal to thelrate of mass loss, is generally
tinuous mass loss and seems to stop at about@0 only encountered in complex reactions.

corresponds to about 3% of the mass loss. The DTG and DTA ~ The shape of the DTG curve strongly depends on the ex-
perimental conditions, such as sample mass, static or dynamic

atmosphere, heating rate, Fig. Sbillustrates that in the tem-
perature range 20-80C, our samples give rather different
r T shapes of DTG profiles.
1 exo These kind of curves have often been reported in literature
[12,14,15,41]. The first step has been attributed to the des-
orption of physically adsorbed water, the second step to the
conversion of boehmite intg-alumina, and the last step to
the elimination of residual hydroxyls. The exotherm, which
TG(%) | appears at the very end of DTA curve, corresponds to the
—DTA transformation inta.-alumina. The shape of these curves has
—Db1é T beenfoundto be closely related to the crystal size of boehmite
-30 ‘ . : r  — [12,14]. The first peak is not observed for crystals larger than
0 200 400 600 800 1000 1200 50 nm. The second peak becomes sharper as the crystal size
(a) TIC increases and is shifted towards higher temperafargsin
some paperfl2,15,41], to explain the asymmetrical profile
ofthe second peak, an additional step is considered, attributed
to the removal of chemisorbed water before the conversion
into transition alumina.

For a given sample, the change of specific surface area,
as well as the mass loss induced by heating under vacuum,
have been followed. Because this mass loss essentially results
from the loss of water, to help the interpretation of the experi-
mental data, as well as the comparison between samples, itis
more convenient to convert the sample massinpt, where
nh,o represents the number of water molecules in the sample

per AlLbOs formula. Thus for anhydrous boehmite, AIOOH,
1 o nH,0 = 1 whilenn,o = 0 for a—Al>03. For example, in the
= case of a sample which had an initial magsand a current
massm after being heated

104 |

-15 4

mass loss (%)

AT (a.u.)

-20 4

-25 4

DTG (a.u.)

— 851

T T T 1

0 200 400 600 800
(b) T/"C NH,0 M — MAI,03 MAl,0,

. . . nAILO Mu,0  mai0
Fig. 5. a. TG-DTA curves recorded with sample S2 (mass =20 mg, air flow 23 2 23

= 1.51/h, heating rate = 12GC/h) b. Comparison of the DTG curves for the . _ 100— LOI
different samples (mass = 30 mg, Ar flow = 1.51/h, heating rate =C30). with MAI,03 = M 100

(5)
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Table 3 500
Effect of temperature on specific surface area oSt
Sample  Outgassedin T(C)  nm,o SBET (nfg™1) T, 4504 ¢, 52
€ o0 o A S3
S1 Vacuum 50 1.45%0.02 33%H0.3 = 400 4 o )
S1 Vacuum 100 1.320.02 352£0.3 e e, © b
S1 Vacuum 150 1.160.01 361+0.3 3 A o
s1 Vacuum 200 0.9%0.01 377£0.4 & 3501 2 a O 5 e
S1 Vacuum 250 0.76:0.01 395+-0.4 a A
S1 Vacuum 300 0.460.01 417+ 0.6 £ 3004 a
S1 Vacuum 325 0.320.01 426+ 0.7 § 4
S1 Vacuum 355 0.190.01 433+ 0.8 o 250 + A
S1 Vacuum 390 0.1%0.01 433+ 0.9 A
S1 Vacuum 455 0.020.01 430+0.9 200 T ¥ T
S1 Vacuum 465 0.0&0.01 428+ 0.9 0.0 0.5 1.0 1.5 2.0
S2 Vacuum 100 1.56:0.02 341t15 @) nH,0
S2 Vacuum 250 1.16:0.01 383£1.3
S2 Vacuum 270 0.9%0.01 395+1.3 2.00
S2 Vacuum 300 0.720.01 412+1.1 1.80 o 3s1
S2 Vacuum 350 0.220.01 456+ 2.5 ’ A ® S2
S2 Vacuum 450 4682.5 1.60 1 s AS3
S2 Air 350 441413 1404 ¢
s2 Air 400 40413 1.20 | o 8 .
S2 Air 350 43H1.2 Q
s2 Air 500 339£2.9 T 10071 o Ae
S2 Air 500 333+29 0.80 1 oA
S2 Air 700 23714 0.60 4 A
S2 Air 800 171£0.5 0.40 | &
S3 Vacuum 50 1.720.03 229+ 0.4 ®
S3 Vacuum 100 1.580.03 256+ 0.5 0.20 + s, .
S3 Vacuum 150 1.420.02 282+-0.6 0.00 T T T T
S3 Vacuum 200 1.2%0.02 297+0.7 0 100 200 300 400 500
S3 Vacuum 250 0.920.02 327£0.7 () T/C
S3 Vacuum 265 0.7&0.01 345+-0.7
S3 Vacuum 285 0.6£0.01 354£0.7 Fig. 6. a. Effect of water content on the specific surface area. For each
S3 Vacuum 305 0540.01 365£0.7 analysis the sample was heated under vacuum?(®a) at the selected tem-
S3 Vacuum 320 0.320.01 378£0.7 perature for 18 h. To avoid a cluttered diagram, the absolute errors have not
33 vacuum 350 0.230.01 368-0.8 been reported, they are givenliable 3. b. Effect of temperature on the water
S3 Vacuum 390 0.120.01 386+1.3 content. For each analysis the sample was heated under vacuUFrPG)O
S3 Vacuum 440 0.0&0.01 382+-1.6

