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a b s t r a c t
The aim of this work is recycling the alum sludge to produce valuable strontium aluminate (SrAl2O4) 
materials. Sr(NO3)2 is used as starting material beside alum sludge. The alum sludge was treated 
with a suitable chemical method and followed by thermal treatment at 1,400°C for alpha alumina 
production. Part of Sr(NO3)2 powders were calcined at 1,100°C at different heating rates and times to 
obtain Sr(OH)2, Sr(OH)2OH, or SrO powders. Four compositions were prepared based on the addition 
of Sr(NO)3, Sr(OH)2, Sr(OH)2OH, or SrO powders with alumina for SrAl2O4 formation and calcined 
at 1,100°C. The calcined powders were compacted and sintered at different temperatures: 1,200°C, 
1,400°C and 1,500°C to follow the phase composition. The optimum composition was sintered at 
1,550°C and 1,650°C. Phase composition of sintered batches was determined by XRD. The particle 
morphology of the sintered samples was estimated by SEM. Apparent porosity, bulk density and 
compressive strength for sintered batches were investigated. Batch compositions containing SrO gave 
a high yield of SrAl2O4 accompanied by an improvement in the physical and mechanical properties 
after sintering at 1,550°C.
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1. Introduction

The alum sludge is a good source for aluminum com-
pounds, SiO2 and Fe2O3. Therefore, many efforts have been 
made to recycle the alum sludge [1–3]. It can be used for pro-
ducing value-added products such as aluminum hydroxide 
Al(OH)3 [2], which is very attractive to be calcined to produce 
aluminum oxide products.

In the SrO–Al2O3 system [4], there are five well-known 
stable double oxides (binary phases) namely; Sr4Al2O7 (tetra- 
strontium aluminate, Sr4A), Sr3Al2O6 (cubic tri-strontium 
aluminate, Sr3A), SrAl2O4 (monoclinic strontium aluminate, 
SrA), SrAl4O7 (strontium di-aluminate, SrA2), SrAl12O19 
(hexagonal strontium hexa aluminate, SrA6) [5] and other 
strontium aluminate phases, such as Sr4Al14O25 (orthorhombic), 

 Sr12Al14O33 and Sr10Al6O19 as described in the literature [6]. 
Strontium aluminates have a vital utilization as aluminous 
hydraulic binder materials as special inorganic cements 
possess the properties, which make it suitable for different 
special uses or applications such as macro defect free compos-
ites, blended as well as expansive cements for high tempera-
ture applications “cement installations”, household goods, 
road surfaces, and were used in the disposal for nuclear or 
radioactive wastes [3,5,7–9]. Moreover, strontium aluminate 
can be used as phosphorescent-based purposes or thermolu-
minescent pigments, anodes for oxide fuel cells and highly 
conductive electrolytes [10,11]. The most commonly used 
strontium aluminate hosts are SrAl2O4 and Sr4Al14O25 and 
most publications on strontium aluminate phases are related 
to the strong green emission (~530 nm) of Eu2+ in stoichio-
metric SrAl2O4 with monoclinic tridymite structure [12–15]. 
SrAl2O4 has been proven to be an efficient host material for 
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photoluminescence (PL), cathodoluminescence and plasma 
display panel phosphors in the visible region. For example, 
the integration of ZnO with SrAl2O4 rich in intrinsic defects 
may make it possible to achieve excellent PL properties. In 
addition, the strontium aluminate has also been used in the 
Al2O3 matrix [16] to improve its mechanical properties such 
as strength and toughness due to the formation of anisotropic 
elongated grains [3].

SrAl2O4 has a tridymite structure. At ambient tempera-
ture, the stable SrAl2O4 crystalline phase is monoclinic 
which transforms to hexagonal (an endothermic process) at 
a temperature of 650°C. Conversely, the reverse hexagonal–
monoclinic transformation occurs (an exothermic process) at 
those temperatures [17].

