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Abstract

First, the structural features of nanocrystallioelmite synthesized by hydrolysis of
aluminum sec-butoxide according to the Yoldas meth@ reported. The nanosized boehmite
consists of rectangular platelets averaging 8 byn%nd 2—-3 nm in thickness which contain a
large excess of water. Dehydration by heating umdenum induced an increase in the
specific surface area, down to a minimum watereoing..0.2 HO per AbO3); values up to
470 nflg can be reached. However this enlargement ofifapearface area only results from
water loss, the surface area remaining constaetpahticle morphology, the excess of water,
as well as the specific surface area, depend oarnttwaint of acid used for the peptization
during the synthesis. Second, a comprehensivetiga¢isn of the dehydration kinetics is
presented. The simulations of the non-isothermpégaments at constant heating rates show
that thermally stimulated transformation of nanatajline boehmite into alumina can be
accurately modeled by a 4-reaction mechanism imvgi\l) the loss of physisorbed water,
(I1) the loss of chemisorbed water, (Ill) the corsren of boehmite into transition alumina,
(IV) the dehydration of transition alumina (lossre$idual hydroxyl groups). The activation
energy of each step is found to be very similareigreriments done in various conditions

(heating rate, atmosphere, kind of sample,...).
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1. Introduction

Alumina is a low cost material used in many doméikes catalysis, ceramics and
mechanical ceramics, refractory, electrotechnolegggtronics, bio-medical,.... The wide
variety of these applications comes from the faat alumina occurs in two forms, corundum
or a-alumina with an hexagonal close-packing of oxymers and transition aluminas with a
cubic close packing of oxygen. Transition alumimedude a series of metastable forms that
exist on an extended temperature range, but #flesh lead ta-alumina by calcining at high
temperatures. Corundum has excellent mechanieaitriglal, thermal, and optical properties.
Transition aluminas are widely used as adsorbeatalysts, catalyst supports, and

membranes because of their high surface area, mesoly, and surface acidity.

Transition aluminas are prepared by calcining atwmi hydroxides. Starting from
different hydroxides leads to different forms hayifferent thermal stability, surface acidity
and textural properties. Among aluminum hydroxidesehmite, aluminum oxyhydroxide
(AIOOH) is an important precursor because the treatment of boehmite produces a series
of transition aluminas from-Al,03 andn-Al 03 to 8-Al,03, andb-Al O3, which exhibit high
surface areas (200-50C/g) and thermal stability up to 1000 °C.

The structures of the transition aluminas all axsenl on a face-centered cubic (fcc)
array of oxygen anions. The structural differenoetsveen these forms only involve the
arrangement of aluminum cations in the interstafabe fcc array of oxygen anionsAl,0s
andn-Al,O3 have defect spinel structures.[d]Al,O3 has a tetragonal superstructure of the
spinel lattice with one unit-cell parameter trip[@dl and6-Al,O3 has a monoclinic structure
[2]. n-Al O3 is produced by dehydration of bayerite Al(QHyhereag-Al,Os is formed by



dehydration of boehmite. Upon heatingi\l,O3 andn-Al O3 are gradually converted 1
Al,0s. In the case of-Al,0;3, this transformation occurs via the formatiordékl ;O3 which

is not observed fof-Al ,0s.

Boehmite was thought to exist under two distincis, well-crystallized boehmite
and pseudoboehmite (also called gelatinous boepBitand_[4] with significantly different
morphologies, porosity, and surface areas. Howegeent crystallographic studies [§],

[7], [8] and [9]have clearly demonstrated that pseudoboehmiienf@ys micro- or rather
nano-crystallized boehmite, the differences obsebetween the two forms coming from the

difference in crystallite size.

Since the oxygen sublattice of boehmite is cubikjpey, boehmite dehydration to
form transition aluminas and the further transfdiores through the transition alumina series
only involve short-range rearrangements of atonteercrystal structure. These conversions
are topotactic and require only a small energy.ddethe temperatures at which they are
observed are variable and depend on the crystgltifithe boehmite precursor as well as on
the thermal treatment conditions. Therefore, treratteristics of the transition aluminas,
such as specific area, porosity, pore-size didiohuacidity, are deeply affected by the

microscopic morphology of the boehmite precursor.

The identification and characterization of varitansition aluminas formed by the
dehydration of boehmite have been extensively thyat®d. Several studies demonstrate the
close relationship between the microstructuraluiesst of boehmite and the structure and
texture of the resulting transition aluminas, [, [10], [11], [12], [13], [14] and [15] The
few papers [16][17], [18], [19], [20] and_[21]published on the kinetics of the boehmite
dehydration generally give conflicting results. painted out by Tsuchida et al. [2@he

discrepancies between them are attributable tditffexrences in particle size, specific surface
area and crystallinity of the boehmite used forakperiments. Most of these kinetic studies

assume that the dominating reaction process isgesiate-controlling process throughout all
stages of the reaction. Furthermore, it is oftezepted that the associated activation energy
remains constant during the dehydration proceshisnvork, we clearly show that these

assumptions are inaccurate for nanocrystalline indeh

The main goal of the present paper is to repodnapcehensive investigation of the

dehydration kinetics of nanocrystalline boehmitetegsized by hydrolysis of aluminum



alkoxide. In kinetic studies, a precise knowled§he structural and microstructural features
of the involved materials is essential, thereftyeefirst part of this paper reports the thorough
characterization of both nanocrystalline boehmité s dehydration products. Using a
material with a very small crystal size is critiedhen dehydration affects the structure rather
than the surface layer. With larger crystals the&ting step is very often the diffusion of gas
through the solid and the true kinetic parametarsiot be determined. Finally, it is worth
noting that, given the importance of boehmite iatogys or in catalysts manufacturing, good
modeling of its dehydration kinetics would be vaseful for the accurate design of industrial

thermal processes.

2. Experimental

2.1. Synthesis

Three kinds of boehmite samples were synthesizeording to the well-known
Yoldas process [22]23], [24] and_[25] which consists of introducing aluminum tri-sec-
butoxide (ASB) Al(OGHy)s in an excess of distilled water {6/Al = 100) under vigorous

stirring at 85 °C. Stirring was maintained for 1&nThe first sample (S1) was obtained by

drying the hydrolyzed slurry at 50 °C in air (ngopeation). For the second sample (S2), the
hydroxide precipitate was peptized by adding 0.@T ofi nitric acid per mol of alkoxide and
stirring at 85 °C until a clear sol is obtained?d h). For the third sample (S3), peptization

was done with 0.20 mol of nitric acid per mol di@tide.

