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Abstract

An aqueous solution containing 0.1 M Al 3+ and excess urea was boiled for 4 h to obtain an alumina precursor precipitate. The
precursor precipitate was separated into several portions and each portion was heated at a different temperature for 4 h between

100–1100 �C. Thermally treated samples were investigated by X-ray diffraction (XRD) analysis, differential thermal analysis
(DTA), thermogravimetric analysis (TGA) and scanning electron microscopy (SEM) techniques. The particle size distributions
(PSD) and nitrogen adsorption–desorption isotherms at 77 K of the same samples were also determined. The XRD data showed
that the previously amorphous precursor was transformed respectively into d-Al2O3 at 850

�C and a-Al2O3 at 1100
�C. The TGA

data were used to calculate the activation energies for the dehydration and dehydroxylation of the precursor according to the
Coats–Redfern equation and the results were discussed. From the SEM and PSD data, it was determined that most of the precursor
particles were agglomerated. The adsorption data were used to calculate the specific surface areas (A) and the desorption data were

used to calculate the specific micropore–mesopore volumes (V). At 100 �C, the A and V values were respectively, 15 m2 g�1 and
0.030 cm3 g�1. They increased by increasing temperature and reached their maximum values of 117 m2 g�1 and 0.350 cm3 g�1

respectively at 900 �C and then decreased promptly at 1000 �C.
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1. Introduction

Alumina powders are extensively used in the produc-
tion of ceramics, abrasives, medications, membranes,
chromatographic column support materials, adsorbents
and catalysts [1,2]. New procedures besides the conven-
tional Bayer procedure were developed to produce alu-
mina precursors possessing different characteristics
required by different application areas [3–5]. The pro-
duction of powders having specific crystal sizes, crystal
shapes, particle shapes, particle sizes, agglomeration
degrees and porosities is possible if the precursors
obtained by these methods are used [6–13]. Some of
these non-conventional methods may be mentioned as
hydrothermal synthesis [14], microwave synthesis [15],
emulsion evaporation [16–18] and chemical precipita-
tion from solution [19].
Heterogeneous precipitation takes place if the reac-

tants are in different phases during precipitation and the
above mentioned properties of the precursor cannot be
controlled. A homogeneous precipitation in which the
reactants are in the same phase has to be made in order
to control these properties. The homogeneous pre-
cipitation of alumina precursors is carried out by heat-
ing the aqueous solution containing excess urea and an
aluminium salt approximately up to its boiling tem-
perature [20,21]. Alumina powders are then obtained by
the calcination of the precursor precipitates at 1000 �C.
It was determined that the concentration of Al3+ in the
heated aqueous solution during precipitation affected
the properties of the resultant alumina powders. For
example, as the concentration of Al3+ in the heated
aqueous solution increased, the agglomeration degrees
of the alumina powders increased whereas their poros-
ities decreased [22]. Aim of this study was to investigate
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some of the physicochemical properties such as crystal-
linity, dehydration, dehydroxylation, particle size dis-
tribution, specific surface area and specific pore volume
of these thermally treated precursors.
2. Experiments

Al2(SO4)3.18H2O, CO(NH2)2, 65% HNO3 (1.40 g
cm�3) and 25% NH3 (0.91 g cm�3) (all analytical grade
from Merck Company) were used. A 0.4 M Al2(SO4)3
stock aqueous solution was prepared by
Al2(SO4)3.18H2O. Since this salt is not very soluble, a
small amount of 0.1M HNO3 was added to help its dis-
solution during the peparation of the stock solution.
As a first step for the preparation of aqueous solu-

tions with desired aluminium sulphate–urea concentra-
tions, a preliminary study was realized to assure a
quantitative reaction between urea and aluminium sul-
phate. It was determined that a ratio of [urea]/
[Al3+]�5.4 fullfilled this condition. The stock Al2(SO4)3
solution and solid urea were used to prepare a homo-
geneous solution (0.8 dm3) that satisfied the earlier
ratio. The pH value necessary for the precipitation of
the alumina precursor from a solution whose
[Al3+]=0.1 M was calculated [22] as pH=3.42 by using
the ionization constant of water (Kw=10�14) and the
solubility product constant of Al(OH)3 that is assumed
to be approximately invariable by temperature
(Ksp=1.9�10�33). Since the stock solution was rather
acidic due to the added HNO3, dilute NH3 solution was
added drop by drop to adjust the pH of the solution to
the calculated value. The solution hence prepared was
stirred continuously with a magnetic stirrer and heated
up to its boiling temperature and continued boiling for
4 h for complete precipitation of the precursor. The
precipitation process was repeated several times until
sufficient amount of precursor was obtained. The pre-
cursors were separated by filtration and were first
washed with distilled water and then with acetone until
they were free of SO4