where LOI represents the loss on ignition ahgh,0 and
Mp,0, are the molar masses of water ang®@¢, respec-

tively.

at the selected temperature for 18 h.

for S1. Thus, under secondary vacuum, the transformation of
nanocrystallized boehmite into transition alumina can begin
from 200°C

For each surface analysis, the sample was heated under Fornp,o > 0.2— 0.15 the specific surface area increases

vacuum (1072 Pa) at the selected temperature for 18 h. The steadily along with the water loss (Fig. 6a). Because the spe-
results are reported ifable 3andFig. 6.Fig. 6a shows the  cific surface area is the surface to mass ratio, this means that
dependence of BET area ep,o, whereas-ig. 6b gives the  the surface area remains constant, that is the loss of water
dependence ofy,0 on the temperature. The same trends can does not create any additional porosity. Actually it has been
be observed for the three samples, but, for the same water conshown by Lippen§31] that the magnitude of the internal sur-
tent, the specific surface area differs significantly according face area formed by dehydration on heating strongly depends
to the sample and the difference remains for the whole rangeon the particle size of boehmite: the smaller the crystals, the
of nn,0. Fig. 6b shows that, when temperature increases, smallerthe increase of the surface area. Thisis because the de-
there is a linear decrease mf,o0 down tony,o = 1 which hydration is topotatic. If crystallite size of hydroxides is large
corresponds to AIOOH. This zone corresponds to the loss (small specific surface area), when water is expelled, space
of adsorbed (physisorbed and chemisorbed) water. Water iswill be created in the particle, which so becomes porous be-
more strongly bonded in S3 than in S1 or S2, because S3cause the external volume of particles does not change very
must be heated 10@ above S2 to reach the same value of much[10,20,42]. Butin the case of nanocrystalline boehmite,
nh,0. Belownp,o = 1, the conversion of boehmite into tran-  the crystallites size is so small that a large number of them
sition alumina begins and there is a steep decreasg of contain only a few unit cell along b axis so that the collapse of
In this zone the plots of the three samples merge into the the layered structure during the expelling of the water leads
same curve. Values ofy,0 < 1 were attained from 200 to the particle shrinkage but does not create significant inter-
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nal porosity. The same kind of behavior has also be observed
in other topotatic dehydrations like thosewfeOOH[43]

or y-FeOOH[44]. The larger the particle size of the start-
ing hydroxide, the larger the surface area of the iron oxide
obtained.

The transformation of nanocrystalline boehmite into tran-
sition alumina starts to decrease the surface area only at the
very end of the conversion, whemy,o0 becomes less than
0.15. This zone corresponds to the last step observed in ther-
mal analysis.