2.2. Powder X-ray diffraction (PXRD)

The crystal structure was investigated by powdeaydiffraction. Data were
collected on a Seifert 3003T9F4 diffractometer in Bragg—Brentano geometry, usittgred
Cu Ka radiation and a graphite secondary-beam monochasniaiffraction intensities were
measured by scanning from 5 to 908)(@ith a step size of 0.02° {2

Whole powder pattern fitting (WPPF) was done byléhBail method using the software
PowderCell developed by Nolze and Kraus [26he reflection profiles were modeled by
pseudo-Voigt functions. The peak positions werestraimed by lattice parameters. The
variation of the peak FWHMs (full-width at half-mienum) across the pattern were

calculated from the classical Caglioti [Xéfmula.



2.3. Specific surface area and density

The specific surface areas were computed from thedSlorption isotherms (recorded
at 77 K with a Micromeritics ASAP 2010), using tBeunauer—Emmett—Teller (BET)
method.

Skeletal densities of powder were determined uaiggs pycnometer (Micromeritics
AccuPyc 1330) and working with helium. Each expemtal value results from the average
of 10 successive measurements on the same sample.

2.4. Electron microscopy

Transmission electron microscopy (TEM) analysesvaeme on a JEOL 2010. A
small amount of sample powder was put in ethandldispersed with ultrasound during
1 min. Then the carbon-coated grid was dippederstispension and allowed to dry at room

temperature.

2.5. Thermal analysis

Simultaneous thermogravimetric (TG) and differdrtti@rmal (DT) analyses were
carried out on a SETARAM TG-DTA 92 thermobalancaeng®20 mg of samplej-alumina

was used as reference.

Kinetics studies were performed with a special agips built around a CAHN D200
electrobalance. The balance can operate in vacndndetect a mass change of1g.
Generally, these experiments were done either ulider under a gas mixture containing
20% G in Ar. The concentration of water in these gasas l@ss than 50 ppm. A vacuum
purge of atmospheric air was done before startiegeikperiments. This operation induces a
systematic mass loss because, under vacuum, thpesastart to lose water from room

temperature.

2.6. Computer simulations of reactions

The computer simulations of the chemical kinetact®ns involved in the supposed
reaction mechanism have been done using the dhsgterministic model based on the
numerical integration of a set of differential etjoas through time. The differential equations

are the rate laws of each reaction step. The #ftgornis a predictor-corrector algorithm (based



on Heun's method [2BJvhich automatically adjusts the step size ofitibegration. Iterative
refinement of the parameters (frequency factortsyatton energies and reaction orders) was
done by a non-linear least-squares method bas#dte@implex algorithm [28fo optimize a

fit to the experimental data.

Moreover, to check the validity of the results givgy the numerical integration
procedure, we have also used the IBM Chemical Kis&imulator (CKS) program [29]
Rather than finding a solution which describesdfage of the system at all points in time, this
software uses a stochastic method where changesyistem are modeled by randomly

selecting among probability-weighted reaction s{ge$

3. Results and discussion

3.1. Characterization of boehmite samples

TEM micrographs of the boehmite samples (F)geleal the very small size of the
crystallites. Nanocrystals of less than 10 nm casden, which have a strong tendency to
organize themselves to build polycrystalline fihestseet or slabs. The main difference
between the samples seems to be the ability ofadliyss to undergo auto-organization. S1
gives bidimensional objects (sheets) often fol&Rlessentially contains almost

monodimensional particles (fibers). S2 presentani@mmediate behavior.

Fig. 1. TEM micrographs of the boehmite samples.



Sample S1 Sample 52 Sample 33
not peptized peptized with 0.07 mol HNO- /Al peptized with 0.20 mol HNO- /Al

The X-ray diffraction patterns of the three samplesreported in Fig.. Except for
the first reflection they appear to be very similtine broad diffraction lines reveal that the
crystallites are very small. Moreover, in the sgrattern, the peak widths are also different,
the first reflection being the widest. The struatwlements in boehmite crystals consist of
double chains of Al@octahedra giving double molecules fijd [31]

0

Fa M
[H0-A17 ™ ALOH],

0

Fig. 2. X-ray diffraction patterns of boehmite sdesp(Cu ki radiation). Orthorhombic unit
cell, space group number 3mncm.
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These chains are parallel, forming layers with@é groups outside. The double
chains are linked by hydrogen bonds between hydiiorg in neighboring planes. Boehmite
crystals exhibit perfect cleavage perpendiculah&general direction of the hydrogen
bonding [3]

This structure corresponds to an orthorhombic eglit The diffraction peaks have
been indexed using the space gr@mxrm. Whole pattern fitting of the experimental
diagrams of Fig. gives an acceptable agreement with the boehnnitetste (Fig. 3
provided that the first line (0 2 0) was excludeddwuse it presents too large a shift toward
small angles from its calculated position (see &dhl This shift of the (0 2 0) line, observed
for microcrystalline boehmite, has been the sulpéotuch controversy in the past. It has
been attributed to interlayer water [Zjd [32] or to a smaller attractive force between
layers due to water absorption at the periphetgyrs_[33] More recent works [5]6] and
[7] have demonstrated that the (0 2 0) peak shitsemtially due to a particle-size effect like
the one observed for clays [34]

Fig. 3. Whole powder pattern fitting (le Bail meth®f the experimental pattern recorded

with the sample S1. Orthorhombic unit cell, spaag number 63Cmcm.
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Table 1.

