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The formation of microporous alumina from various gibbsite samples has been studied 
under conditions of controlled residual pressure and decomposition rate. The information 
obtained from thermal analysis, nitrogen adsorption, scanning calorimetry, and X-ray dif- 
fraction are consistent with a model in which the reaction interface advances parallel to 
the basal plane of the crystal, “drilling” m’ rcropores at the place of the “structural channels” 
of the gibbsite lattice and where the width of the micropores is controlled by the desorp- 
tion stage. 

INTRODUCTION 

Our previous paper (1) dealt with the 
incomplete tranaformat’ion of gibbsite Al- 
(OH)3 into boehmite AlO during the 
first step of its thermal decomposition 
under low pressures. The techniques used, 
especially the procedure of controlled de- 
composition-rate thermal analysis (C.R. 
T.A.) allowed us to show that boehmite 
formation could occur even in micron-size 
gibbsite crystals and even under a water 
vapor pressure as low as 0.1 Torr (1 Torr 
= 133.3 N m-2). A careful study of the 
influence of the grain size, \;apor pressure, 
and decomposition rate led us to the con- 
clusion that the hydrothermal conditSions 
necessary for the conversion into boehmit,e 
could be fulfilled even in a microcrystalline 
gibbsite but that they were closely con- 
trolled by the thickness of the surrounding 
crystalline “shell” and by the water de- 
sorption mechanism. During the course of 
the thermolysis, the rate of this reaction 
is progressively lowered (due to a thinning 

down of the gibbsite shell, responsible for 
a lowering of the internal pressure), 
whereas the rate of the second step 
(transformat,ion of the unreacted gibbsite 
into porous alumina) is progressively in- 
creased (due to an increase of both the 
temperature and the extent of the external 
surface available to the reaction interface). 
The present paper is devoted to the study 
of this second step with the aim of ex- 
tending the elegant work of de Boer et al. 
(2-4) (carried out under atmospheric pres- 
sure but with cont,rolled humidity) and 
of Papee and Tert’ian (5, 6) (who stressed 
the influence of low water vapor pressures 
but who were restricted to the somewhat 
imprecise low-pressure condit,ions usually 
available at that time) to a more sys- 
t’ematic study of the influence of the 
parameters which already proved to be so 
important in the understanding of the 
first step (residual vapor pressure in the 
10P2- to lo-Torr range, grain size, decom- 
position rate). 
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Sirwc t Ilc sairi~h~ atid tcc*lllliquc3 us;c~l 
were described in Part I (I), we shall onl~~ 
point out a few imp&ant fcaturcs. 

(k&site Samples 

Two samples consist of flat and dist’inrt 
microcrystals (grain size: 0.2 and 1 pm, 
specific surface area: 15 and 5 m* g-l, 
respectively), whereas the third is an in- 
dustrial sample, prepared by t’he Bayer 
process, and its grains (SO%30 pm) result 
from t#he agglomeration of crystals of 
smaller size (specific surface area of this 
sample : 0.14 m2 g-l). 

l’hermal Analysis Procedure 

The method used (called above “C.R. 
T.A.“) is a method where both the vapor 
flow from the sample and the vapor pres- 
sure above it are carefully cont’rolled, so 
as to keep at a very low level the tem- 
perat,ure and pressure gradients in the 
powder. An important result, is a great 
synchronism in the thermal decomposition 
of all t,he individual grains of the powder, 
which highly simplifies the interpret#ation 
of any macroscopic determinat’ion (surface 
area, cryst#alline stjructjure, enthalpy of re- 
action, apparent order of reaction). 

Nitrogen Adsorption Determinations 

The adsorption measurements were al- 
ways performed in the same sample bulb 
as the thermal analysis; at any t)ime of the 
thermal decomposition t’he heating and 
outgassing could he stopped, the sample 
bulb being then attached to a conven- 
tional volumetric apparatus for an ad- 
sorption run at the end of which a further 
t’hermal treatment could be carried out,. 

