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The thermal decompositions of both non-activated and mechanically activated aluminum sulfates were
studied by thermogravimetry (TG). The structural disorder, the specific surface area (SSA) and the mor-
phology of mechanically activated aluminum sulfates were analyzed by X-ray diffraction (XRD), laser
particle-size analyzer, and scanning electron microscopy (SEM), respectively. Thermal analyses results
indicated that the initial temperature of thermal decomposition (T;) in TG curves for mechanically acti-
vated aluminum sulfates decreased gradually with increasing the milling time. It was also found that the
SSA of mechanically activated aluminum sulfates remained almost constant after a certain milling time,
and lattice strains (¢) rose but the crystallite sizes (D) decreased with increasing the milling time. These
results showed that the decrease of T; in TG curves of mechanically activated aluminum sulfates was
mainly caused by the increase of lattice distortions and decrease of the crystallite sizes with increasing
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the milling time.
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1. Introduction

Aluminum sulfate (Al;(SO4)3), incorrectly called alum, is pro-
duced as white crystals which are non-combustible and soluble in
water. It is mainly used in paper sizing to improve durability and
ink receptivity [1,2], and in water treatment to clarify water [3,4].
Other uses for alum include cellulosic insulation, catalyst, tanning,
pharmaceutical preparation, modification of concrete, mordant in
dyeing, and manufacture of chemicals [5].

The term “mechanical activation” refers to those processes
which are effected by mechanical energy and which involve an
increase in the chemical reactivity of the system, but without alter-
ing its chemical composition [6]. The process of activation depends
on the breakage process and the rate at which energy is supplied
to the system. Mechanical treatment of solids by intensive milling
has been applied for a variety of reasons including the mechani-
cal alloying of metallic and ceramic powders [7-10], the synthesis
of compounds [11-13], phase transformations [9,14], and accelera-
tion of chemical reactions [15-17]. Moreover, it is well known that
mechanical activation of solids leads to decreasing decomposition
temperature, which is attributed to the increased specific surface
area (SSA), enhanced surface reactivity and change in the crystalline
structure [18-20].
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Thermal decomposition of aluminum sulfate is one possible way
of obtaining high-purity, fine-grained aluminum oxide. The chem-
ical reaction involved in the process is thought to be

A12(504)3 — A1203 +3S031% (1)

In order to completely convert aluminum sulfate to Al,03 and
SOs, it is necessary to heat at temperatures higher than 1273 K [21].
However, a lower decomposition temperature can be applied by
introduction of a reducing agent to the gaseous phase [22]. On the
other hand, as it was mentioned before, mechanical treatment of
starting materials is one of the latest techniques in this field. To
our knowledge, there is no study in the literature dealing with
thermal decomposition of mechanically activated aluminum sul-
fate. This is of special interest, because of the recent application for
aluminum sulfate in fabrication of alumina-reinforced aluminum
matrix composites [23], where casting temperature is determined
by decomposition temperature of aluminum sulfate. So the objec-
tive of this research is to investigate the influence of mechanical
activation on the thermal decomposition of aluminum sulfate.

2. Experimental

The raw material used in this study was aluminum sulfate octadecahydrate
(Merck, Germany), with the following composition (wt.%): Al>(SO4)3-18H,0, 99.3;
chloride, 0.005; ammonium, 0.005; alkali and alkaline earth metals, 0.4; heavy met-
als, 0.002; Fe, 0.005; Ca, 0.02; K, 0.2 and As, 0.001. The starting material was initially
dehydrated at 623 K for 1 h to obtain anhydrous aluminum sulfate and then it was
crushed into sub-millimeter-size powder.
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Mechanical activation of anhydrous aluminum sulfate was performed in a plan-
etary ball mill using hardened chromium steel vials and balls under air atmosphere.
Milling was carried out at a rotation rate of 580 rpm with a powder-to-ball mass
ratio of 1:15. Mechanically activated aluminum sulfates were obtained after milling
fortm=1,2,3,4and 5h.