Characteristics of boehmite samples

S1 not peptized

26 shift (°) for 0 2 0 line | 1.05 £ 0.01

a (nm) 0.287 + 0.0005
b (nm) 1.222 +0.001
¢ (nm) 0.371 £ 0.0005

Cell volume/nni 0.130 + 0.0005

Crystal density/g cif 3.063 + 0.012
D200 (nm) 6.3+0.2

D020 (nm) 28+0.1

D002 (nm) 9.0+0.3
i‘fez‘;ﬂg_slurface 352 1 0.4

L.O.1. (wt.%) 30.5+0.5

Al,0; (%) 69.5+0.5
AIOOH (%) 81.8+0.5
Formula AlIO(OH)-0.74H0

50
Ztheta ()

a0

S2 peptized with 0.07 mol
HNO /Al

0.74+0.01
0.287 + 0.0005
1.219 + 0.001
0.371 £ 0.0005
0.130 £+ 0.0005
3.071+£0.012
7.3+0.2
29+0.1

9.0+0.3

34115

285%05
71.5+05
84.1+0.5

AIO(OH)-0.63HO

v a0

S3 peptized with 0.21 mol
HNO/AI

0.86 +0.01
0.287 + 0.0005
1.223 £ 0.001
0.371 £ 0.0005
0.130 £ 0.0005
3.059 £0.012
85+0.2
25+0.1

8.9+0.3

256+ 0.5

32.0+05
68.0+ 0.5
80.0+0.5

AIO(OH)-0.83H0



S1 not peptized S2 peptized with 0.07 mol S3 peptized with 0.21 mol

HNO /A HNO/AI
éxgﬁthe“ta' density | 5355+0.0004 | 2.478 £ 0.0005 2.378 £ 0.0007
Calculated density 22 23 2.2

(g cmi®)

Whole pattern fitting agreement with the experina¢pattern is not very good for two groups
of lines, at about 50 and 65°A)AFig. 3. This is because the crystallite shapes are
anisotropic. If the refinement is done using a ssjgaset of parameters—peak intensity,
FWHM, Lorentzian fraction of pseudo-Voigt functidioy modeling each diffraction profile
(peak positions being fixed), the agreement betveagerimental and modeled patterns
improves (Fig. & The widths of the 0 0 2 and 2 0 O reflectiores emaller than the others
because the crystallite dimensions alongath@ndc-axes are larger than along thaxis,

which means that crystallites have a platelet sh&peh a shape has often been reported for
microcrystalline boehmite and can be related tddbethat the cleavage plane is
perpendicular to thb-axis. The refined FWHM of the 2 0 0, 0 2 0 and D lthes can be used
to estimate, by Scherrer's equation, the averagtatiite size along tha-, b- and c-axis. The
instrumental broadening contribution was evaluégdsingo-alumina (S1 calcinated at
1400 °C for 2 h) as standard. The results, repontddble 1 show that crystallites are
rectangular plates averaging 8 by 9 nm and 2—-3miimickness. This size is in good
agreement with the size of the elementary partichserved by TEM.

Fig. 4. Pattern decomposition of the experimendidtigon recorded with the sample S1. Each
diffraction profile has been modeled using a sdpdraet of parameters (intensity, FWHM,

Lorentzian fraction of pseudo-Voigt function). Gsthombic unit cell, space gro@mcm.
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The marked enhancement in intensity of the 0 Zf@adtion line indicates that a large
fraction of the crystallites have théiaxis oriented in a direction close to normal te th
sample holder plane. This texture is due to theedhape of the crystallites and has already

been reported [35]36] and_[37]for microcrystalline boehmite.

The values of the cell parameters correspondinigedbest fit are very similar for the
three samples (Tablg and they are close to the parameters reportkigiature & =
2.868 A:b =12.214 Ac = 3.694 A) for crystallized boehmite [38jrom the cell parameters,
we have also calculated the cell volume and thstakryglensity (Table)l

The specific surface area, measured after outgpdsim at 100 °C, are close to
350 nf/g for S1 and S2, but only 26CPhy for S3. Yoldas reported that the specific swefac
area is affected by the amount of acid used fotipapn [22] He found that a critical
amount of acid was needed to peptize the hydraxideclear sol (the acid concentration is
about 0.07 mol per mol of Al). Increasing this ambimcreases the repulsive force between

colloidal particles and enlarges the gelling voluntech has a negative influence on various

properties of the oxide resulting from this gel.

By measuring the loss on ignition (LOI), whichl®tmass loss after calcination at

high temperature (2 h at 1200 °C), the total amo@imtater contained in the samples is



obtained because they are transformeddratumina which is pure ADs. The expected

mass loss for the formation of anhydrous boehmi@Q¥, according to

2 AIOOH—H,0+Al,05 (1)
would be 15%. Our samples contain about twicedgmsunt (Table 1 Such values are not
uncommon for very small boehmite crystallites [12}], [15], [31] and_[39]

As stated above, two models have been reportexplaia the water excess in boehmite;
surface water adsorbed on the particles 8] inter-layer water in the crystal structure of
boehmite [31jand [32] The second hypothesis was proposed to accouttidahift of the

0 2 0 line towards small angles but we have seatrthis shift has been explained by a
particle-size effect [5dnd [6] Now it is admitted that the excess of water ietmuite is
simply adsorbed on the crystallite surface. A rée@#AT study of the surface properties of
boehmite [40has shown that the surface energy strongly depemdise crystalline planes.
The basal (0 1 0) surface, which forms about 50%hefotal surface, is unreactive. Water is
only physisorbed on it, whereas on the (1 0 0)(@n@l 1) surfaces, water is chemisorbed,

mainly dissociatively.

From the dimensions of crystallites, an estimatbthe amount of adsorbed water
(physi- or chemi-sorbed) which forms a monolayettensurface can be done [E5]d [33]
The maximum adsorption capability for water molesuk obtained by expanding the
coordination number of surface aluminum to six ahdurface oxygen atoms to four (oxide
or hydroxide). The number of adsorption sites fatar molecules on a platelet crystallite
(8 nm x 2.5 nm x 9 nm), worked out following thereamodel as Nguefack et al. [1§
given in_Table 2Adsorption on all the sites leads to the stoistetry AIOOH-0.5HO.
Experimentally we have between 0.63 and 0.83 ih excess according to the samples

(Table 3, which means that there is multilayer adsorption.
Table 2.

Determination of the number of adsorption sitesfater molecules for a platelet crystallite 8
x 2.5 x 9 nm (the same model_as [bh&F been used)

Direction a b c

Crystal size (nm) 8 25 9



Direction a b c

Cell parameters (nm) | 0.287 1.22 0.37

Number of cells 25 2 25

Faces (100) (010 (001

Surface of face (nfn 45 133 35

Cell number (on 2 faces)2 x 2 x 25 2x25x 25 2x2x25

Atoms (cell) 2Aly+2Q, +2HQ, | 1HQ, 2Aly +2Q, +2HQ,
Adsorption sites 600 1250 800

Molecule HO/nnt 13.3 9.4 22.8

Formula AIO(OH)-0.12HO AIO(OH)-0.25H0 | AIO(OH)-0.1H0

The water excess can also explain the strong gianomy between experimental densities
measured with a helium pycnometer and the densisilesilated from lattice parameters

(Table 1. The crystal density, calculated from the latfiegameters, is:

i oryatal
Aerystal = v - (2)
crystal
Similarly the experimental densitly, is:
MH,0 + Mlerysta
dexp = — — 3
T Vo 4 Verystal ®)
For 1 g of samplan otMerysta=1 andViao=mu20=1-AlIOOH/100, which gives:
T AIOOH,/ 100 %BAIOOH \ |
deale = (—+(1——) 4)
ffcrj-'sta] 100 J

The results, reported in Tabledemonstrate that, although the calculated dessitie
slightly lower than the experimental values (whicluld mean that the real volume taken by
water is less than 1 ¢fg), the agreement is rather good.