With the development of scientific technologies on 
materials, several chemical synthesis methods such as sol–
gel process [18], co-precipitation as well as combustion 
methods [19,20] and mechano-chemical reactions [21] have 
been applied to prepare SrAl2O4. All of these methods were 
conducted in liquid phases so that each component can 
be accurately controlled and uniformly mixed. However, 
expensive chemicals are consumed during preparation 
of SrAl2O4 by the above-mentioned methods [22–24]. 
Commercial strontium aluminate powders are usually pre-
pared by a solid-state reaction process [25] using expensive 
oxides as starting materials. Therefore, this work will focus 
on decreasing the cost of SrAl2O4 preparation utilizing the 
alum sludge as an alumina source. However, the solid-state 
reaction needs high temperatures for preparation. The insuf-
ficient mixing and low reactivity of raw materials lead to 
several impurity phases such as Al2O3, SrO, and other stron-
tium aluminate phases that easily exist in the final products 
[26–28]. Therefore, optimizing the chemical reactions of the 
starting materials will be determined in this work in order 
to obtain stable SrAl2O4.

2. Material and methods

2.1. Alumina powder preparation

Alum sludge has been collected from the El-Manial water 
station (Giza – Egypt) and analyzed by X-ray fluorescence 
(XRF) [29]. The alum sludge was filtrated by a water suction 
pump to remove the water, followed by drying the slurries 
for 24 h at 110°C.

The method of Al(OH)3 production from alum sludge is 
demonstrated previously by Khattab et al. [29] as follows: 
50 mL of 7 mol L–1 sulfuric acid solution was added to 10 g 
of alum sludge. The mixture was stirred by a mechanical agi-
tator at a rate of 300 rpm and heated at 170°C for 1 h. After 
that, 100 mL of distilled water was added into the flask and 
remained at room temperature overnight to extract soluble 
compounds from the resulting mixture. Next, the slurry 
was filtered followed by the slow addition of 7.66 mol L–1 
of sodium hydroxide solution to the filtrate with a constant 
rate of 3 mL min–1 under a continuous stirring accompa-
nied by adjusting alkalinity of medium to pH = 12. The flask 
was retained at room temperature over night for complete 
separation of total iron hydroxides “Fe(OH)2 & Fe(OH)3” 
from soluble Al3+ compounds and then the resulting slurry 
was filtrated. The produced solid components with reddish 
brown color were dried at 100°C for 24 h in an oven after 

washing with distilled water. The filtrate was heated at 70°C 
and 2.2 mol L–1 ammonium acetate was added with a con-
stant rate of 3 mL min–1 to re-precipitate Al(OH)3 at pH = 8. 
The obtained precipitate was calcined for 2 h. at 1,400°C as 
demonstrated in our previous work [29].

2.2. Role of Sr(NO3)2 calcination

The Sr(NO3)2 powders were purchased with extra purity 
98% (CAS:10042-76-9) and were calcined at 1,100°C for 1 h 
at a rate of 40°C min–1. The second calcination of Sr(NO3)2 
powders at 1,100°C was performed for 1 h at heating rate 
20°C min–1 and named SR2. A third calcination at 1,100°C 
for1 h at heating rate 20°C min–1 has been carried out for SR2 
powders to obtain SR3 powders. The XRD characterization 
for both SR2 and SR3 are shown in Fig. 1. It is observed that 
the Sr(OH)2H2O is the main constituent for SR2. Sr(OH)2 and 
SrO are the main constituents of SR3.