Thermogravimetry (TG) analyses were carried out on a Linseis L70/2171 instru-
ment with temperature program from 25 to 1020 °C at the heating rate of 10 K min—?,
using alumina sample holders with a height of 5 and an internal diameter of 6 mm.
The mass of the samples was almost 14 mg. The tests were made under pure argon
with flowing rate of 0.33 Lmin~!.

The structural disorder of all samples was obtained by X-ray diffraction analysis
on a Philips X'pert-MPD Diffractometer in the following regime: radiation Cu Ka;
) =0.15406 nm; voltage 40 kV; current 30 mA. The degree of amorphization (A) of the
samples was determined from X-ray diffraction patterns using following equation
[24]:

_ Uo Ix
A_(lfnxu—)()xloo (2)

where Uy and Uy refer to the background of non-activated and mechanically
activated samples, while Iy and I, are integral intensities of diffraction lines of
non-activated and mechanically activated samples.

The Cauchy-Gaussian approximation was used to determine the crystallite size
(D) and the equivalent lattice strain (¢) from the XRD data [25]. The morphology of
starting material and products was analyzed using a Philips-XL30 Scanning Electron
Microscope.

The change of specific surface area with milling time was calculated statistically
from the corresponding particle-size distribution data measured on a Fristch A22
Laser Particle-size Analyzer, where ethanol was used as a dispersing fluid.

3. Results and discussion
3.1. TG and DTG results

TG and DTG curves of the decomposition of non-activated and
mechanically activated aluminum sulfates are shown in Fig. 1a and
b, respectively. Fig. 1a shows that the TG curve for decomposition
of non-activated aluminum sulfate exhibits one weight loss that
can be identified from change in slope of the curve. In the case
of mechanically activated aluminum sulfates, a small weight loss
prior to main weight loss is seen in the TG curves (Fig. 1a). This
indicates a small part of these samples are mechanically activated
more than the rest, and start to decompose at lower temperatures.
For all samples, the total weight losses correspond to the theo-
retical stoichiometry: 70.2 wt.%, i.e. the decomposition process is
completed with the formation of Al,03 [21]. The conversions of
non-activated and main part of mechanically activated aluminum
sulfates to alumina are also observed as minima in the DTG curves
(Fig. 1b).

Table 1 shows the influence of milling time on the character-
istic temperatures of thermal decomposition in the TG and DTG
curves: initial temperature of more activated part (T;*) and ini-
tial temperature (T;), peak temperature (Tp ), and final temperature
(Tf) of main part. The location of these temperatures in TG and
DTG curves of 5h activated aluminum sulfate is shown in Fig. 2.
Table 1 reveals that the characteristic temperatures in the TG and
DTG curves for different aluminum sulfates decrease gradually
with increased milling time. Therefore, as a result of mechanical
activation, the reactivity of the solid is enhanced. The results are

Table 1
Influence of milling time on the characteristic temperatures of thermal decomposi-
tion of aluminum sulfate

Milling time (h) T (K) T; (K) T, (K) Tt (K)
0 = 928 1198 1262
1 410 891 1177 1236
2 388 835 1146 1214
3 363 807 1101 1181
4 329 787 1081 1170
5 323 764 1045 1142
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Fig. 1. TG (a) and DTG (b) curves for non-activated and mechanically activated
aluminum sulfates.

consistent with observations from thermal studies of ground gale-
nas [20].