3.2. Thermal decomposition of nanocrystalline boehite

Typical TG-DTG-DTA curves are reported_in Fig. 3he dehydration appears to
occur in three main steps. The first gives a segrpmetrical endotherm and finishes at
200 °C. It accounts for 5-9% of the mass loss. Sdwnd step gives a broad unsymmetrical

endotherm and ends before 500 °C. It representai#jar part of the mass loss, about 20—



25%. The last step gives no thermal event but ap@esaa continuous mass loss and seems to
stop at about 900 °C. It only corresponds to aBétiof the mass loss. The DTG and DTA
profiles seem more-or-less the same, though theesbiagthe second peak is different and its
maximum is shifted towards higher temperaturess Tiscrepancy between the DTG and

DTA curves, which indicates that the change in aipiyhis not directly proportional to the

rate of mass loss, is generally encountered in taxmpactions.

Fig. 5. a. TG-DTA curves recorded with sample Sagsn= 20 mg, air flow = 1.5 I/h, heating
rate = 120 °C/h) b. Comparison of the DTG curvesdlie different samples (mass = 30 mg,
Ar flow = 1.5 I/h, heating rate = 150 °C/h).
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The shape of the DTG curve strongly depends oexperimental conditions, such as
sample mass, static or dynamic atmosphere, heaiag.. Fig. b illustrates that in the

temperature range 20-800 °C, our samples giverrdifierent shapes of DTG profiles.



These kind of curves have often been reportedaraliure [12][14], [15] and [41]

The first step has been attributed to the desarmtigphysically adsorbed water, the second

step to the conversion of boehmite iptalumina, and the last step to the elimination of
residual hydroxyls. The exotherm, which appeathavery end of DTA curve, corresponds
to the transformation inte-alumina. The shape of these curves has been touoel closely
related to the crystal size of boehmite [#RH [14] The first peak is not observed for crystals
larger than 50 nm. The second peak becomes shas{ilbe crystal size increases and is

shifted towards higher temperatures [I4]some papers [12]15] and_[41] to explain the

asymmetrical profile of the second peak, an addfitistep is considered, attributed to the

removal of chemisorbed water before the convernsitlmtransition alumina.

For a given sample, the change of specific surdaea, as well as the mass loss
induced by heating under vacuum, have been folloBedause this mass loss essentially
results from the loss of water, to help the intetation of the experimental data, as well as the
comparison between samples, it is more conveniecvert the sample mass im@o,
whereny,o represents the number of water molecules in thpkaper AJO; formula. Thus
for anhydrous boehmite, AIOOM,,0=1 while ny,c=0 for a—Al,Os. For example, in the case

of a sample which had an initial massand a current mass after being heated

AL mo— L0, M .
AH,0 = H.0 — AlaOy Al Oy with

NALO; Mu,0  mano0,
100 — LOI
100
where LOI represents the loss on ignition dgo andMao03 are the molar masses of water
and AbQOs, respectively.

(5)

Al O, = M

For each surface analysis, the sample was heatist uacuum (17 Pa) at the
selected temperature for 18 h. The results arategpin Table 3and Fig. 6 Fig. 6a shows the

dependence of BET area oo, Whereas Fig. 6 gives the dependencemgfo on the
temperature. The same trends can be observedeftintee samples, but, for the same water
content, the specific surface area differs sigaiitty according to the sample and the
difference remains for the whole rangengfo. Fig. @ shows that, when temperature
increases, there is a linear decreasa;af down tony,o = 1 which corresponds to AIOOH.
This zone corresponds to the loss of adsorbed igdmnped and chemisorbed) water. Water is
more strongly bonded in S3 than in S1 or S2, bex&3smust be heated 100 °C above S2 to



reach the same value mf>0. Belownqoo = 1, the conversion of boehmite into transition

alumina begins and there is a steep decreasg@fIn this zone the plots of the three

samples merge into the same curve. Values®f < 1 were attained from 200 °C for S1.

Thus, under secondary vacuum, the transformatioranbcrystallized boehmite into

transition alumina can begin from 200 °C

Table 3.

Effect of temperature on specific surface area

Sample | Outgassed in| T(°C) | Np2o

S1

S1

S1

S1

S1

S1

S1

S1

S1

S1

S1

S2

S2

S2

S2

S2

S2

S2

S2

S2

S2

Vacuum

Vacuum

Vacuum

Vacuum

Vacuum

Vacuum

Vacuum

Vacuum

Vacuum

Vacuum

Vacuum

Vacuum

Vacuum

Vacuum

Vacuum

Vacuum

Vacuum

Air

Air

Air

Air

50

100

150

200

250
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390
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1.45+0.02

1.32+0.02

1.16 +0.01

0.97 +0.01

0.76 £0.01

0.46 £0.01

0.32+0.01

0.19+0.01

0.13+0.01

0.09+0.01

0.08 £0.01

1.56 £ 0.02

1.16 £ 0.01

0.97 +0.01

0.79+0.01

0.22+0.01

SBET (nfg™))

339+0.3
352+0.3
361+0.3
377+0.4
395+0.4
417 + 0.6
426 + 0.7
433+0.8
433+0.9
430+0.9
428 +0.9
341+1.5
383+1.3
395+1.3
412+ 1.1
456 £ 2.5
468 + 2.5
441 +1.3
404 £ 1.3

437 £1.2

339+2.9



Sample | Outgassed in| T(°C) | N0 SBET (mfg ™)