2� and NO3
� ions and urea. The

precursor precipitate was separated into several por-
tions and one portion was heated for 4 hours at 100 �C
and a stock precursor powder was obtained. Three dif-
ferent precursor powders were also prepared by heating
the other portions respectively for 24, 48 and 78 h. Ten
samples were taken from the stock precursor powder
and each was heated at a different temperature between
200 and 1100 �C. The thermally treated precursor pow-
ders were coded respectively as A100, A200,. . ., A1100.
The static mass loss during thermal treatments was
recorded by mass measurements before and after ther-
mal treatments.
The X-ray diffraction patterns of the thermally trea-

ted precursor powders were recorded by a Rikagu
D-max 2200 Powder Diffractometer with a Ni filter and
CuKa X-rays having 0.15418 nm wavelength. The dif-
ferential thermal analysis (DTA) and thermogravimetric
analysis (TGA) curves of the A100 sample were recor-
ded by a Netzch instrument (Simultaneous TG–DTG–
DTA Instrument model 229) at a heating rate of 20 K
min�1. Calcined kaolin was used as an inert material.
An electron microscope (LEO 435) was used to take
SEM view of the thermally treated precursor powders.
The specific outer surface areas (S), i.e. apparent geo-
metric areas and particle size distributions (PSD) of the
same powders were determined by a Mastersizer
Instrument (Malvern Instruments, model Micron) based
on a light scattering technique. The adsorption and
desorption of nitrogen on the thermally treated pre-
cursor powders, at liquid nitrogen temperature were
investigated by a volumetric adsorption instrument. The
instrument was constructed completely of pyrex glass
and connected to high vacuum [23].
3. Results and discussion

3.1. XRD Data

The XRD patterns of A100, A850 and A1100 samples
are shown in Fig. 1. From the XRD patterns not given
here, it was observed that some of the wide peaks seen
in the XRD patterns of the A100 sample widened as the
heating period increased up to around 72 h. Similar
widenings were also observed as the heating tempera-
ture increased up to 600 �C. It was perceived that none
Fig. 1. The XRD patterns of the A100, A850 and A1100 samples.
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of these peaks were characteristic of any alumina phase.
Hence, it was decided that the precursor powders were
amorphous in nature up to 600 �C. Inspection of the
XRD patterns indicated that crystallization of the pre-
cursor powders began at 600 �C and a crystal alumina
phase [24] appeared at 850 �C (Fig. 1) Although most of
the characteristic peaks of y-Al2O3 and d-Al2O3 over-
lapped, considering the peak positions and peak inten-
sities [25] of the A850 sample it was decided that the
present phase was d-Al2O3. Examination of the other
XRD patterns not given here showed that no important
change of the crystal structure has occurred up to
1100 �C. At this temperature, a-Al2O3 was formed
(Fig. 1).

3.2. DTA and TGA data

The DTA and TGA curves of the A100 sample are
shown in Fig. 2. The endothermic peak between 20 �C
and 500 �C on the DTA curve was due to the elimina-
tion of water in the sample. The fact that this peak
contained a minimum (a) at 155 �C and a shoulder (b)
at 260 �C gave the impression that there were two types
of interaction between water and the amorphous solid
phase. The TGA curve showed that around 30%
(expressed as mass per cent) water was lost during
dehydration. Water was lost (3%) between 500 and
800 �C. Since partial dehydroxylation took place in this
interval, it appeared that crystallization began at this
temperature interval. It was decided that the endother-
mic peak which appeared between 800 and 1100 �C was
due to dehydroxylation since d-Al2O3 was formed in
this interval. It was determined that the mass% of lost
water in this interval was 15% and the mass loss was
negligible between 950 and 1100 �C.
The dynamic decomposition fractions (�) were calcu-

lated by taking the ratios of mass loss at each tempera-
ture to the maximum mass loss at 1100 �C. Similarly the
static � values were calculated by using the mass mea-
surements before and after thermal treatments. The
curves (�–T) that show the variations of the dynamic
and static decomposition fractions as a function of
temperature are given in Fig. 3. Although these two
curves did not exactly coincide with eachother, a good
correlation between the two was observed at each point.
In the dynamic �–T curve, the sections a and b show
respectively, the first and second dehydrations and sec-
tion c shows the dehydroxylation.
The Coats–Redfern equation [26,27] can be given as

follows for physical or chemical deformations of the,
solid(1)!solid(2)+gas, type that are assumed to occur
by first order chemical reaction kinetics

1n �lnð1�aÞ½ 	=T2
� �

¼ �E=RT

þ ln AR=bEð Þ 1�2RT=Eð Þ½ 	 ð1Þ

where T is the average deformation temperature,
�=dT/dt is the heating rate, E is the activation energy
of deformation, R is the universal gas constant and
ln[(AR/bE)(1�2RT/E)] is a quantity that stays nearly
constant. The Coats�Redfern straight lines of the a, b
and c deformations which were obtained by the TGA
data [28,29] are shown in Fig. 4. The activation energies
were respectively calculated as Ea=15 kJ mol�1, Eb=11
kJ mol�1 and Ec=156 kJ mol�1, from the slopes of
these straight lines. The fact that Ec was considerably
larger than Eb and Ea showed that the different dehy-
drations were physical events whereas the dehydroxyla-
tion was a chemical event. The presence of two
dehydrations that have different activation energies
gives the impression that the prepared precursor was a
pseudoboehmite [30].
Fig. 2. The DTA and TGA curves of the A100 sample (a and b:

dehydration, c: dehydroxylation).
Fig. 3. The variations of the dynamic decomposition factor calculated

by using the TGA data and the static decomposition factor calculated

by using the weight measurements as a function of thermal treatment

temperature.
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3.3. SEM and PSD Data

