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Abstract

Reactive amorphous aluminas with a high surface area, suitable as a precursor for catalyst supports, are obtained by flash calcination of gibbsite
in a reactor for pneumatic transport in the dilute two phase flow regime. In the present paper we study the effects of the gibbsite dehydration
temperature on the textural and fractal properties of activated aluminas. The parameters of the pore structure for all samples were evaluated from
nitrogen adsorption—desorption isotherms. On the basis of the sorption-structure analysis, the fractal dimension of the aluminas surface were
determined by three methods, according to Pfeifer and Avnir, Neimark et al. and Mahnke and Mogel, with a goal to compare obtained values. As
expected, a good agreement between the results of these methods was achieve. The values of the fractal dimension of activated aluminas increase
with the increase of the temperature of thermal treatment, indicating that the irregularities of their surfaces are greater.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Supported metal oxide catalysts attract much attention
because of their wide application as oxidation catalysts and/or
as precursors of the supported metal and sulfide catalysts used
in a variety of industrially important reactions. One of the pro-
cesses very important from the viewpoint of organizing new
material technologies is the synthesis of the transition aluminas,
as acid—base catalysts like CuO/Al,O3, adsorbents for gas and
liquids, as well as catalyst carriers. One way of obtaining acti-
vated aluminas is thermal treatment of gibbsite, which results in
its partial dehydration. Depending on the treatment conditions,
products having different properties can be obtained [1-5]. It is
already known that the treatment of gibbsite in special regimes,
in areactor for pneumatic transport, i.e. in dilute two-phase flow,
makes it possible to obtain amorphous intermediate phases with
high surface areas, which are more active than the starting mate-
rial [3-9]. Due to the latter properties, the activated alumina
may be used as a precursor for the preparation of adsorbents
and catalysts. The degree of gibbsite amorphization is affected
by its physico-chemical properties and thermal treatment condi-
tions (temperature, reaction medium and residence time) [2,5].

* Corresponding author.
E-mail address: srlepp@nanosys.ihtm.bg.ac.yu (Lj.S. Rozi¢).

1385-8947/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.cej.2006.03.027

The appropriate modeling of the geometry effects can contribute
to the improvement of the performance of activated alumina
through a rational shape design. Recently, the fractal dimension
dr proved itself to be a useful tool for describing the roughness
and irregularities of materials on different scales. There are many
different concepts of the fractal dimension depending on how it
is determined. From the theoretical point of view, the Hausdorff
dimension is the most accurate, but unfortunately for practical
purposes it is unsuitable. For surface, many methods were pro-
posed to determine this parameter, some of which made use of
adsorption isotherms [10-15]. Fractal dimensions, that describes
such fractal materials, were found to be in the range 2 < df < 3:
low values (df=2.0) indicate regularity and smoothness, inter-
mediate dr values indicate irregular surfaces and dr values close
to 3 indicate highly irregular surfaces. The fractal surfaces are
more efficient than planar ones for diffusion limited adsorption
processes and therefore, fractal catalytic support has an advan-
tage compared to a non fractal one. The pore-fractal catalysts
are particularly interesting since they are sometimes less sensi-
tive and less susceptible to deactivation then planar one. Fractal
geometry leads to a minimum in catalyst deactivation [16,17].

2. Experimental

Gibbsite is the best-known crystalline aluminium trihydrox-
ide. It is also the most important aluminium hydroxide, because


mailto:srlepp@nanosys.ihtm.bg.ac.yu
dx.doi.org/10.1016/j.cej.2006.03.027

56

Lj.S. Rofic et al. / Chemical Engineering Journal 120 (2006) 5561

C

Nomenclature

constant, estimated by the Mahnke and Mogel for-
malism

d pore diameter (nm)

ds fractal dimension

dp particle diameter (m)

Dy diameter of the transport tube (m)

o particle-wall friction coefficient

fi fluid-wall friction coefficient

Fr pressure gradient due to the fluid-wall friction
(Pa/m)

Fp pressure gradient due to the particle-wall friction
(Pa/m)

g gravitational acceleration (m/s”)

Gt fluid mass flowrate (kg/s)