Calorimetric Determinations 

To measure t’he enthalpy of dehydration 
of our samples we used a special assembly, 

(:rain size 
Cd 

Residual pressure 

0.04 Torr 1 Tom 

0.2 88 * 3 80 f 2 
I x4 12 78.5 f 1.5 

50-80 80.5 f 1.5 77 f2 
_~__~ .~ 

associat,ing differential microcalorimrtq 
with the C.R.T.A. procedure (20). 

RESULTS 

We give in Fig. 1 several curves of 
thermal analysis (A), scanning calorimetry 
(B), and X-ray diffract’ion (C) for a l-pm 
gihbsite sample decomposed under a self- 
generated water vapor pressure of 0.04 Torr 
[curves (I)] or 1 Torr [curves (II)]. The 
following features are worth st’ressing : 

(a) On both thermal analysis curves of 
E’ig. IA, we notjice t,liat, from point, bl to c, 
i.e., during the main part of t,he dehydra- 
t’ion, the temperature is nearly constant; 
since, with our thermal analysis procedure, 
the rat,e of decomposition is also constant 
(here, 16 mg h-l for a sample initially 
weighing 1.4 g), we may infer that the 
apparent order 01’ the reaction is zero towards 
the amount of unreacted material; this 
fact had been observed by Goton and 
Eyraud (7) but had been more or less 
forgotten since conventlional T.G., even at 
very low heating rates, is unable t,o give 
a similar result (8). This was obtained 
in conditions leading t’o a uniform decom- 
position in t,he whole sample, such as 
infinitely slow heating rate or controlled 
decomposition rate and pressure (9, 10). 
In other words, this result is obtained 
when the synchronism of the decomposi- 
tion throughout the sample is such as to 
allow measurements which are, at a macro- 
scopic scale, really significant of what is 



224 

lot 

9c 

1 

#loo 
i 

ROUQUEROL,ROUQUEROL, AND GANTEAUME 

l 

La ’ 

b Y 1 ------- 

II 

b r( 2 

,C 

A 

kJ mol” 

L 
--m-----s 

II 

B 

--- 

I 

5 15 25 "CJ -35 



THERMOLYSIS OF CIBBSITE, II 21;j 

FIG. 2. Influence of three parameters on the development of the surface area accessible to 
nitrogen during the dehydration of gibbsite (initial mass of samples: 1.4 g). (A) and (D) Pres- 
sure (Torr); sample: 1 pm; rate: 16 mg h-l. (B) Rate of decomposition (mg h-1) ; sample: 1 Mm; 
pressure: 1 Torr. (C) Grain size (pm) ; pressure: 1 Torr; rate: 16 mg h-1. 

happening at the microscopic scale, i.e., fore completely decomposed at the end of 
here, at the scale of the microcrystJal. the quasi-isothermal process. The alumina 

(b) The diflerential enthalpy of dehydra- obtained under 0.04 Torr may be said to 
tion (measured by simultaneous micro- be amorphous [spectrum (I)] whereas a 
calorimet’ry and constant rate thermal typical p alumina (6) with one diffraction 
analysis (C.R.T.A.)) reaches a const’ant peak at 1.40 ;i is formed by decomposition 
level from the onset (point bl) of t’he under 1 Torr [spectrum (II)], but mixed 
second step of dehydrat’ion which we are with about 7y0 boehmite (cf. Fig. 3 in 
now st#udying. As shown in Table 1, this Part I) ; under atmospheric pressure [spec- 
level is dependent significantly on the trum (III)] we obtain a mixt’ure of 
residual water vapor pressure and on the boehmite (15yC, cf. Fig. 5 in Part I) and 
grain size. x alumina. 

(c) The X-ray spectra for samples The curves plott’ed in Fig. :! allow us 
treated up to the neighborhood of point c to follow, in various conditions, the de- 
show no trace of gibbsite, which is there- velopment of the specific surface area 

- 

FIG. 1. Thermal decomposition of the 1 pm gibbsite sample. (A) Thermal analysis curves 
(decomposition rate: 16 mg h-1; initial mass : 1.4 g) ; (B) C urves of differential enthalpy of 
dehydration; (C) X-ray spectra at point C; (I) p = 0.04 Torr; (II) p = 1 Torr; (III) p = 1 atm. 
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FIG. 3. LY~ plots for samples rcprcscntcd by points a, b,, bp, and c in Fig. 1A. 

accessible to nitrogen (BET met,hod) 
during the thermal decomposition. 