The SEM photographs of the A100 and A900 samples
are given in Fig. 5. It was clearly observed from these
photographs that the precursor powder particles were
spherical, some of these unequally sized spherical particles
were agglomerated and considerable morphological
transformation did not occur during thermal treatments.
The PSD curves of the A100 and A900 samples are

given in Fig. 6. The good correlation of these PSD curves
showed that the change in particle sizes was negligible.
The evaluation of the SEM and PSD data alltogether
showed that the sizes of independent particles changed
between 0.35 and 7 mm and those of the agglomerated
ones changed between 7 and 120 mm. The agglomeration
degree was estimated as 60% from the PSD curves.

3.4. Adsorption and desorption data

The adsorption and desorption isotherms at liquid
nitrogen temperature of the A100, A700 and A900 sam-
ples are given in Fig. 7. Here, p shows the equilibrium
pressure of adsorption, p0 shows the vapor pressure of
Fig. 5. The SEM photographs of the A100 and A900 samples.
Fig. 7. The adsorption and desorption isotherms of nitrogen on the

A100, A700 and A900 samples at liquid nitrogen temperature.
Fig. 4. The Coats–Redfern straight lines plotted by using the TGA

data.
Fig. 6. The PSD curves of the A100 and A900 samples.
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liquid nitrogen and p/p0 =x shows the relative equili-
brium pressure, n represents the adsorption capacity
defined as the amount of nitrogen adsorbed on one
gram of solid at any relative equilibrium pressure. The
adsorption capacity that was very small in the A100
sample increased as the thermal treatment temperature
increased and reached its maximum value at 900 �C and
then decreased at higher temperatures.
The specific surface areas (A) of the samples were

determined by using the adsorption data at the relative
equilibrium pressure interval of 0.05<x<0.35 accord-
ing to the standard Brunauer, Emmet and Teller (BET)
procedure [31]. The variation of A as a function of
thermal treatment temperature is given in Fig. 8. It was
observed that the A values increased by increasing tem-
perature, reached a maximum at 900 �C and then
decreased suddenly at higher temperatures, and that the
S values measured by the light scattering of particles
were very small compared to A values. For example
when the value of A was 116 m2 g�1, the value of S was
4 m2 g�1. Fig. 7 shows that at around x�0.95 the
adsorption and desorption isotherms coincide. During
adsorption, when 0<x<0.35, first the micropores that
are assumed to be cylindrical and whose radii (r) are
smaller than 1 nm, are filled by monomolecular
adsorption then, the inner surfaces of the mesopores
whose radii lie within the interval 1 nm<r<25 nm are
covered by multimolecular adsorption. As x increases,
first the smaller then the larger mesopores whose walls
are multimolecularly covered are filled successively by
capillary condensation. When the relative equilibrium
pressure reaches to the value of x=1, bulk condensation
takes place. The larger and smaller mesopores that were
filled during adsorption are evacuated successively dur-
ing desorption as the relative equilibrium pressure
decreased in the interval 1<x<0.35. The relative equi-
librium pressure at which the largest mesopore (r=25
nm) begins to evacuate was calculated by the Kelvin
equation [32] to be x=0.96. The n values corresponding
to the value of x at which all of the micropores and
mesopores were full were read on the desorption iso-
therms. These adsorption capacities were expressed in
terms of liquid nitrogen volumes and were taken as
specific micropore-mesopore volumes (V) [33,34]. The
variation of V as a function of thermal treatment
temperature is represented in Fig. 8. V and A show a
parallel variation. From the observed dehydrations at
temperatures between 100 and 500 �C, it was under-
stood that the pore structure of the precursor powder
was not notably affected. Porosity developed rapidly
at 600 �C where the crystallization began and reached
a maximum at around 900 �C where the dehydrox-
ylation was completed and d-Al2O3 was formed. The
porosity decreased at above 900 �C. It was thought
that this decrease was due to inter particle sintering,
closing of the micropores and shrinkage of the
mesopores.
4. Conclusion

In this study, it was observed that the homogeneous
precipitation of alumina precursor from a boiling aqu-
eous solution of aluminium sulphate and urea produced
mostly agglomerated and spherical particles. It was also
observed that the thermal treatment of the alumina
precursor did not cause a change in particles shape and
size. Considering the activation energies, it was demon-
strated that the dehydration of the amorphous pre-
cursor was a physical decomposition whereas the
dehydroxylation was a chemical decomposition. Dehy-
droxylation and crystallization began at the same tem-
perature. Formation of phases other than d-Al2O3 and
a-Al2O3 was not observed during the thermal treatment
of the precursor. On the other hand, the thermal treat-
ment of alumina precursors at various temperatures
between 100 and 1100 �C produced alumina powders
that have various degrees of porosity. Hence, it was
concluded that the preparation of alumina powders
possessing specific porosities would be possible by
applying thermal treatments to precursors obtained by
the aluminium sulphate–urea reaction.
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