Gp particle mass flowrate (kg/s)

m number of moles of water eliminated per mol of
Al»O3 at time ¢t (molH;O/molAl;O3)

mo initial number of moles of water per mol of Al,O3
(mol HyO/mol Al,O3)

p measured pressure (Pa)

Po vapor pressure of the gas over free fluid surface
(Pa)

P static fluid pressure in transport tube (Pa)

P, plpo relative pressure

Tp pore radius (nm)

Re pipe Reynolds-number

SBET specific surface area of materials from B.E.T.-
equation (m?/g)

t residence time (s)

u mean interstitial fluid velocity in the transport
tube (m/s)

U superficial fluid velocity (m/s)

U slip velocity between fluid and particles (m/s)

Ugf slip velocity between fluid and particles in a par-
ticulately fluidized bed at same voidage as in
transport tube (m/s)

U, particle terminal velocity in an infinite medium
(m/s)

Unf superficial fluid velocity at minimum fluidization
(m/s)

v particle velocity in the transport tube (m/s)

Vv volume of gas adsorbed in cm® NTP/g of adsor-
bent (cm?/g)

Vin volume of gas in cm® NTP/g of adsorbents
that should be able to cover the whole surface
with a unimolecular layer (“monolayer capacity”’)
(cm®/g)

Vo pore volume (cm>/g)

z vertical coordinate (m)

Greek letters

o 3-d¢

B fluid-particle  interphase drag coefficient
(kg/m?s)

Pt fluid-particle interphase drag coefficient in a par-
ticulately fluidized bed at minimum fluidization
(kg/m3s)

€ voidage in the transport tube

Emf bed voidage at minimum fluidization

7 viscosity of the fluid (Pas)

0 particle density (kg/m>)

O fluid density (kg/m?)

it is used as an intermediate for the production of active alumi-
nas. Gibbsite, obtained as the intermediate product in the Bayer
process, having a granulation less than10 pwm, was used as the
starting material. Thermal treatment of gibbsite was performed
using the system shown in Fig. 1 [9].

The pilot-scale plant has been designed according to the
hydrodynamic model of vertical gas-small particles flow, based
on our previous laboratory investigations [3,6]. It consists of a
blower for the air supply (1), electric air preheaters (2), a pneu-
matic transport reactor with a transport tube diameter of 80 mm
(3), a mixing chamber for warm and cold air (4), a cyclone (5)
and a bag filter (6) for product collection. Gibbsite was intro-
duced into the reaction section using a vibrating feeding device
(7) and a pneumatic transport line (8) with an air flow rate of
1 m3/h. In all runs, the gibbsite flow rate was 2kg/h. Before
starting an experiment, the air was preheated up to the selected
reaction temperature adjusted by a temperature inlet controller
(TIC). Along the reactor, four thermocouples (TI1-TI4) were
situated in the center of the reactor, which ensures the desired
temperature profile within the zone of gibbsite decomposition.
With a residence time in the heated zone of up to 1s, gibbsite
reaches the chosen temperature from 883 to 943 K. The cold
air flow was used to cool the outlet mixture of air and acti-
vated gibbsite (4). The characteristics of the gibbsite were as
follows: water content 2.79 mol H>O/mol Al,Os, bulk density
2.33 g/cm? and Sggr 19 m?/g. The water content of the gibbsite
and the obtained products were determined by TG analysis. The
X-ray diffraction analysis (XRPD) was performed with a Philips
PW 1051 diffractometer, using Cu Ka radiation. The nitrogen
adsorption—desorption isotherms of the starting gibbsite and of
the activated alumina samples were determined at 77 K, in a high
vacuum volumetric apparatus. The samples were previously out-
gassed at a pressure of 1073 Pa for 4 h, the starting gibbsite at
383 K, and the thermally activated samples at 523 K. The spe-
cific surface areas of samples, SpgT, were determined by the
BET method [18-20] from nitrogen adsorption isotherms up to
p/po=0.3. The pore size distribution for all samples was calcu-
lated from desorption isotherms branch by the procedure given
by Lippens et al. [19]. The fractal dimension of the surfaces, df,
for the starting gibbsite and the activated alumina samples, was
calculated by introducing the pore size distribution data into the
Pfeifer and Avnirrelation [11-13]. According to the Mahnke and
Mogel method based on an approximation of the fractal version
of the BET-formula the fractal dimensions, d¢, were calculated
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Fig. 1. Schematic diagram of the pilot-scale reactor.

for all samples [14]. For comparison, the method of Neimark et
al. was applied to the same isotherms [15].