Figure 2A shows the striking influence 
of water vapor pressure ; we see that in 
all cases, after a first stage during which 
dehydration takes place but without 
making any new surface available to 
nitrogen, the BET surface area then in- 
creases linearly with the extent of decom- 
position. The higher the residual pressure, 
the easier the distinction between the two 
stages and the easier also the interpreta- 
tion of the first one, since we know (from 
Part I) that, for the highest pressures 
(1 and 5 Torr), it corresponds to boehmite 
formation in the core of t’he crystals. An 
extra experiment [T.G. associated with 
C.R.T.A., described in (11, 12)] allowed 
us to carry out the decomposition of a 
50-mg sample under a residual pressure of 
only W X lop4 Torr: Under these condi- 
tions, we could not detect any development 

of the surface area available to nitrogen, 
which remained equal to 5 m2 g-l. 

Figure 2B shows a much smaller in- 
fluence of the decomposition rate. 

Figure 2C shows the influence of grain 
:;ize. The larger the grain size, the lower 
the final available surface area. This is 
easily explained by the difference in the 
boehmite content (boehmite is still un- 
decomposed in our experiments where 
thermal analysis curves similar to those 
given in Fig. 1A are followed up to point c 
only). On the other hand, as soon as 
boehmite is formed, the three curves have 
the same slope, indicating that the phe- 
nomenon responsible for the surface area 
increase is the same for the three samples. 

Figure 2D shows the e$ect of change of 
pressure at various stages of gibbsite de- 
composit8ion; as soon as the pressure is 
lowered from 1 to 0.04 Torr, the surface 
area curve follows a new path. 
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Figure 3 gives the cys plots (13), derived 
from our nitrogen adsorption isotherms, 
for samples represented by points a, bl, bz, 
and c on the thermal analysis curve of 
Fig. IA. Such plots are known to provide 
a means for detection of microporosit,y in 
a more st,raightforward manner than de 
Boer and Lippens’ t plots (14). The stan- 
dard nonmicroporous sample used here 
(cu, plot : dot#ted straight line T) is a Degussa 
“Aluminoxid” of SO m2 g-l. Whereas sam- 
ples a (st,arting material) and bl (cor- 
responding to the end of boehmite forma- 
tion) are nonmicroporous with respect to 
nitrogen adsorption, samples 0, and c give 
the t,ypical as plot of a microporous 
sample. A similar (Y, plot was given by 
Sing (13) for a gihbsite sample treated at 
300°C. The slope of the second part of 
these CX, plots is taken as proportional to 
t’he nonmicroporous (or “external”) sur- 
face area available to nit#rogen and leads 
to external specific surface areas of 4.3, 
7.5, 2S, and 37 m2 g-l for samples a, 01, &, 
and c, respectively. Since the total ap- 
parent surface area of sample c is 416 m2 g-l 
(cf. maximum of t#he curve corresponding 
t’o 1 Torr in Fig. 2A) it therefore follows 
that the increase in “external” surface 
area from sample a to sample c is respon- 
sible for less than 10% of tjhe total in- 
crease observed. We will therefore first 
focus our attention, in the discussion, on 
t’he formation of the microporous structure. 

1>1scuss10s 

Our interpretation, mainly based on t’he 
one hand on the above experimental work 
and on the other hand on the work of de 
Boer et al. and of Papee and Tertian al- 
ready mentioned, is fairly straight,forward. 

In Part I (I), we left t’he decomposition 
mechanism at the moment, when the for- 
mation of boehmite was nearly over, 
because of the internal lowering of pres- 
sure (due either to a thinning of the 
gibbsite shell or t’o a cleavage of the 

A 

FIG. 4. (A) Advance of the dehydration interface 
ill a gibbsite microcrystal. (B) Cross-sectional view 
of a “strlu+ural channel” lined with hydroxyls. 

crystallit,es). The representat,ive point of 
the sample was the point bl on Fig. 1A. 