3.2. X-ray diffraction analysis

The X-ray diffraction patterns for non-activated and mechani-
cally activated aluminum sulfates are shown in Fig. 3. All the peaks
can be indexed to aluminum sulfate (JCPDS card no. 30-0043),
indicating that aluminum sulfate did not undergo any significant
reaction or phase change during milling. It is also seen that the XRD
curves of the activated samples are broader and of lower inten-
sity than those of the non-activated sample. This is mainly due
to the combined effects of milling such as partial amorphization,
structural disordering and defects concentration. By analyzing the
(012),(104), (113) and (024) XRD reflections of non-activated
and mechanically activated aluminum sulfates, the degree of amor-
phization (A), the crystallite sizes (D), and the lattice strains (&)
values are obtained. The variation of the degree of amorphiza-
tion of aluminum sulfate as a function of milling time is depicted
in Fig. 4. Assuming that the non-activated aluminum sulfate was
100% crystalline prior to milling treatment, the calculated degree
of amorphization of aluminum sulfate milled for 1 and 5 h were 26%
and 53.2%, respectively. The increase of X-ray amorphous phase due
to intensive milling was also reported for sulfides [26]. The amor-
phization s in fact a highly distorted periodicity of lattice elements,
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Fig. 2. Location of characteristic temperatures in TG (a) and DTG (b) curves of 5h
activated aluminum sulfate.
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Fig. 3. XRD patterns of non-activated and mechanically activated aluminum sul-
fates.
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Fig. 4. Change in degree of amorphization for aluminum sulfate with milling time.

and it is often characterized as a short-range order in contrast to
the long-range order of a fully crystalline structure.

The change of the crystallite size and lattice strain of aluminum
sulfate with milling time is shown in Fig. 5. It is seen that that crys-
tallite sizes decrease strongly up to 3 h milling time, but for superior
milling time, reduction rate of crystallite sizes decreases. One can
also observe that the values of the lattice strains increase rapidly
with milling time up to 3h and then stabilize for higher milling
times.

3.3. SEM observation

Figs. 6 and 7 display the SEM micrographs of the non-activated
aluminum sulfate and of the powder obtained after milling for 4 h.
The non-activated powder (Fig. 6) consists of angular particles, and
their apparent diameter is comprised between 10 and 90 pm. After
4 h of milling, the size and the shape of the particles change dramat-
ically with the apparition of small aggregates (Fig. 7a). Indeed, the
milled powders are mainly constituted of coarse particle agglom-
erates of irregular morphology with a wide size distribution. As
revealed by enlarged micrograph of the milled sample (Fig. 7b),
these large agglomerates, which can exceed 20 pm in diameter,
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Fig. 5. Dependence of D and ¢ of mechanically activated aluminum sulfates vs. the
milling time.
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Fig. 6. SEM micrograph of non-activated aluminum sulfate.

are built of fine particles with sizes well inferior to 0.1 wm. The
agglomeration of particles during extended dry milling was also
reported for titanium dioxide [27]. This behavior is common during
dry milling and is usually explained by agglomeration of the struc-
turally modified particles following the initial reduction of particle
size. This occurs because of the tendency of the activated material
to reduce its surface free energy.

3.4. The specific surface area

The specific surface area of mechanically activated aluminum
sulfates versus the milling time is shown in Fig. 8. The specific

Magn Det WD I—' 6 pm
4000x «SE 8.7

Fig. 7. SEM micrographs of aluminum sulfate mechanically activated for 4 h in two
different magnifications.
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Fig. 8. The specific surface area (SSA) of mechanically activated aluminum sulfates
vs. the milling time.

surface area increases sharply from 0.3 m2/g for non-activated sam-
ple to 6.8 m2/g for the 3h activated sample followed by a slight
decrease and then stabilizes for higher milling time due to the for-
mation of dense agglomerates. This trend implies that for t;; <3 h,
the decrease of T; in the TG curves of activated aluminum sulfates is
caused by increase of the specific surface area as well as the increase
of the structural disorder, but for t, > 3 h, the role of specific surface
area diminishes.

4. Conclusion

Aluminum sulfate does not undergo any reaction or phase
change during high-energy ball milling. The initial temperature
for thermal decomposition of aluminum sulfates in the TG curves
decreases gradually with increased milling time of mechanically
activated aluminum sulfates. This mainly arises from the increases
of the structural disorder and specific surface area. Mechanically
activated aluminum sulfate is more easily subjected to thermal
decomposition than non-activated one.
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