3. Results and discussion

The assumption for both the preliminary laboratory investiga-
tions and the design of the pilot-scale plant was that the gibbsite
particles have the same linear velocity as the gas in the reactor.
In order to verify this assumption, calculations using a model
for two phase flow were performed. This model is described in
detail in our previous paper [6]. The bases of the model are the
continuity and momentum equations of Nakamura and Capes
[21] and Grbav¢i¢ [22] variational model for calculating the
fluid-particle interphase drag coefficient.

A summary of the relevant model equations for the fluid and
particle phases are:

Fluid momentum:

dpP

€ <—d> = B(u —v) + epsg + Fr (1)
v4

Solids momentum:
dpP
(1—2¢) <_dz> =—Bu—-v)+U—-¢eppg+ Fp 2)

The pressure gradient in the tube is given by the sum of Egs. (1)
and (2) as:

dp
. =(op — gl —&) + Fi + F 3)
F and F}, are pressure losses due to the fluid-wall and particle-
wall friction written in terms of the friction factors f and fp:

2 fipcU?

F
f )

“

2
Fo— 2 fopp(l — &)v

P D, &)

The resulting equation for the slip velocity in a one-dimensional
steady state model of vertical non-accelerating gas-fine particles
flow is:

us = (u —v) = usF* (6)

where ugr is the slip velocity in particulately fluidized bed at the
same voidage:

_ (pp — pr)g(1 — emr)

= 7
qu (h) ()
Emf
where
emf(0p — )&l — €mr)
i = P EEE o ®)

Emf

The dimensionless fluid-particle interphase drag coefficient ()
is determined by a variation model [21]

0.5
1 e—e 2
B=Pudl—Cot—|1— (21— 4 ©)
A 1 —é&mf
The constants Cq, C, and A are
-05
o2\’
Ci= |1+ |52 (10)
emrUt
1 2.0.5
CZ:XO_CI) (1)
5\ 05
A:(l—q) e (12)
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F* is the dimensionless friction factor, which is determined by
Eq. (13)

. F, (1—2¢) Fr
F*=1+ — (13)
(op—pp)g(1—¢) e (pp—ppgl—e)

The fluid friction coefficient for smooth transport tubes can be
accurately predicted using the standard friction factor correla-
tion:

L s
where the tube Reynolds number is based on the superficial gas
velocity (Re = DypsU/ ).

Above set of equations can be solved numerically in order
to predict particle velocity and voidage in the reaction section.
On such way residence time of gibbsite particles in the reaction
zone can be adjusted according to the process requirements. The
model gives predictions for the transport line voids and the par-
ticle phase velocity, for particles smaller than 1 mm, using the
experimental values of the gas velocity and the overall pressure
gradient. The results show that the gas phase velocity and the
particle phase velocity are nearly the same and that the transport
line voids are higher than 0.99. Therefore, under the conditions
applied in our experiments, there is dilute two phase flow, and
the particle residence time in the reaction section can be calcu-
lated on the basis of measured gas phase velocity. In the course of
the thermal activation of gibbsite under the chosen experimental
conditions, flash calcination of the gibbsite into products with a
smaller amount of water occurs, depending on the time spent in
the degradation zone and the activation temperature. The depen-
dence of the crystalline water content on the residence time at
four chosen temperatures is shown in Table 1.

The experimental results show that under the selected condi-
tions of temperature and residence time in the heated zone, the
gibbsite is partially dehydrated. As expected, the degree of dehy-
dration increases with increasing the activation temperature. At
the same dehydration temperature, the degree of dehydration
increases with increasing the particle residence time. The linear
dependence between In(m9—m) and the residence time indicates
that the dehydration reaction follows first-order kinetics. We
evaluated the rate constants (k) from the slope of these curves
and used them to calculate the activation energy of gibbsite
dehydration in the temperature range of 883-943 K, from the
Arrhenius equation. The value of the activation energy is equal
to 66.5 kJ/mol [9].