From that point onwards we detect an 
apparent zero order of reaction: This is 
easily explained by a constant area re- 
action interface, advancing parallel to the 
large sides of the crystals, as is suggested 
in Fig. 4A. We know that, this reaction 
creates micropores (cf. 01, plots) and that 
the surface area accessible to rmrogen in 
all our experiments increases linearly wit,h 
t,he extent of decomposition. This leads 
us to assume that a number of micropores, 
normal to the reaction interface and 
therefore parallel to each ot,her are left 
behind that interface, that. number being 
unchanged during the whole reaction. 
This is also the orientation detected by 
de Boer et al. (3, 4) in their final product 
(treat’ed at 245°C under atmospheric pres- 
sure) by a birefringence study. When the 
reaction interface reaches the boehmite 
core, all the gibbsite is already decom- 
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posed into amorphous or p alumina, de- 
pending on the residual pressure main- 
tained (cf. Fig. 1C). 

To explain this “drilling” of micropores 
int’o the gibbsite crystal we shall not make 
use of one of the “homogeneous” mecha- 
nisms formerly suggested, where the water 
loss was supposed to be uniform from all 
regions of the microcrystal (15), but inst’ead 
we shall consider a “het~erogeneous” one. 
We suggest that it involves two phe- 
nomena. The first one is the dehydroxyla- 
t,ion of slightly less than one out of two 
of the “structural channels” already re- 
ferred to in Part I (one of them is seen 
‘lfrom above” in Fig. 4B) and only lined 
with hydroxyls. This removal mainly 
needs a thermal motion of hydroxyls 
(allowing them to condense), the resulting 
distortion of the latt#ice (and the cor- 
responding stored energy) being then 
favorable for a short range proton migra- 
tion, in order to allow the departure of 
the last oxygen ions or hydroxyls lining 
the channel under consideration. These 
ideas are consistent with those recently 
developed by Freund et al. (16). From 
Fig. 4B we see that the basic micropore 
width would be 3.8 A. Actually, it may 
be somewhat smaller, since our experiment 
at 2 X 1O-4 Torr failed to develop any 
microporosity accessible to nitrogen. 
Anyway, the shape and size of the nitrogen 
molecule [length: 4.2 8; width: 3.1 8 (1Y)] 
and its important quadrupole moment 
(which may block the entrance of micro- 
pores by a strong interaction between the 
nitrogen molecule and the outer ring of Al 
ions) do not allow us to be more accurate 
on that point. 

The second phenomenon, which now 
explains the size of the micropores, is one 
in which the water vapor pressure plays 
a major part. Indeed, the water formed 
must leave the reaction interface at the 
bottom of the micropores. The smaller is 
the bottom diameter, the more difficult 
is the desorption. Conversely, if we control 

the water vapor pressure above the sample 
and if we want a given rate of decom- 
position, these conditions will dictate the 
diameter of the bottom of the micropores. 
The way to increase it beyond about 3.8 8 
is to operat,e at a temperature at which 
a migration of Al ions may occur. This 
is automatically obtained with our C.R. 
T.A. equipment: We see for instance, 
from the recordings reproduced in Fig. lA, 
that, when the pressure above the sample 
is increased from 0.04 to 1 Torr, the 
temperature of the sample is raised by 
nearly 30 K in order to insure the same 
rate of decomposition. The overall mecha- 
nism is then similar to the ‘Ynhomoge- 
neous” mechanism suggested by Ball and 
Taylor (18) and also by Balmbra et al. 
(19) in the case of magnesium hydroxide. 
Nevertheless, as we saw, the migration 
of Al ions is only necessary to obtain 
wider pores t,han the basic structural 
channels emptied from their hydroxyls. 
We must also notice that the lattice of 
the alumina obt’ained at 0.04 Torr suffers 
strains and deformations (due to the 
wat,er departure from nearly half of the 
“structural channels”) which give an 
“amorphous” X-ray spectrum and a high 
differential enthalpy of dehydration (88, 
84, and 80.5 kJ mol-’ for the 0.2, 1, and 
5O- to SO-pm samples, respectively) indi- 
cating that energy is stored in the strained 
structure. At 1 Torr, the slight migration 
of Al ions (by which we explain the larger 
diameter of micropores) restores a more 
ordered st,ructure, giving rise to the one- 
peak X-ray spectrum of p alumina and 
to a lower differential enthalpy of de- 
hydration for the three samples (SO, 78.5, 
and 77 kJ mol-l, respectively). 