The surface, calculated from the mean crystallite dimen-
sions, assuming that every crystallite is a rectangular plate,
is given by the formula:

Intensity (a.u.)

Sentc 2(uv + vw + wu) ©)
duvw

wheredis the crystal density ang v, ware the dimensions of
the crystal. Takingl = 3.06,u= 8, v= 2.5 andv =10 nm (cf.
Table 1) gives Suc~ 410 nt/g. This value is in a rather good
agreement with experimental surfaces area which confirms . 8 A5 £ g
the absence of significant internal porosity. 2theta ()

Fig. 7reports the changes in BET area with temperature
for the sample S2. When the samples were heated under vacFig. 8. Gradual change of the X-ray diffraction patterns during the thermally
uum (filled symbols), the surface increased up to4DBut stimula_teq conversion of boehmite (S3 sample) to transition alumina; (Cu
when the calcination was done at atmospheric pressure (oper}f"‘ radiation).
symbols), the surface decreased from 350Hence dehy-
dration under vacuum allows the maximum surface area to

be obtained. Above 35, the surface steadily decreased intermediate compound is formed at any temperature, and
(about 60 M4 per 100°C) the conversion of boehmite into alumina is gradual. Up to

450°C, the 020 line of boehmite can be detected, thus the
whole temperature range of decomposition exceed$C00

In order to follow the crystal structure transformations
of nanocrystalline boehmite that occur upon heating, X-ray o )
diffraction patterns were recorded, at room temperature, on From 450,)(:' whole pattern fitting with a model based
samples heated under air for 2 h at specific constant temperapn_CUb'C_ spinel-type structure _(space group number 227,
tures. The patterns obtained with the S3 sample are reported irf ¢>) 9ives good agreement, if a separate set of parame-
Fig. 8. The crystal structure of boehmite remains up toZ50 ters is used for each reflection (Fig. 9). As stated above, both

For higher temperatures, the intensities of the boehmite Iines\(l'la‘Iumlna a(;\ch-alumma ha;lve;\ ?plnel-éype structulre, gener-
decrease, while new reflections characteristic of the spinel—a y reported as tetragonally deformed. Howeyealumina

type structure of transition alumina progressively appear. No exh|b_|ts a more prono_unceo! tetragonal d|storpon thian
alumina. Although the intensity of (11 1) reflection appears

to be rather low, there is almost no tetragonal deformation,
which suggests that these patterns could correspong to

550

alumina. Lippen$31] reported that the thermal decomposi-

500 A . . . . .
o e tion of well-crystallized boehmite producgealumina, while
E 4901 ./Q(\\ pseudoboehmite gave thdorm. Even though)-alumina ap-
g 400 VacuuT o o pears at relatively low temperatures, no sign of the formation
g 309 e kS of 3- or #-alumina was detected up to 80D. The cell pa-
§ 300 1 S ar rameters are similar over the whole temperature range (a
& 250 R 0.7924 0.001 nm).
8 200 e

ko

? 150 3.3. Kinetic analysis of the transformation of boehmite

100 \ \ \ into transition alumina

0 200 400 600 800
T/°C

As seen above, the thermal decomposition of nanocrys-

Fig. 7. Effect of temperature on the specific surface area. The filled symbols _ta”me boehmite to transition alumina is a Complex process

correspond to samples heated under vacuum, while open symbols corresponévVOIving four consecutive stages. Using the same formula-
to samples calcined in air at atmospheric pressure. tion as Tsukada et aJ12], the reaction mechanism can be
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440

Intensity (a. u.)
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2theta (7)

Fig. 9. Pattern decomposition of the experimental pattern recorded with the sample S3 heated in 4 au#&@ell cubic, space group number 2Z73m.