S2 Air 500 333+£29
S2 Air 700 237+1.4
S2 Air 800 171+ 0.5
S3 Vacuum 50 1.72+0.03| 229+ 0.4
S3 Vacuum 100 1.58 £ 0.03| 256 + 0.5
S3 Vacuum 150 1.41+£0.02| 282 + 0.6
S3 Vacuum 200 1.27 £0.02| 297 + 0.7
S3 Vacuum 250 | 0.97+0.02 327 +0.7
S3 Vacuum 265 | 0.78+0.01 345+0.7
S3 Vacuum 285 | 0.67+£0.01 354+0.7
S3 Vacuum 305 | 0.54+0.01 365+0.7
S3 Vacuum 320 | 0.38+0.01 378 £0.7
S3 Vacuum 350 | 0.23+0.01 388+0.8
S3 Vacuum 390 | 0.12+0.01 386+1.3
S3 Vacuum 440 |0.08+0.01|382+1.6

Fig. 6. a. Effect of water content on the spedificface area. For each analysis the sample
was heated under vacuum {1@a) at the selected temperature for 18 h. To aaidttered
diagram, the absolute errors have not been repdhed are given in Table B. Effect of
temperature on the water content. For each analysisample was heated under vacuum

(10 Pa) at the selected temperature for 18 h.
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Fornyzo > 0.2 — 0.15 the specific surface area increasesldy along with the water loss
(Fig. 6a). Because the specific surface area is the sutfamass ratio, this means that the
surface area remains constant, that is the logst&r does not create any additional porosity.
Actually it has been shown by Lippens [3fhht the magnitude of the internal surface area
formed by dehydration on heating strongly depemdthe particle size of boehmite: the
smaller the crystals, the smaller the increasbé®furface area. This is because the
dehydration is topotatic. If crystallite size ofdmgxides is large (small specific surface area),
when water is expelled, space will be created enpirticle, which so becomes porous
because the external volume of particles doeshautge very much [10]20] and_[42] But

in the case of nanocrystalline boehmite, the chyteta size is so small that a large number of
them contain only a few unit cell along b axis Isattthe collapse of the layered structure

during the expelling of the water leads to theipkrshrinkage but does not create significant

internal porosity. The same kind of behavior has &le observed in other topotatic



dehydrations like those afFeOOH _[43]or y-FeOOH [44] The larger the particle size of the

starting hydroxide, the larger the surface areth®iron oxide obtained.

The transformation of nanocrystalline boehmite inémsition alumina starts to
decrease the surface area only at the very e afdnversion, whemy,o becomes less than

0.15. This zone corresponds to the last step obdenvthermal analysis.

The surface, calculated from the mean crystaliiteetisions, assuming that every crystallite

is a rectangular plate, is given by the formula:

2(un -;L w + wie) ©)
PRI

whered is the crystal density angv, w are the dimensions of the crystal. Takthg 3.06,u

=8,v = 2.5 andv = 10 nm (cf. Table JigivesS..~ 410 nf/g. This value is in a rather good

agreement with experimental surfaces area whichramthe absence of significant internal

porosity.

S{'ﬂlc =

Fig. 7reports the changes in BET area with temperaturthe sample S2. When the samples
were heated under vacuum (filled symbols), theasgrincreased up to 400 °C. But when the
calcination was done at atmospheric pressure (sp®bols), the surface decreased from
350 °C. Hence dehydration under vacuum allows tagimum surface area to be obtained.
Above 350 °C, the surface steadily decreased (ebuf per 100 °C).

Fig. 7. Effect of temperature on the specific stefarea. The filled symbols correspond to
samples heated under vacuum, while open symbalsspmnd to samples calcined in air at

atmospheric pressure.
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In order to follow the crystal structure transfotioas of nanocrystalline boehmite
that occur upon heating, X-ray diffraction pattewere recorded, at room temperature, on
samples heated under air for 2 h at specific cahstanperatures. The patterns obtained with
the S3 sample are reported in FigT8e crystal structure of boehmite remains up5@ .

For higher temperatures, the intensities of thenbote lines decrease, while new reflections
characteristic of the spinel-type structure of $iian alumina progressively appear. No
intermediate compound is formed at any temperasue the conversion of boehmite into
alumina is gradual. Up to 450 °C, the 0 2 O lindoéhmite can be detected, thus the whole
temperature range of decomposition exceeds 100 °C.

Fig. 8. Gradual change of the X-ray diffractiontpats during the thermally stimulated
conversion of boehmite (S3 sample) to transitiemeaha; (Cu K radiation).
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From 450 °C, whole pattern fitting with a model déa®n cubic spinel-type structure
(space group number 22F:3#) gives good agreement, if a separate set of pdeasie
used for each reflection (Fig).As stated above, bothalumina andy-alumina have a
spinel-type structure, generally reported as tetmally deformed. Howevetralumina
exhibits a more pronounced tetragonal distorti@mtfralumina. Although the intensity of
(1 1 1) reflection appears to be rather low, theredmost no tetragonal deformation, which
suggests that these patterns could correspondiiomina. Lippens [31leported that the
thermal decomposition of well-crystallized boehngteduced,-alumina, while
pseudoboehmite gave théorm. Even though-alumina appears at relatively low
temperatures, no sign of the formatiordebr 6-alumina was detected up to 800 °C. The cell

parameters are similar over the whole temperaamge & = 0.792 £ 0.001 nm).

Fig. 9. Pattern decomposition of the experimerdadtigon recorded with the sample S3 heated

in air at 450 °C. Unit cell cubic, space group nem®27,Fd3m.
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3.3. Kinetic analysis of the transformation of boemite into transition
alumina

As seen above, the thermal decomposition of nastaltine boehmite to transition
alumina is a complex process involving four consgelstages. Using the same formulation
as Tsukada et al. [1Zhe reaction mechanism can be written:

desorption of physisorbed water: (AIOQKHn)H,O—nHO+(AIOOH),.mH,O (7)

desorption of chemisorbed water: (AlO@HH,O—mH,O+2AI0O0H (8)
conversion into transition alumina: 2AI06H2-v)/2H,0+Al>,O3-,2(OH), (9)
dehydration of transition alumina: 8k-,(OH),—v/2H,0+Al,O3 (20)

wherem andn are, respectively, the number of physisorbed &maisorbed water molecules
on the surface of boehmite, angs the number of residual hydroxyl groups remajrimthe

transition alumina.

The goal of this study was to determine the kisgpiarameters for each step, i.e., the
activation energ¥,, the pre-exponential factédg, and the reaction order, as well asfea
andv values. We can reasonably assume that the kingresneters of each step do not
change during the reaction course because: (fethetion proceeds through an almost

constant surface area, except for the last stgphé process only involves short-range



rearrangements of atoms in the crystal structhet;is, the transformations are topotactic;

(iii) the particle are very small so that the seffects are minimized.