In our experiments (i.e., with control 
of the decomposition rate at a low level), 
the process of micropore formation ap- 
pears to be only weakly controlled by dif- 
fusion of water along micropores: other- 
wise, the dehydration rate (or, in our case, 
the dehydration temperature) would change 
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significantly from bl to c (cf. Fig. 1A) as 
the dept,h of the micropores is increasing. 
Moreover it seems that, in our experi- 
mental condit’ions, nearly the whole mecha- 
nism t’akes place at the reaction interface; 
this is strikingly illustrat#ed by the experi- 
ments reported in Fig. 2D which show 
that LLfunnel shaped” micropores may be 
drilled by lowering the pressure during 
the experiment: The smaller mean diame- 
ter of the micropores formed at 0.04 Torr 
means that, among them, a smaller pro- 
portion is accessible to nitrogen than 
among the micropores formed at, 1 Torr. 
We may check that the mean diameter 
of the pores formed at 0.04 Torr (which 
is linked with the slope of the curve) is 
only weakly influenced by t)he existence 
of the slightly wider micropores already 
formed af 1 Torr. We may guess that’ a 
stronger influence of the desorption from 
the opening of the pores could be detected 
if we would carve ink-botUe-shaped mi- 
cropores (unfortunat’ely more difficult to 
prove than the funnel-shaped ones) by 
increasing the pressure during t,he experi- 
ment. The small part played by mater 
diffusion through t’he already formed mi- 
cropores is more easily understood with 
the two following remarks : 

(a) In the experimental condit’ions cor- 
responding to E‘igs. 2A and D (starting 
surface area: 5 m2 g-l; rate of decomposi- 
tion: 16 mg h-l for a sample of 1.4 g) we 
calculate that t#lie reaction interface is 
advancing at a rat)e of approximat,ely 10 i 
per hour, corresponding to t,he loss of only 
12 water molecules per micropore and 
per hour. 

(b) The fourfold increase of external 
surface area shown by t,he cr, plot,s from br 
(7.5 n-2 g-l) to & (2s m2 g-l) may be 
explained l)y cracks but also by cleavages 
of t’lle already decomposed part, of the 
crystals, t,herefore shortjening t8he micro- 
pores (we think that, cleavages of t,he 
undecomposed part! of the crystals would 

lead t,o a not,iceable increase of t’he re- 
action rate, which is not observed). Lastly, 
t,he small differences observed both in 
Fig. 2A, when the pressure is increased 
from 1 to 5 Torr, and in Fig. 2B, when 
the decomposition rate is st,rongly changed 
at a const,ant pressure of 1 Torr, show 
us that at 1 Torr nearly all the micro- 
pores formed are accessible t’o nitrogen. 
Their mean diameter is t,hen likely to be 
around 5 A. 

We think t’hat the same mechanism 
holds for the decomposition of crude in- 
dustrial gibbsite : We record similar t’hermal 
analysis curves, with the same apparent, 
zero order (cf. E’ig. 4 in Part I), and we 
saw t,hat the surface area development 
seems to follow t,lie same law (cf. lcig. 2C) ; 
we must) nevertheless take int,o considera- 
t,ion that, the pressure and decomposition 
rate conditions “seen” by each micro- 
crystal in the gibbsite grain are more 
widely spread than in the case of a micro- 
crystalline sample, especially if the gibbsite 
grain is submit’ted to a convent’ional heat, 
treatment, wit,11 no control of residual 
pressure nor of decomposit’ion rat’e. For 
instance, a locally high decomposit’ion rate 
will enhance a split,ting of the elementary 
microcrystals (along the cleavage planes 
mainly), leading to the slit-shaped pores 
observed by de Boer et al. (3, 4). 
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