written: In order to evaluate the variation of the activation energy
) ) with the extent of the reaction, an isoconversional method has
desorption of physisorbed water : been used. Isoconversional methods are based on the princi-
(AIOOH), - (m + n)H20 — nHL0 ple that the reaction rate at a constant extent of conversion is
only afunction of temperatufd5]. In practice, several exper-
+(AIOOH), - mH20 @) iments should be carried out under the same conditions (atmo-

sphere, pressure, flow rate, sample massanly changing

the heating rate ()8 Then, for a given fraction transformed

(), a plot of In(f versus 1/Tshould give a straight line. For

(AIOOH),mH20 — mH20 + 2AIO0H (8) a constant heating rate and using the Doyle approximation
[46], the slope is about 1.052E,/R. However, because we

o " o obtained rather low activation energies, we used the correc-

conversion into transition alumina : tion for the Doyle approximation introduced by Flyptv].

2AIO0H — (2 — v)/2H,0 + Al203_,,2(OH), 9) As above, the curves massfft) have been converted
into ny,o = f(t) wherenp,o stands for the number of wa-
ter molecule per AlO3 formula. The reaction coordinate, or

desorption of chemisorbed water :

dehydration of transition alumina : fraction transformed (), was determined by:
Al>03_,/»(OH 2H,0O + Al,O 10 —
203-1/2(OH), = v/2Hp0 +Al20s U0 g = 2oz (1)
no—ny

wherem andn are, respectively, the number of physisorbed
and chimisorbed water molecules on the surface of boehmite ,whereng is the value ofin,0 at the beginning of the process,
andv is the number of residual hydroxyl groups remaining n; the value at the timeandn; at the end of the process. The

in the transition alumina. results obtained using valuesin the range 30—600C h~1
The goal of this study was to determine the kinetics pa- are reported ifirig. 10and clearly confirm the complexity of
rameters for each step, i.e., the activation en&gyhe pre- the reactionEg is approximately 40 kJ/mol for the first step

exponential factof,, and the reaction order, as well as the (0 <« < 0.2, loss of weakly adsorbed water). It increases
nandv values. We can reasonably assume that the kinetics pato 130 kJ/mol for the second step (0.2a<< 0.6, loss of
rameters of each step do not change during the reaction coursehemisorbed water) and increases further to 160 kJ/mol for
because: (i) the reaction proceeds through an almost constanthe third step (0.6 <« < 0.9, conversion of boehmite into
surface area, except for the last step; (ii) the process onlytransition alumina). Finall¥g; decreases to 90 kJ/mol for the
involves short-range rearrangements of atoms in the crystallast step (0.9 « < 1.0, dehydration of transition alumina).
structure; that is, the transformations are topotactic; (iii) the Standard deviations were very large fotbelow 0.4. This
particle are very small so that the size effects are minimized. reveals that, in this rang&, depends on the heating rate.
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160 where [P] and [C] are the concentrations of each species and

o140 L « £ kq(T) andkn(T) are the rate constants for dehydration and hy-
] g o . . . .
E o0l { ) dration, respectively. The concentration of water is not taken
s 100 L into account because, since we were working in a flowing at-
= mosphere itis assumed to be constantand can be incorporated
5 8o r { in the rate constant. Hence we have three parameters for each
2 60F reaction (g, A, and the initial concentration). The simula-
£ 40 ¢ { tion process consists of iteratively searching for the values
< 20l of the parameters which give the best fit (by a non-linear

0 s least-squares method) between the experimental data and the

0 0.2 0.4 0.6 0.8 1 cumulative concentration of the)® species computed from

numerical integration of these equations through time. The

time-temperature dependence is taken from the experimental

Fig. 10. Activation energies determined by an isoconversional method CUIvVe.

(Flynn [47]). As in any non-linear least square refinement process, rea-
sonable initial values of the fitting parameters are needed
to avoid convergence to a local minimum rather than to the