In order to evaluate the variation of the activatamergy with the extent of the
reaction, an isoconversional method has been isatbnversional methods are based on the
principle that the reaction rate at a constantréxdéconversion is only a function of
temperature [45]In practice, several experiments should be choig under the same
conditions (atmosphere, pressure, flow rate, samplgs,...) only changing the heating rate
(). Then, for a given fraction transformeg,(a plot of Inf) versus IT should give a straight
line. For a constant heating rate and using thdeagproximation [46]the slope is about
-1.052E4/R. However, because we obtained rather low actinatimergies, we used the

correction for the Doyle approximation introducedmynn [47]

As above, the curves mas$(f have been converted intg,o = f(t) whereny,o
stands for the number of water molecule pefAlformula. The reaction coordinate, or

fraction transformedd), was determined by:

Ao — Ky

)= (11)

wheren is the value of,0 at the beginning of the processthe value at the timeandny at
the end of the process. The results obtained wsihgs ofg in the range 30—-600 °C hare
reported in Fig. 1@nd clearly confirm the complexity of the reactigpis approximately

40 kJ/mol for the first step (0e<< 0.2, loss of weakly adsorbed water). It increase

130 kJ/mol for the second step (0.2 < 0.6, loss of chemisorbed water) and increases
further to 160 kJ/mol for the third step (0.&< 0.9, conversion of boehmite into transition
alumina). FinallyE, decreases to 90 kJ/mol for the last step ((1%<<1.0, dehydration of
transition alumina). Standard deviations were Varge fora below 0.4. This reveals that, in
this rangeE, depends on the heating rate. It has been demtets{d8] thatE, depends on
the heating rate in reversible reactions and, agisee below, at low temperatures the
reverse reaction (hydration) cannot be neglected.

Fig. 10. Activation energies determined by an ismeosional method (Flynn [4)]
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Our experimental device was not well designeddothiermal studies because the
reaction rate becomes rapid before the furnacedsahed the target temperature. However,
in order to study the first step separately, sorpeements were done in the low temperature
region (up to 100 °C). After the short heating rathe sample was maintained at a constant
temperature until there was no significant charfigbesample mass with time. The final
equilibrium value of; depended on temperature. This behavior has alteaely reported in
kinetic studies of boehmite [18This means that, in this temperature range, dhgpte
reached a stable water content for each temper&uréne other hand, several studies have
shown that increasing the water vapor pressureesabe rate constant to decrease but has
little effect on the activation energy [1&hd_[20] The straightforward interpretation is that
thermodynamic equilibrium between direct (dehydnatiand reverse (hydration) reaction
was reached. Because the gas purge contained oweamount of water (<50 ppm), the rate

constant of hydration should be considerably latgen that for dehydration.

We have simulated this equilibrium using a setaf equations:

dehydratiorP—H,0+C (12)

hydrationH,O+C—P (13)
where P, the compound containing physisorbed waf&l6OH),-(m + n)H,0 in Eq. (73—
givesC which only contains chemisorbed water.



The kinetics of these reactions are described &yliffierential equation:

? = —d‘[ig = ky(T)[P] = kn(D[C] (14)

where [P] and [C] are the concentrations of eadtiss andy(T) andky(T) are the rate
constants for dehydration and hydration, respelgtiviene concentration of water is not taken
into account because, since we were working ioaiflg atmosphere it is assumed to be
constant and can be incorporated in the rate consiance we have three parameters for
each reactionH, A, and the initial concentration). The simulationq@ss consists of
iteratively searching for the values of the pararsethich give the best fit (by a non-linear
least-squares method) between the experimentabddtéhe cumulative concentration of the
H,O species computed from numerical integration eséhequations through time. The time-
temperature dependence is taken from the experanemtve.

As in any non-linear least square refinement pmoessonable initial values of the
fitting parameters are needed to avoid convergeamadocal minimum rather than to the
global minimum. For the activation energy of defatdm we have taken 45 kJ/mol which is
the value found by the Flynn method. The dehydraltieing endothermic, the activation
energy of the reverse reaction should be lessttiemenergy of the direct step and the
difference between these values is equal to tHeafayt of the reaction. We have assumed that
this energy is of the same magnitude as a hydrbgad. An average value for the hydrogen
bond energy is 30 kJ/mol [4%ence the activation energy of hydration wasrise
15 kJ/mol. We have taken P = C = 0.4, as initithes for P and C, because the starting value
for nyoo after outgassing at room temperature was aboytvhi@gh means that the sum P + C
should be about 0.8. Moreover, the sum P + C wastrained to remain equal to 0.8. Initial
values forA, have been estimated by trial and error in suclaativat the calculated curve

was not too far from the experimental one.

The results of the simulations of some experimdetk, realized with different
heating ramps and plateau temperatures, are regarieable 4 The quality of fitting is

evaluated by the goodness of fit (GoF) defined as:

GoF — J > wilviexp) — yi{calc))” (15)
(N — Np)

wherey;(exp) are the experimental valuggcalc) the values calculated by numerical

integration,w; the weight attributed to eagt{iexp), N the number of experimental points and

Np the number of parameters.



Table 4.

Simulations of the first step of the thermal delaydn of boehmite sample S2—mass, 25 mg;

atmosphere, Ar

Toiateas (°C) 70 80 90 100

B (°C hY 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 2.05+0.03  35+0.2 26+1

E. dehydration (J mat) | 52600 + 100 | 46200 + 400 58200 + 200 54600 + 1000

E, hydration (J maf?) 31000 + 200 | 24200 + 400, 27200 + 200 33300 + 1000

GoF 110 240 210
A (D 65700 + 1000 10500 + 300 415000 + 10000
Ea (J mol?) 51700 + 200 | 44250 + 400 54600 + 400
Order 1.2+0.05 | 15+0.10 1.9+0.05

The fit obtained for a plateau temperature of 10Gs’worse than the others because,
at this temperature, the second step (loss of dwebed water) was beginning. In all cases
the best fit was obtained for rather simi&arvalues: about 50 kJ/mol for dehydration and
30 kJ/mol for hydration. The difference betweersthenergies, that is the enthalpy of
dehydration, is in the range 20-30 kJ/mol. Figillistrates that this model, based on an
equilibrium between adsorption and desorption diewaallows the shape of the experimental
curves, especially the initial portion where thenple adsorbs water, to be simulated well.
The values oA, for hydration are far lower than for dehydratiaut,las stated abovA, is
the product of the true pre-exponential factor ii@dconcentration of water in the gas flow.
Because this concentration is very low (about 58 )oine true pre-exponential factor for

hydration is actually larger than for dehydration.