Table 1
Water content (m9—m) mol HyO/mol Al,O3 in products obtained on thermal
treatment of gibbsite

1(s) (mo—m)ss3 K (mo—m)op3 K (mo—m)9z3k (mo—m)oa3x
0.00 2.79 2.79 2.79 2.79
0.38 1.99 1.69 1.60 1.24
0.58 1.60 1.51 1.00 1.00
0.65 1.42 1.16 0.92 0.77
0.73 1.24 1.08 0.92 0.77
0.81 1.24 1.16 0.77 0.63

The experimental results show that the products having water
content similar to the stoichiometric water content for alumina
monohydrate were obtained at all measured temperatures for a
residence time of 0.73s. A short residence time of the pseud-
ofluidized gibbsite particles in the zone of high temperatures
prevents the crystallization of the material into new phases.
Gibbsite is denoted as MPAOQ, and the activated samples as
MPA1, MPA2, MPA3, MPA4, respectively with an increase of
the dehydration temperatures.

The X-ray diffraction (XRPD) can give valuable information
about the morphology and the surface structure. The XRPD for
gibbsite and activated alumina samples are presented in Fig. 2.

In analyzing the XRPD data, the pure crystal gibbsite phase
was identified for the starting samples. A decrease in the reflec-
tion intensity of gibbsite with increasing temperature indicates
that the activated aluminas are either microcrystalline or amor-
phous.

The complete nitrogen adsorption—desorption isotherms of
the gibbsite and of the activated alumina samples are shown in
Fig. 3.

All isotherms at low equilibrium pressures are reversible,
whereas at higher equilibrium pressures they exhibit a hysteresis
loop of the H3 type [20]. This type of hysteresis loop indicates
the presence of slit-shaped mezopores or pores with narrow
necks and wide bodies in the activated aluminas. All adsorption
isotherm near to p/pg =1 are very steep, which is characteristic
for the presence of macropores between aggregates. The values
of the specific surface areas, SggT, of gibbsite and the activated
alumina samples, calculated from these isotherms, are given in
Table 2. As can be seen, upon thermal activation in a temper-
ature range from 883 to 943 K, rapidly evaporated water from
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Fig. 2. XRPD of the gibbsite and activated alumina samples.
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Fig. 3. Nitrogen adsorption isotherms of gibbsite and activated alumina samples.
The ordinate scales are moved up by 20 cm? (NTP)/g for successive results from
MPALI to MPA4.

gibbsite comes under a great pressure from inside of the grains
to the surface, causing an increase of the specific surface area
up to 250 m?/g.

The data derived from the cumulative pore volume curves of
the gibbsite and the activated alumina samples (Fig. 4) show that
the starting gibbsite, within the investigated region of micro- and
mezopores, is characterized by a wide pore size distribution, the
pore diameter of 2-2.5 nm being the most frequent. All of the
activated alumina samples have most of the pores with a diam-
eter of 2-2.5 nm, similar to the starting gibbsite, but the pore
volumes within this range increase from 0.165 to 0.320 cm?/g,
with increasing the treatment temperature from 883 to 943 K.
The data also indicates that the activated alumina samples pos-
sess micropores whose volume increases with the temperature
of the thermal treatment, within the whole investigated temper-
ature range.

Introducing the pore size distribution data into the Pfeifer and
Avnir relation [11] which relates the pore size distribution with
the fractal dimension of the surface, ds:

v

— (P> oc r(2=dp (15)
drp P

Table 2

Fractal dimension values calculated using different methods

Sample  Method Sper (M?/g)
Pfeifer and Avnir Mahnke and Mogel ~ Neimark

MPAO  2.02 - 2.14 19

MPAL1 2.29 2.24 222 199

MPA2 231 2.38 2.27 215

MPA3  2.38 2.40 2.35 220

MPA4 240 2.44 2.39 251
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Fig. 4. Derivative of the cumulative pore volume curves with respect to slit width
for gibbsite and activated alumina samples. The ordinate scales are moved up
by 0.03 cm?/g nm for successive results from MPA1 to MPA4.

the fractal dimensions of the surface, df, for the starting gibbsite
and for the activated alumina samples were calculated. The esti-
mation of df values was performed in the region of small pores,
0.5 <rp <2 nm. The logarithmic form of Eq. (15) was used. From
the slope of this linear relationship the fractal dimension was
computed for all of the samples (Table 2).