It has been demonstrat¢e8] that B depends on the heat-  1oh4| minimum. For the activation energy of dehydration we

ing rate in reversible reactions and, as we will see below, at have taken 45 kd/mol which is the value found by the Flynn

low temperatures the reverse reaction (hydration) cannot bemethod. The dehydration being endothermic, the activation
neglected. _ , , energy of the reverse reaction should be less than the energy
Ourexperimental device was notwell designed forisother- ¢ yne direct step and the difference between these values is
mal studies because the reaction rate becomes rapid before thgqual to the enthalpy of the reaction. We have assumed that
furnace has reached the target temperature. However, in orde{his energy is of the same magnitude as a hydrogen bond
to study the first step separately, some experiments were don%n average value for the hydrogen bond energy is 30 kJ/mol

in the low temperature region (up to 100). After the short  14q1 hence the activation energy of hydration was taken as
heating ramp, the sample was maintained at a constant €M1 51 3/mol. We have taken P = C = 0.4, as initial values for P

perature_z un_til there was no sig_nifi_cant change of the sample 4 C, because the starting valuerfro after outgassing at
mass with time. The final equilibrium value of depended 5 temperature was about 1.8, which means that the sum
on temperature. This behavior has already been reported inP +C should be about 0.8. Moreover. the sum P + C was con-
kinetic studies of boehmifd 8]. This means that, in this tem- strained to remain equal to 0.8. Initial valuesAgtave been
perature range, the sample reached a stable water content fogqyimated by trial and error in such a way that the calculated
each temperature. On the other hand, several studies have e was not too far from the experimental one.

shown that increasing the water vapor pressure causes the 1 reqyits of the simulations of some experimental tests,
rate constant to decrease but has little effect on the aCtivationrealized with different heating ramps and plateau tempera-
energy[17,20]. The straightforward interpretation is that ther- tures, are reported ifable 4. The quality of fitting is evalu-
modynamic equilibrium between direct (dehydration) and ated by the goodness of fit (GoF) defined as:

reverse (hydration) reaction was reached. Because the gas

Fraction transformed (a)

purge contained a very low amount of water (<50 ppm), the
rate constant of hydration should be considerably larger thanGoF = \/Z" wivi(exp) — yi(calc)y (15)
that for dehydration. (N — Ne)
We_ have simulated this equilibrium using a set of two wherey; (exp) are the experimental valugggcalc) the values
equations: calculated by numerical integration; the weight attributed
. to eachy;(exp),N the number of experimental points aNd
dehydration P- H,0 + C (12) the number of parameters.
The fit obtained for a plateau temperature of 1Q0is
hydration O + C — P (13)  worse than the others because, at this temperature, the sec-

o . ond step (loss of chemisorbed water) was beginning. In all
where P, the compound containing physisorbed cases the best fit was obtained for rather sinfiavalues:
water—(AIOOHY-(m + n)H;O in Eq. (7)—gives C about 50 kJ/mol for dehydration and 30 kJ/mol for hydration.

which only contains chemisorbed water. The difference between these energies, that is the enthalpy of
The kinetics of these reactions are described by the differ- dehydration, is in the range 20-30 kJ/nfilg. 11illustrates
ential equation: that this model, based on an equilibrium between adsorption
dip dic and desorption of water, allows the shape of the experimental
(P _ _d€] _ ka(TP] = kn(T)[C] (14) curves, especially the initial portion where the sample adsorbs

dr  dr water, to be simulated well. The valuesA for hydration
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Table 4

Simulations of the first step of the thermal dehydration of boehmite sample S2—mass, 25 mg; atmosphere, Ar

Tpiateau(°C) 70 80 90 100
B(Ch 300 150 500 300

GoF 110 270 230 390

P 0.45+0.01 0.44+0.01 0.47+0.01 0.45+0.01

c 0.35+0.01 0.36+0.01 0.33£0.01 0.35+0.01
A, dehydration 39500+ 200 6860+ 80 199000+ 1000 81200+ 2000
A, hydration 13+0.1 2.054+0.03 3.54+0.2 26+1

Ea dehydration (J mott) 52600+ 100 46200+ 400 58200+ 200 54600+ 1000
Ea hydration (J mot™t) 31000+ 200 242004+ 400 27200+ 200 33300+ 1000
GoF 110 240 210