2.3. Batch preparations

Four mix powders were prepared after alumina calcina-
tions at 1,400°C. The compositions of these mixes were based 
on stoichiometric calculations of Sr(NO3)2, Sr(OH)2H2O, 
Sr(OH)2 or SrO separately with alumina as the main compo-
sitions for SrAl2O4 formation and called AS1, AS2, AS3 and 
AS4, respectively. For preparing AS1 powder, Sr(NO3)2 was 
used without calcination to compare with the other mixes 
(AS2, AS3 and AS4). The four mix powders were then cal-
cined at 1,100°C for 1 h. The calcined mix powders were 
subjected to a uniaxial pressing under pressure of 100 MPa 
and fired at different sintering temperatures: 1,200°C, 
1,400°C and 1,500°C to follow the change in the phase com-
positions. The optimum compositions were candidates for 
fired at 1,550°C and 1,650°C to show the effect of increasing 
the sintering temperature on the phase compositions and 
microstructure.
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Fig. 1. XRD patterns of SR2 and SR3 calcined for 1 h at 1,100°C.
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2.4. Characterization

X-ray diffractometer type Philips, model Bruker D8 
Advance-Germany, target Cu Kα, with secondary mono-
chromator, V = 40 kv, A = 40 mA, and Ni filter was used to 
investigate the phase composition of SrAl2O4. The chemical 
compositions of alum sludge were characterized by XRF 
(Analytical 2005). The morphological characteristics of the 
batches were examined by SEM equipment (Philips XL 30) 
after coating with thin gold films. The bulk density and 
apparent porosity of the sintered samples were determined 
by Archimedes method. The compressive strength of sintered 
bodies was tested by using an automatic hydraulic testing 
machine (type Shimadzu Co. Kyoto, Japan of maximum 
capacity 1,000 kN by rate of 0.025 kN mm–2S–1).

3. Results and discussion

3.1. Phase compositions

Figs. 2–5 present the XRD patterns of the four calcined 
powders (AS1, AS2, AS3 and AS4) at 1,100°C and four sin-
tered batches at 1,200°C, 1,400°C and 1,500°C, respectively. 
From Fig. 2 calcined AS3 powders showed the formation of 
SrAl2O4 as the main phase with minor amounts of Sr3Al2O6. 
For AS1 and AS4 powders, the Sr3Al2O6 is the main phase 
with presence of small amount SrAl2O4. Major phase of 
Sr3Al2O6 was obtained for AS2 powder after calcining at 
1,100°C. The combination of SrAl2O4 and Sr3Al2O6 phases 
of the sintered samples at 1,200°C was observed (Fig. 3). 
The peaks of (011), (211), (220), (211) and (031) planes indi-
cated the presence of SrAl2O4 crystal [30]. For AS1 and AS4 
batches, it is observed that the main peaks are SrAl2O4 phase 
after sintering at 1,400°C and 1,500°C. In addition, there 
are other peaks; SrAl12O19 and alumina, observed besides 
SrAl2O4 phase for AS4 batch and minor amounts of alumina 
and Sr3Al2O6 for AS1 batches after sintering at 1,400°C and 
1,500°C. The intensity of SrAl2O4 for AS4 batch is more than 

AS1. On the contrary, for AS2 and AS3 batches at 1,400°C, 
there is an increase in the peak intensities of Sr3Al2O6 phase 
during the formation of SrAl2O4 phase. This result can be 
explained as follows: during the first stage of the calcina-
tion at 1,100°C, thermal decompositions of Sr(NO3)2 for AS1 
batches, Sr(OH)2OH for AS2 batches, Sr(OH)2 for AS3 and 
AS4 batches happened, which initiate the chemical reaction 
between SrO and Al2O3. Immediately, the nucleation and 
growth of Sr3Al2O6 particles occur as seen in Eq. (1) [31].

3 2 3 3 2 6SrO Al O Sr Al O+ →  (1)
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Fig. 2. XRD patterns of AS1, AS2, AS3 and AS4 calcined powders 
for 1 h at 1,100°C.
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Fig. 3. XRD patterns of calcined AS1, AS2, AS3 and AS4 batches 
sintered for 1 h at 1,200°C.
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Fig. 4. XRD patterns of calcined AS1, AS2, AS3 and AS4 batches 
sintered for 1 h at 1,400°C.
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After sintering the samples at 1,200°C, the residual SrO 
reacts with Al2O3 and form the stable SrAl2O4 phase beside 
the Sr3Al2O6 phase Eq. (2) [32].