Fig. 11. Simulation of the first reaction step a$ physisorbed water) with a model
based on an equilibrium between adsorption andrgéso of water. For the sake of clarity,

the number of experimental points has been divited. (Sample S2 under Ar flow).
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It is clear that the same kind of equilibrium exigir the second step and indeed a
computation using a model based on two successuarsible reactions (simulated by four
reactions) gives a good fit with experimental datzorded for samples heated above 100 °C.
However, when the whole process is consideredjriihieases the complexity considerably
because six reactions rather than four are thesiviad and it would be an illusion to believe

that it is possible to evaluate so many parameighsreliability.



We can reduce the complexity and return to thé&iniechanism (with four reactions) if the
first-order reversible reactions are simulated bly @ne reaction, but with an order different
from one. Of course the price to pay is that th& fpart of the curve (initial adsorption of
water at low temperature) cannot be correctly medieThe results of the simulations, using
this simplified one-reaction model, are reportethatbottom of Table.4These computations
were done on the same experimental data as abavihebfirst part of the curves were
ignored. They gave similar GoF, except for the dditlne last column for which agreement
was poor. In all cases, the activation energieslagbtly lower than the activation energies of

dehydration.

The last task is the simulation of the whole pred®sthe set of Eqgs. (7(8), (9) and
(10). However, in this mechanism, the first three reast are consecutive; this restriction is
actually supported by no experimental evidence aspecially, nothing requires that
conversion into transition alumina should only tpkece when boehmite has lost its adsorbed
water. Hence in our simulations, we have replacgsl E7)and_(8)by the Egs. (16and_(17)

desorption of physisorbed water—H,0O+B1 (16)
desorption of chemisorbed water—8,0+B2 a7
conversion into transition alumina: 2AI0O6H2-v)/2H,0+Al0s-,2(OH), (18)

dehydration of transition alumina: 8k-,(OH),—v/2H,0+Al,O3 (29)
where, as above, P is the compound containing pbitsd water and C contains only

chemisorbed water. The species B1 and B2 are edtinghe following steps, thus we have
three parallel reactions.

At this stage, recalling that a correct analysissuss few adjustable parameters as
possible, it should be emphasized that even iptaks corresponding to step 2 and 3 are
partly overlapping, only a set of four (at leagjuations allow to obtain a correct fitting of the
experimental curves. Nevertheless that does nobdstrate the uniqueness of the kinetic
parameters corresponding to the best fit of a singtve. Therefore the choice of the starting

values for the parameters is very important, egfigdhe activation energy.

Initial values for activation energies were thosenfd by the isoconversional method
of Flynn. We have taken C = 0.5 as an initial vdtueC, and P =;,; — C wherenj,; was the

starting value fony,o after outgassing at room temperature. The sunCRvas constrained



to remain equal tai,i. As previously, initial values fok, have been estimated by trial and
error so that the curve calculated from the inflaésses was not too far from the
experimental one. Moreoverwas not refined as the other parameters. Fivelations were
done, taking successively= 1, 2/3, 1/2, 2/5 and 1/3.

The results of the simulations, obtained with d#f@ samples, heating ramps, and

atmospheres are reported in Tahl@bough these experiments have been done undeusar

conditions, the values of the parameters givingo fit with experimental data are
generally remarkably similar, especially the adtowaenergies. The simulated curves follow
the experimental profiles very closely as showRim 12 To check that the numerical
integration procedure has given correct resultshawe fed the CKS program (see
experimental) with the equation of each step ardgtrameters of Table & can be seen in
Fig. 13that the agreement is perfect. On the other hhiglfigure confirms that the first
three reactions are not consecutive but paralted. [dss of chemisorbed water begins
although physisorbed water still remained. Simylardnsition alumina appears even though
boehmite still contains almost 50% of chemisorbadiew Fig. 13also indicates that transition
alumina is formed above 300 °C, which is in gooceagent with our previous findings
(Section 1.2).

Table 5.

Simulations of the thermal dehydration of boehmite

Sample | S2-f | S2-g  S2-j | S2-k | S2-e :rsz- S2-m | S2-c | S2-t | S2-b S2-u | Si-b | S3b

Vacu
Atmosp 20%0G, | um
here Ar Ar Ar Ar Ar Ar IAr 100 Ar Ar Ar Ar Ar
Pa
€°C h‘l) 300 | 300 | 300 | 150 |60 30 300 150 150 | 150 | 150 | 150 | 150
m(mg) | 30 30 30 30 30 30 30 30 30 30 10 30 30
Initial

n 175 | 1.72 170 | 171 |1.72 | 1.70| 1.77 1.70 | 2.00 [ 2.23 | 1.75 | 1.86 | 1.86
H20

GoF 280 | 260 | 280 |520 | 500 | 560 | 450 680 | 720 | 530 |670 | 890 | 510

P 0.35 1 0.34 | 0.33 | 0.36 0.36 | 0.38| 0.42 0.35 | 0.61 0.60 | 0.42 | 0.51 H0.50



Sample

C
v

Order
step 1

Order
step 2

Order
step 3

Order
step 4

E, step
1
(3 mor*

)

E, step
2
(3 mor*

)

E, step
3
(3 mor*

)

E, step
4
(J mor*

)

A, step
1(sh

A, step
2(shH

A, step
3(sh

A, step
4 (sh

For the sake of clarity, errors have not been rteplcaind values have been rounded.

S2-f

0.40

1/2

2.4

1.0

13

44

60

115

63

5100

420

1940
00

S2-g

0.38

1/2

2.3

1.0

1.2

2.8

45

60

115

64

4400

410

1640
00

S2

0.36

1/2

2.4

1.0

1.2

2.7

45

60

115

63

4500

440

1680
00

S2-k

0.35

1/2

2.8

1.0

13

2.8

42

60

115

63

4800

360

1540
00

S2-e

0.35

1/2

2.9

1.0

14

2.9

43

59

114

65

3800

140

1070
00

S2-

0.32

1/2

3.0

1.0

2.0

2.8

39

60

113

65

140

220

959
00

17

0.35

1/2

2.4

11

13

2.9

44

59

112

65

7700

430

13800

12

S2-c

0.35

1/2

2.9

1.4

15

2.6

36

51

105

51

3000

110

1410
00

S2-t

0.39

1/2

2.6

0.9

1.4

3.0

42

59

113

63

6100

330

1470
00

S2-b

0.63

1/2

2.9

1.7

1.3

2.9

a4

62

118

68

5200

430

2180
00

S2-u

0.33

1/2

2.5

0.9

1.7

3.0

40

59

113

63

6200

410

1750
00

10

Maximum relative errors are less than 5% for ordlés,forE; and 10% for..