Ao (sh 65700+ 1000 10500+ 300 415000+ 10000

Ea (Jmoft) 51700+ 200 44250+ 400 54600+ 400

Order 1.2+ 0.05 1.5+ 0.10 1.9+ 0.05

are far lower than for dehydration but, as stated abayés part of the curves were ignored. They gave similar GoF, ex-

the product of the true pre-exponential factor and the concen-cept for the data of the last column for which agreement was
tration of water in the gas flow. Because this concentration is poor. In all cases, the activation energies are slightly lower
very low (about 50 ppm) the true pre-exponential factor for than the activation energies of dehydration.

hydration is actually larger than for dehydration. The last task is the simulation of the whole process by the

It is clear that the same kind of equilibrium exists for the set ofEgs. (7)—(10). However, in this mechanism, the first
second step and indeed a computation using a model basethree reactions are consecutive; this restriction is actually sup-
on two successive reversible reactions (simulated by four re- ported by no experimental evidence and, especially, nothing
actions) gives a good fit with experimental data recorded for requires that conversion into transition alumina should only
samples heated above 1UD. However, when the whole pro-  take place when boehmite has lost its adsorbed water. Hence
cessis considered, this increases the complexity considerablyn our simulations, we have replacggs. (7) and (8py the
because six reactions rather than four are then involved andegs. (16) and (17):
itwould be an illusion to believe that it is possible to evaluate
so many parameters with reliability.

We can reduce the complexity and return to the initial gesorption of chemisorbed water : -6 H,O + B2 (17)
mechanism (with four reactions) if the first-order reversible
reactions are simulated by only one reaction, but with an
order different from one. Of course the price to pay is that
the first part of the curve (initial adsorption of water at low 2AIOOH — (2 — v)/2H,0 + Al203_,,2(0OH), (18)
temperature) cannot be correctly modeled. The results of the
simulations, using this simplified one-reaction model, are re- gehydration of transition alumina :
ported at the bottom ofable 4. These computations were
done on the same experimental data as above, but the firstAl203-1/2(OH), — v/2H0 + Al203 (19)

where, as above, P is the compound containing physisorbed
water and C contains only chemisorbed water. The species
B1 and B2 are not used in the following steps, thus we have
three parallel reactions.

At this stage, recalling that a correct analysis uses as few
adjustable parameters as possible, it should be emphasized
that even if the peaks corresponding to step 2 and 3 are partly
overlapping, only a set of four (at least) equations allow to
obtain a correct fitting of the experimental curves. Neverthe-
less that does not demonstrate the uniqueness of the kinetic
parameters corresponding to the best fit of a single curve.

desorption of physisorbed water : # H,O+ B1 (16)

conversion into transition alumina :

340 - - 0.14

T 0.12
330 A T 0.10
+ 0.08

320 A + 0.06

T/K

+ 0.04

310 A + 0.02

—TK)
x H20 exp | 0.00

Cumulative concentration (mole /Al 203)

— H20 sii . .
a00 . . . . g PO Therefore the choice of the starting values for the parameters
0 1000 2000 3000 4000 5000 6000 7000 is very important, especially the activation energy.
time /s Initial values for activation energies were those found by

. . . . . . the isoconversional method of Flynn. We have taken C = 0.5
Fig. 11. Simulation of the first reaction step (loss of physisorbed water)

with a model based on an equilibrium between adsorption and desorption of as an initial value for C, and Py — C whereniyj was the

water. For the sake of clarity, the number of experimental points has been Starting value forp,o after outgassing at room temperature.
divided by 2. (Sample S2 under Ar flow). The sum P + C was constrained to remain equat;{o As
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Table 5

