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Abstract
This work presents a thermal evolution study of gels obtained by chelation of aluminum sec-butoxide (Asb) with ethyl ace-
toacetate (Eaa) in various amounts. Samples were characterized by scanning electron microscopy (SEM), low angle laser 
light scattering (LALLS), differential thermal and thermo-gravimetric analysis (DTA/TGA), Fourier-transformed infra-red 
spectroscopy (FTIR) and X-ray diffraction (XRD). It was established that samples with a low Eaa/Asb ratio are mainly amor-
phous, whilst the samples with greater Eaa/Asb ratio are predominantly chelate. The crystallization of γ-Al2O3 takes place 
between 600 and 1000 °C in two separate processes for all investigated samples. On the other hand, a complete transition to 
α-Al2O3 at 1200 °C occurs exclusively in samples with high Eaa/Asb ratio, while it is only partial for samples with low Eaa/
Asb ratio. The observed mass loss is in concordance with the hypothesis that the overall gel content in the samples could 
be represented by a simplified formula Al(Eaa)xO(3−x)/2, where x is the Eaa/Asb ratio. In addition to thermal evolution, the 
gel-chelate duality of the samples is reflected in the morphology and particle size distribution.
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Introduction

Alumina,  Al2O3, can exist as a stable polymorph (α) or as 
one of the metastable phases (γ, θ, η, χ, δ, and κ), commonly 
called transition alumina [1]. Among transition alumina, γ 
polymorph is most frequently used since it possesses a large 
specific surface area, fair mechanical strength, thermal sta-
bility and the ability of active phase dispersion [2], which 
make it suitable for use in heterogeneous catalytic applica-
tions [3]. Therefore, γ-Al2O3 based catalysts are utilized in 
numerous chemical processes such as hydrodesulfurization, 
cracking, metathesis, etc. [4], as well as in three-way auto-
motive catalysts [5, 6].

With the aim of preparing γ-Al2O3 possessing an 
increased specific surface area, various methods have been 
investigated, such as precipitation, hydrothermal, combus-
tion, microwave synthesis etc. [7], one of them being sol–gel 

synthesis. The sol–gel method is deemed to be an attractive 
chemical route for the preparation of metal oxide materials, 
finding its use in many different fields including catalysis 
[2]. The advantages of the sol–gel process, among others, 
are the achievement of a high surface area and optimal pore 
size distribution, as well as enhanced chemical reactivity of 
the oxide surface [8]. Hence, the sol–gel technique is broadly 
applied for alumina synthesis [4]. Most commonly used pre-
cursors for the sol–gel synthesis are metal alkoxides, but 
their drawbacks are high reaction rates which cause the for-
mation of precipitates rather than gels. Their reactivity can 
be retarded by chelation, i.e. substitution of alkoxo groups 
by ligands forming a strong chemical bond with the metal. 
The reduction of the number of hydrolysable alkoxo groups 
results in a lowered hydrolysis rate [9].

In our previous publications, we report on chelate com-
pounds obtained by chelation of aluminium sec-butoxide 
(Asb) with different amounts of ethyl acetoacetate (Eaa) 
[10], the features and morphology of the gels, as well as the 
texture of transition alumina which was attained by thermal 
treatment of the gels [11]. However, thermal stability of 
γ-alumina is of crucial importance for the catalytic applica-
tion [12]. Also, thermal decomposition of the prepared che-
lates could be of interest due to the utilization of tris(ethyl 
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acetoacetate)aluminium(III) as a precursor for MOCVD pro-
cess [13, 14]. Therefore, this paper addresses the thermal 
evolution of gels obtained by chelation of Asb with Eaa and 
the influence of Eaa to Asb ratio on the thermal evolution 
of the prepared gels.