Another approach uses the extended BET-formalism for the
fractal-like surfaces [10]. Mahnke and Mogel [14] suggested an
alternative derivation of a fractal BET equation to that initially
proposed by Fripiat et al. The alternate derivation avoids the
inconsistent behavior, of the earlier equation, in the case of a
surface fractal dimension of 3. The isotherm equation derived
by Mahnke and Mdogel [14] is given by

log(V(Pr)) = log(Vm) + log — alog(l — Py)

(16)

Py
1-P+CPF

This logarithmic version of the equation of Mahnke and Mdogel
(2) gives the possibility to estimate the optimal (with respect to
mean square error) «, C and Vi, for measured isotherms using
the simplex optimization method [23]. The obtained values of
the fractal dimension of the surfaces for all the samples are given
in Table 2.

For comparison, the method of Neimark [15] is applied to the
same isotherms. The fractal assumption is made for the interface
area of the adsorbate depending on the radius of curvature. They
presented the equation

Vmax

log (—/ log(Pr)dV> = const + (d — 2)log(—logP;)
V(p)

(17)

where the integral was taken to be f \Y(“;‘)" log( V~1(x))dx and eval-
uated using trapezoidal rule, and x is relative pressure.
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Fig. 5. Estimation of fractal dimension according to Neimark’s method. The
ordinate scales are moved up by 0.25 for successive results from MPA1 to
MPAA4.

From the slopes of the corresponding plots (Fig. 5) the fractal
dimensions for all of the samples are calculated and shown in
Table 2.

The fractal dimension of the gibbsite (MPAO) is near 2, which
indicates that the size of the irregularities of its surface is larger
than the size of the adsorbate. It should be mentioned that we
were not able to perform a satisfying calculation of dr for the
MPAO sample using Mahnke and Mdgel method.

In spite of the small differences between the values of the
fractal dimension for the activated alumina samples, all of them
show the same trend of the changes in the fractal dimension. The
increase of the values of the fractal dimension of the activated
aluminas with the thermal treatment temperature indicates the
roughness enhancement of their surfaces.

Therefore, all of the three methods used for the evaluation of
the fractal dimension gives, roughly speaking, a correct result.
From the practical point of view, the methods of Mahnke and
Mogel, and Neimark are much easier to apply because these
are free from many of the complications in the original method
developed by Avnir and co-workers.

According to some authors [16,17] the pore-fractal catalysts
supports are superior to the planar ones in the case of diffusion
limited reactions and catalyst deactivation. The proposed treat-
ment of the gibbsite in the reactor for the pneumatic transport
is suitable for the preparation of catalyst supports with fractal
pore-structure.

In our future work we try to correlate the change of fractal
pore structure of the catalyst support with the changes of the
properties of catalysts during deactivation.

4. Conclusion

Upon the thermal activation of gibbsite in a reactor for pneu-
matic transport, i.e. in dilute two-phase flow with the short parti-
cle residence time of 0.73 s in a homogenous temperature zone,
intermediate pseudoamorfous aluminas were obtained with a
developed porosity in region of micro- and mezopores. The spe-

cific surface areas of the activated alumina samples ranged from
199 to 251 m?/g, depending on the temperature of their forma-
tion.

The fractal dimensions of the surface of gibbsite and the
activated alumina samples were calculated by applying three
different methods. It was shown that the values of fractal dimen-
sions increase from 2.02 to 2.45 with the increasing temperature
of gibbsite activation, pointing to changes in the texture of the
alumina surface. As already mentioned, from the practical point
of view, the methods of Mahnke and Mdogel, and Neimark are
much easier for the application than the original method devel-
oped by Avnir and co-workers.

The reactor for the pneumatic transport is suitable for the
preparation of catalyst supports with fractal pore-structure.
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