Simulations of the thermal dehydration of boehmite

Sample S2-f S2-g S2-j S2-k S2-e S2-r S2-m S2-c S2-t S2-b S2-u S1-b S3-b
Atmosphere Ar Ar Ar Ar 20%Q/Ar  Vacuum 100 Pa Ar Ar Ar Ar Ar z
gECh) 300 300 300 150 60 30 300 150 150 150 150 150 150 =l
m(mg) 30 30 30 30 30 30 30 30 30 30 10 30 30 =
Initial nh,0 1.75 1.72 1.70 1.71 1.72 1.70 1.77 1.70 2.00 2.23 1.75 1.86 186 @
GoF 280 260 280 520 500 560 450 680 720 530 670 890 510 g
P 035 0.34 0.33 0.36 0.36 0.38 0.42 0.35 0.61 0.60 0.42 0.51 050 A
C 0.40 0.38 0.36 0.35 0.35 0.32 0.35 0.35 0.39 0.63 0.33 0.35 036 2
v 1/2 1/2 1/2 1/2 1/2 1/2 1/2 1/2 1/2 1/2 1/2 1 1/2 2
Order step 1 2.4 23 24 28 29 30 24 29 26 29 25 16 30 :1
Order step 2 1.0 10 10 10 10 10 11 14 0.9 17 0.9 12 10 a
Order step 3 1.3 12 12 13 14 20 13 15 14 13 17 21 14 g
Order step 4 3.0 28 27 28 29 28 29 26 30 29 30 30 30 23
Ea step 1 (J mot?) 44 45 45 42 43 39 44 36 42 44 40 44 46 3
E, step 2 (I mat?) 60 60 60 60 59 60 59 51 59 62 59 54 61 8
E, step 3 (J mot?) 115 115 115 115 114 113 112 105 113 118 113 109 117 ?
E, step 4 (J mot?) 63 64 63 63 65 65 65 51 63 68 63 52 68 &
Ao step1(s?h) 5100 4400 4500 4800 3800 1400 7700 3000 6100 5200 6200 3600 4300 §
Ao step 2 (s1) 420 410 440 360 140 220 430 110 330 430 410 410 440 ~
Ao step 3 (st 194000 164000 168000 154000 107000 95900 138000 141000 147000 218000 175000 418000 3280®
Ao step 4 (s1) 7 7 7 5 4 g 12 4 6 7 D 9 19

For the sake of clarity, errors have not been reported and values have been rounded. Maximum relative errors are less than 5% for dedemd 40 forA,.

68-5. (s
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previously, initial values foA, have been estimated by trial ~ for the fourth. It is interesting to notice that tkg of the third
and error so that the curve calculated from the initial guessesstep (conversion of boehmite into transition alumina) is close
was not too far from the experimental one. Moreoveras to the heat of chemisorption ofd® on y-Al,O3 [50]. This

not refined as the other parameters. Five simulations werestep could be limited by the difficulty of removing strongly

done, taking successively= 1, 2/3, 1/2, 2/5 and 1/3. chemisorbed water. The, of the last step is very low for a
Theresults of the simulations, obtained with different sam- reaction occurring in the temperature range 400-<80®ut
ples, heating ramps, and atmospheres are reporfbie 5. all the attempts to increase this energy lead to worse fits. A

Though these experiments have been done under various conreason for so low an activation energy could be that a diffu-
ditions, the values of the parameters giving the best fit with sion process essentially limits this step. The order of the first
experimental data are generally remarkably similar, espe-step is generally close to 3 which indicates the reversibil-
cially the activation energies. The simulated curves follow ity of this step. Conversely, the second step is found to be
the experimental profiles very closely as showrFig. 12. approximately a first-order process, which shows a minor
To check that the numerical integration procedure has givencontribution of the reverse reaction.
correct results, we have fed the CKS program (see experi- The sample S2-m has been analyzed using a flowing gas
mental) with the equation of each step and the parametersmixture of 20%Q in Ar. Comparison with samples heated
of Table 5. It can be seen iRig. 13that the agreement is  under Ar with the same heating rate (the three first columns)
perfect. On the other hand, this figure confirms that the first shows that oxygen plays no role in the dehydration process.
three reactions are not consecutive but parallel. The loss ofAg, for the step 1, was found to be larger probably because
chemisorbed water begins although physisorbed water still the G-containing mixture was drier than the Ar.
remained. Similarly transition alumina appears even though  The sample S2-c has been analyzed under vacuum. We
boehmite still contains almost 50% of chemisorbed water. have worked under a relatively high pressure (100 Pa) be-
Fig. 13also indicates that transition alumina is formed above cause, forlower values, the TG signal was too noisy. Itis clear
300°C, which is in good agreement with our previous find- thatworking under vacuum induces a shifttowards lower tem-
ings (Section 1.2). peratures. All thé&, values are found to be lower. The rate of
The three first columns (S2-f, S2-g, S2-j) of thable 5 the second step is also decreased. We have seen above that,
demonstrate that three similar samples tested under the samander secondary vacuum, the conversion of boehmite into
conditions lead to very similar results. The small differences transition alumina begins from 20C€. This demonstrates
in the starting value forp,o are due to the difficulty of  that the kinetics of the whole process are governed by the