5SrO Al O SrAl O Sr Al O+ → +3 22 3 2 4 3 2 6  (2)

The Sr3Al2O6 is transformed into SrAl2O4 after sintering at 
1,400°C (as seen in AS1 batches). However, in the presence of 
remaining excess of SrO and Al2O3, a reaction between part 
of SrAl2O4 and SrO is occurred to form Sr3Al2O6 again as in 
the case of AS3 batches according to Eq. (3) [33]. This result 
is confirmed by decreasing of SrAl2O4 intensity. Then, part 
of Sr3Al2O6 react with Al2O3 to SrAl2O4 according to Eq. (4) as 
indicated later at 1,500°C for AS3 batch.

SrAl O SrO Sr Al O2 4 3 2 62+ →
 (3)

Sr Al O Al O SrAl O Al O3 2 6 2 3 2 4 2 33 3+ → +  (4)

On the contrary, in case of the presence of a very excess 
amount of Al2O3 and sintering above 1,250°C, some peaks of 
new SrAl12O19 phase were identified as seen in AS4 batches, 
according to Eq. (5) [34].

SrAl O Al O SrAl O2 4 2 3 12 195+ →
 (5)

From the above, it was observed that AS4 batches are 
the optimum composition for the formation of high peak 
intensity of SrAl2O4. In general, the formation of high peak 
intensity of SrAl2O4 for the AS4 batch rather than the AS1 
batch can be explained by the direct reaction of SrO and 
Al2O3, which facilitates the formation of SrAl2O4 later. On the 
contrary, for the AS1 batch, the decomposition of Sr(NO3)2 
occurred first to form SrO then the reaction with alumina to 
form SrAl2O4 is performed.

For all the samples, AS1, AS2, AS3 and AS4 sintered 
at 1,500°C (Fig. 5) and for AS4 sintered at 1,550°C and 
1,650°C (Fig. 6), a decrease in the intensity of the main 
phases is observed. These results can be explained by the 
formation of the liquid phase between Sr3Al2O6 and SrAl2O4 
phases at the eutectic point equaling 1,505°C according 
to the binary phase diagram Al2O3–SrO2 system as seen in 
Fig. 7 [35].

3.2. DTA and TGA analysis

The DTA and TGA profiles are summarized and shown 
in Figs. 8 and 9 for two powder compositions; one composed 
of Sr(NO3)2 and Al2O3 powders, named PSA (Fig. 8) and the 
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Fig. 5. XRD patterns of calcined AS1, AS2, AS3 and AS4 batches 
sintered for 1 h at 1,500°C.
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Fig. 6. XRD patterns of AS4 sample sintered for 1 h at 1,550°C 
and 1,650°C.

 
Fig. 7. Phase diagram of SrO–Al2O3 system [35].
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and Al2O3 powders.
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Fig. 10. SEM micrographs of AS1 and AS2 batches after sintering for 1 h at 1,200°C, 1,400°C and 1,500°C.
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other composition composed of SR3 (SrO + Sr(OH)2) and Al2O3 
powders, named CSA (Fig. 9). For the PSA composition, the 
evaporation of absorbed water was observed by the appear-
ance of one endothermic peak in the range of 80°C–250°C. 
The decomposition of NO3

– group occurred gradually with 
the formation of an endothermic peak at 620.73°C accom-
panied by weight loss of about 29.85% and another peak 
appeared at 946.37°C with weight loss of about 10.17%. In 
case of CSA composition, the evaporation of absorbed water 
is observed in two endothermic peaks at about of 113°C and 
163°C accompanied by weight loss of 2.046%. Furthermore, 
there is an apparent endothermic peak at 487°C that could 
probably be attributed to the dissociation of Sr(OH)2 in SR3 
powder with weight loss of about 5.695%. At higher tempera-
ture (above 800°C), a broad and partially thermal stability in 

the range of 800°C–1,000°C in the TGA profile was explained 
by the starting formation of the SrAl2O4 phase.