S1-b

0.35

1.6

1.2

21

3.0

44

54

109

52

3600

410

4180
00

S3-b

0.36

1/2

3.0

1.0

14

3.0

46

61

117

68

4300

440

3280
00

19



Fig. 12. Simulation of the whole reaction with adet based on four reaction steps. For the
sake of clarity, the number of experimental polrds been divided by 2. (Sample S2 under
Ar flow, g =300 °C/h).

1200 - - 2.0
TiK) ) |
H20 simu
1000 1 x  H20 exp =
[a]
il /"’/j T ﬁ
C /_,_a-f =L
800 - - z
AIOOH ¥ g
AlzOy (OH), 4§ 5
o =
=< oo Alz0y J,»”z £ 1.0 E
(- - s =
LiE]
§
400 - E
=
—=
- 05 2
: S
200 4
o — 0.0
0 2000 4000 6000 8000 10000 12000

time /s

Fig. 13. Comparison between simulation of the whebgtion i) by the numerical integration
of the differential equations (symbols) ii) by tstechastic method used by the IBM Chemical

Kinetics Simulator (CKS) program [2%ull curves). The experimental data are the same
in Fig. 12.
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The three first columns (S2-f, S2-g, S2-j) of theble 5demonstrate that three similar
samples tested under the same conditions leadycirailar results. The small differences in

the starting value famy2o are due to the difficulty of achieving the samégassing.

TheE; of step 1 is generally very close to the valuentbby the Flynn method.
However, for the next step, is significantly lower than predicted by this medh 60 kJ/mol
for the 2nd step, 110-120 kJ/mol for the third anty 60—70 kJ/mol for the fourth. It is
interesting to notice that th#, of the third step (conversion of boehmite intagigéion
alumina) is close to the heat of chemisorption gdtny-Al O3 [50]. This step could be
limited by the difficulty of removing strongly chesorbed water. Th&, of the last step is
very low for a reaction occurring in the temperattange 400-500 °C, but all the attempts to
increase this energy lead to worse fits. A reasoisd low an activation energy could be that
a diffusion process essentially limits this stepe Drder of the first step is generally close to 3
which indicates the reversibility of this step. @ersely, the second step is found to be

approximately a first-order process, which showsior contribution of the reverse reaction.

The sample S2-m has been analyzed using a flovaagraxture of 20%@in Ar.
Comparison with samples heated under Ar with timeesheating rate (the three first columns)
shows that oxygen plays no role in the dehydrgtimtessA,, for the step 1, was found to be
larger probably because thg-Ebntaining mixture was drier than the Ar.

The sample S2-c has been analyzed under vacuurhaWeworked under a relatively

high pressure (100 Pa) because, for lower valbhesT & signal was too noisy. It is clear that



working under vacuum induces a shift towards loteerperatures. All th&, values are
found to be lower. The rate of the second stefss decreased. We have seen above that,
under secondary vacuum, the conversion of boehnidransition alumina begins from
200 °C. This demonstrates that the kinetics oftthele process are governed by the partial

pressure of water.

The samples S2-k, S2-t and S2-b contained diffexerdunts of adsorbed water but
were otherwise analyzed under the same conditidrsinitial value oo Seems to affect
the reaction parameters only when it becomes lahger 2.0. This can be linked to the fact
that, forng,o = 2.0, the surface is fully covered. Above that ealuere is formation of a

multilayer.

For the samples S2 and S3, the best fits werermuatdory = 1/2; but for the sample
S1, the optimum was found for= 1. These high values, for the number of resitiydloxyl
groups remaining in transition alumina, can be aix@d by the fact that, as pointed out

before, there is still a lot a chemisorbed wateemvtransition alumina starts to form.

4. Conclusions

Hydrolysis of ASB according to the Yoldas methoelgs nanocrystalline boehmite
with crystallites which are rectangular plateletsraging 8 by 9 nm and 2—3 nm in thickness.
This nano-sized boehmite contains a large excess@r. When water is eliminated by
heating under secondary vacuum, an increase ispthafic surface area is observed down to
a minimum water contentQ.2 HO per AbOs). Values up to 470 ffg can be reached.
However, this enlargement of specific surface &emly due to the loss of water, the surface
area remaining constant. Though the conversiontiatgsition alumina can begin from
200 °C, the temperature at which the maximum sarfaobserved is about 350 °C. The
surface steadily decreased (about 6per 100 °C) when the sample was heated beyond this
temperature. The particle morphology, the excesgatér, as well as the specific surface
area, depend on the amount of acid used for thigzpéipn during the synthesis. The
transition alumina has a cubic spinel-type struetith almost no tetragonal deformation. No
significant change, either in the crystal structurén the cell parameter, was detected up to
800 °C @ =0.792 £ 0.001 nm).



The kinetic simulations of the non-isothermal expents at constant heating rates
show that the thermally stimulated transformatibnanocrystalline boehmite into alumina
can be modeled by a 4-reaction mechanism invol\{ipdihe loss of physisorbed water, (ii)
the loss of chemisorbed water, (iii) the conversibboehmite into transition alumina, (iv)

the dehydration of transition alumina (loss of desil hydroxyl groups).

The activation energies of each step are foune teely similar for experiments done
under various conditions (heating rate, atmosphemné, of sample,...). Values found are 40—
45 kJ/mol for the first reaction, 50—60 kJ/mol fioe second, 105-115 kJ/mol for the third and
50-70 kJ/mol for the last. The first reaction isualy an equilibrium because, at low
temperature, the hydration rate is larger thard#te/dration rate. Formation of transition
alumina occurs although boehmite still containsnaiserbed water, which could explain the
large number of residual hydroxyl groups. The Sanpgly low activation energy found for
the last reaction probably reveals that the dehligraf transition alumina is essentially

limited by a diffusion process.
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