achieving the same outgassing. partial pressure of water.
TheEj, of step 1 is generally very close to the value found The samples S2-k, S2-t and S2-b contained different
by the Flynn method. However, for the next steggs signif- amounts of adsorbed water but were otherwise analyzed un-

icantly lower than predicted by this method: 60 kJ/mol for the der the same conditions. The initial valuergf,o seems to
2nd step, 110-120 kJ/mol for the third and only 60—70 kJ/mol affect the reaction parameters only when it becomes larger
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Fig. 12. Simulation of the whole reaction with a model, based on four reaction steps. For the sake of clarity, the number of experimental points has been divided
by 2. (Sample S2 under Ar floys, = 300°C/h).
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Fig. 13. Comparison between simulation of the whole reaction i) by the numerical integration of the differential equations (symbols) ii) by the stochastic
method used by the IBM Chemical Kinetics Simulator (CKS) progf2@i (full curves). The experimental data are the same as in Fig. 12.

than 2.0. This can be linked to the fact that/fpgo ~ 2.0, the The kinetic simulations of the non-isothermal experiments
surface is fully covered. Above that value there is formation at constant heating rates show that the thermally stimulated
of a multilayer. transformation of nanocrystalline boehmite into alumina can
For the samples S2 and S3, the best fits were obtained for be modeled by a 4-reaction mechanism involving: (i) the loss
=1/2; but for the sample S1, the optimum was foundferl. of physisorbed water, (ii) the loss of chemisorbed water, (iii)
These high values, for the number of residual hydroxyl groups the conversion of boehmite into transition alumina, (iv) the
remaining in transition alumina, can be explained by the fact dehydration of transition alumina (loss of residual hydroxyl
that, as pointed out before, there is still a lot a chemisorbed groups).
water when transition alumina starts to form. The activation energies of each step are found to be very
similar for experiments done under various conditions (heat-
ing rate, atmosphere, kind of sample). Values found are
40-45 kJ/mol for the first reaction, 50—60 kJ/mol for the sec-
ond, 105-115 kJ/mol for the third and 50—70 kJ/mol for the

Hydrolysis of ASB according to the Yoldas method yields last. The first reaction is actgally an gquilibrium because, at
nanocrystalline boehmite with crystallites which are rectan- |0W temperature, the hydration rate is larger than the dehy-
gular platelets averaging 8 by 9 nm and 2—3 nm in thickness. dratlon'rate.'Format!on of trar}smon alumina occurs although
This nano-sized boehmite contains a large excess of Water_boe_hmlte still contains chem_lsorbed water, which could ex-
When water is eliminated by heating under secondary vac- Pain the large number of residual hydroxyl groups. The sur-
uum, an increase in the specific surface area is observed dowrisingly low activation energy found for the last reaction
to a minimum water content (~0.2® per AbOs). Values probab]y re\(ea_lls that the.deh.ydratlon of transition alumina is
up to 4701/g can be reached. However, this enlargement €ssentially limited by a diffusion process.
of specific surface area is only due to the loss of water, the
surfapg area remaining constant. Though the conversion imOAcknowIedgements
transition alumina can begin from 20Q, the temperature at
which the maximum surface is observed is about350The The authors would like to thank Mr. Lucien Datas (CIRI-
surface steadily decreased (about 60per 100°C) when MAT) for the TEM work. This research was done in the frame
the sample was heated beyond this temperature. The partiof the MINIREF (ENK6-CT-2001-00515) project supported
cle morphology, the excess of water, as well as the specificby the E.C.
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