3.3. SEM analysis

Figs. 10 and 11 show a high magnification of SEM micro-
graphs of AS1, AS2, AS3 and AS4 batches after sintering 
at 1,200°C, 1,400°C and 1,500°C for 1 h. It is observed that 
as the sintering temperature increased, the particle size 
increased. For AS1 samples (Fig. 10), it is shown that an evi-
dence of the clustered nanoparticle matrix was appeared 
at 1,200°C referred to Sr3Al2O6 (white area) and contained 
bulk grains in form of plated shapes referred to SrAl2O4 
(gray area). Upon increasing the sintering temperature to 
1,400°C and 1,500°C, the increasing in the bulk plated grains 
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Fig. 11. SEM micrographs of AS3 and AS4 batches after sintering for 1 h at 1,200°C, 1,400°C and 1,500°C.
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(SrAl2O4) is observed containing minor amounts of Sr3Al2O6 
in the form of small spherical particles. For AS2 and AS3 
batches sintered at 1,200°C (Figs. 10 and 11), it was observed 
that the matrix has small agglomerated light sphere parti-
cle shapes that indicated Sr3Al2O6 with gray small particles 
refer to SrAl2O4. By increasing the sintering temperature to 
1,400°C, both batches showed the SrAl2O4 embedded (cubic 
shapes) within the Sr3Al2O6 matrix. As shown in AS2 and 
AS3 batches, it observed that the bulk grains of SrAl2O4 
were transformed into Sr3Al2O6 (small sphere shapes). Upon 
increasing the temperature to 1,500°C, the partial forma-
tion of liquid phases is observed [35]. In case of AS4 batch, 
both phases of strontium aluminate, that is, Sr3Al2O6 in the 
form of small sphere shapes and SrAl2O4 in the form of sheet 
shapes, are formed after sintering at 1,200°C (Fig. 10). By 
increasing the sintering temperature to 1,400°C and 1,500°C, 
the matrix contains mainly SrAl2O4 phases for AS4 batch as 
seen in Fig. 11. However, AS1 and AS4 batches presented the 
incipient formation of necks in the particles contact points 
at 1,400°C which reverse on the grain growth of SrAl2O4 
particles at 1,500°C. For AS4 batch at 1,550°C and 1,650°C 
(Fig. 12), the partial fusion of batches and formation of 
liquid phase is observed.

3.4. Physical properties

The apparent porosity and bulk density for samples AS1, 
AS2, AS3 and AS4 after sintering at 1,400°C and 1,500°C are 
shown in Figs. 13 and 14, respectively. It was observed the 
apparent porosity decreases and bulk density increases with 
increasing the sintering temperature. This is due to the sol-
id-state reaction and phase’s development [36]. AS2 and AS3 
showed an increase in the porosity amounts compared with 
AS1 and AS4 samples. These behaviors are related to large 
exhausted gases from these batches due to gradual dissoci-
ation of Sr(OH)2OH for SR2 composition and dissociation of 
Sr(OH)2 for SR3 composition. As mentioned above, according 
to TGA and DTA results, the AS3 batch has more ability to 
absorb water than AS1 batch, which affects on the apparent 
porosity values. The bulk density increases by increasing the 
sintering temperature due to the formation of interlocked 
crystals that lead to body compactions [37–40]. In other words, 
a large number of contact points are formed among the par-
ticles resulting shorter diffusion paths. This in turn increases 

the average coordination number of particles and leads to an 
enhancement in sinterability [41]. It is found that AS1 and 
AS4 batches showed higher bulk densities than AS2 and AS3 
batches. By increasing the sintering temperature at 1,500°C, 

 
AS4, 1550 

 
AS4 ,1650 CºCº

Fig. 12. SEM micrographs of AS4 batch after sintering for 1 h at 1,550°C and 1,650°C.

 

Fig. 13. Apparent porosity of AS1, AS2, AS3 and AS4 samples 
after sintering for 1 h at 1,400°C and 1,500°C.

 
Fig. 14. Bulk density of AS1, AS2, AS3 and AS4 samples after 
sintering for 1 h at 1,400°C and 1,500°C.
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which refers to an increase in the number of contact points 
between the particles and partially solubility of Sr3Al2O6 phase 
between particles, that fills most of the open pores between 
the spinel grains and enhances the body compactions.

For the optimum composition AS4 batch (Figs. 15a and b), 
it was observed an enhancement in apparent porosity and 
bulk density after sintering at 1,550°C, then the decreasing 
in the sinterability parameters is estimated at 1,650°C, that 
is, an increase in porosity and a decrease in density. This is 
due to the formation of in situ liquid phase that makes dis-
tortion and bloating for the grain boundaries resulted in the 
presence of isolated pores [35].

3.5. Mechanical properties

The compressive strength for four batch compositions of 
AS1, AS2, AS3 and AS4 after sintering at different tempera-
tures 1,400°C and 1,500°C and for optimum composition AS4 
sintered at 1,550°C and 1,650°C are shown in Figs. 16 and 17, 
respectively. It was observed that an improvement in strength 
for AS4 and AS1 batches at 1,500°C and 1,400°C compared 
with AS2 and AS3 batches. The degradation of strength val-
ues for AS2 and AS3 is due to the presence of pores in the 
sintered specimens. Thus, for increasing the strength, the 
body becomes high dense with low porosity [16]. Fig. 17 
also shows an enhancement of strength occurred for AS4 
sintered at 1,550°C in comparable with sintering at 1,400°C 

and 1,500°C. The decreasing in strength was obtained of AS4 
batch after sintering at 1,650°C due to the formation of high 
amounts of liquid phase as seen in SEM.

4. Conclusion

The present work succeeded in preparation of stron-
tium aluminate (SrO.Al2O3) by using strontium nitrate and 
alumina recycled from alum sludge after it is calcined at 
1,400°C. The research work based on utilizing parts of stron-
tium nitrate without subjecting to calcination and other parts 
were subjected to calcination at 1,100°C for 1 h at heating rate 
40°C min–1. The research work based on utilizing parts of 
strontium nitrate without subjecting to calcination and other 
parts were subjected to calcination at 1,100°C for 1 h at heat-
ing rate 40°C min–1. The calcined strontium nitrate powders 
are divided into two parts. Part of it is calcined at 1,100°C for 
1 h at heating rate 20°C min–1 and another part is calcined 
at 1,100°C for 2 h at heating rate 20°C min–1. According to 
the phase compositions, four stoichiometric calculation 
was performed for Sr(NO3)2, Sr(OH)2, Sr(OH)2H2O and SrO 
separately with alumina to follow the phase compositions 
of SrAl2O4. The mixed powders were dried and calcined at 
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sample after sintering for 1 h at 1,550°C and 1,650°C.

 

Fig. 16. Compressive strength of AS1, AS2, AS3 and AS4 sample 
after sintering for 1 h at 1,400°C and 1,500°C.

 

Fig. 17. Compressive strength of AS4 sample after sintering for 
1 h at 1,550°C and 1,650°C.
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1,100°C, then compacted and sintered at 1,200°C, 1,400°C 
and 1,500°C. After that, the optimization of the batches was 
selected according to the amount of SrAl2O4. The optimized 
batch was selected according to the amount of SrAl2O4 and 
sintered at 1,550°C and 1,650°C. The results indicated that 
the composition that was calculated according to SrO con-
tents exhibited good physical and mechanical properties at 
1,550°C. This is due to the direct reaction between SrO and 
Al2O3, which enhances the formation of the high amount of 
SrAl2O4 early. Therefore, this work is succeeded to prepare 
SrAl2O4 that could be used in advanced ceramic applications, 
aluminous hydraulic binder materials as special inorganic 
cements, host materials for PL, cathode luminescence and 
plasma display panel phosphors in visible region.
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