Experimental

Six gels were prepared, using aluminium sec-butoxide, 
Asb, [Al(OsBu)3, 97%, Aldrich, Great Britain] and ethyl 
acetoacetate, Eaa,  (C6H10O3, 99%, Fluka, Germany), with 
Eaa/Asb molar ratios of 0.5, 1, 1.5, 2, 2.5 and 3, marked 
EA0.5, EA1.0, EA1.5, EA2.0, EA2.5 and EA3.0, respec-
tively. Synthesis was carried out by adding 0.1 mol of Asb 
to the adequate amount of Eaa (0.05, 0.1, 0.15, 0.2, 0.25 
and 0.3 mol) with a syringe to minimize air humidity sub-
jection and the mixture was left stirring in a closed reactor 
for 24 h at room temperature with no sighted precipitation. 
The acquired clear sol was put into a large Petri dish, so as 
to enable maximal exposure to air moisture, and then held at 
room temperature until gelation occurred. The gel was left to 
dry for 5 days at room temperature causing the evaporation 
of the solvent and the release of alkoxy groups, which lead 
to a dry product. The resulting sample was ground to fine 
powder in a mortar and stored.

Scanning electron microscopy (SEM) performed on 
TESCAN VEGA3 was used for the investigation of surface 
morphology of the samples. Prior to analysis, samples were 
deposited on an adhesive surface and Au/Pd coated with 
Quorum SC 7620 coater.

Particle size distribution (PSD) was determined by the 
Low Angle Laser Light Scattering (LALLS) method on a 
Mastersizer 2000 Hydro S (Malvern Instruments) cell in 
the measuring range 0.01–1000 μm. The ISOPAR™ G—
isoparaffin liquid (ExxonMobil) was used as the dispersant 

with the addition of non-ionic surfactant SPAN®80 (Sigma-
Aldrich). Every sample was analyzed 10 times for 5 s.

The thermal evolution of the prepared gels was estab-
lished with differential thermal and thermo-gravimetric anal-
ysis (DTA/TGA) on Netzsch STA 409C thermo analyzer. 
Approximately 50 mg of the investigated material were 
placed in a Pt crucible and heated to 1300 °C at a heating 
rate of 10 °C  min−1 in a synthetic air flow of 30  cm3  min−1 
with α-alumina used as a reference.

IR spectra were obtained using the Fourier transform 
infrared spectrometer Bruker Vertex 70 in attenuated total 
reflectance (ATR) mode. Samples were pressed on a dia-
mond, after which the absorbance data were collected 
between 400 and 1750   cm−1 with spectral resolution of 
1  cm−1 and 64 scans.

Powder X-ray diffraction (XRD) was executed using 
Shimadzu diffractometer XRD 6000 with CuKα radiation 
working in a step scan mode with steps of 0.02° and count-
ing time of 0.6 s Data were collected in a range between 5° 
and 70° 2θ.

Results and discussion

Morphology and gradation

Two distinct morphologies are noticeable in SEM micro-
graphs of investigated samples, irregular chunks possessing 
a smooth surface (Fig. 1a) and agglomerated irregular parti-
cles (Fig. 1b). The former morphology is rarely observed in 
literature and resembles the amorphous synthesis products 
as reported by Mohamed et al. [15]. In our former investiga-
tion [11], we determined that the particles of the first type 
are gel units, while the second type particles are chelate, i.e. 
tris(ethyl acetoacetate)aluminium(III) agglomerates. The gel 
to chelate ratio depends on the Eaa/Asb ratio and with the 

Fig. 1  SEM micrographs of samples a EA1.0 and b EA2.0
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increase of this ratio the amount of the chelate increases as 
well [11]. The chelate is extremely resistant to hydrolysis 
and does not partake in the gelation process. Accordingly, 
gelation occurred in samples with a low Eaa/Asb ratio, but 
in samples with a high Eaa/Asb ratio polycondensation was 
almost insignificant.

Gel—chelate duality was further explored through 
laser diffraction particle size analysis. Figure 2 shows the 
particle size distribution curves of hydrolyzed samples 
EA0.5–EA3.0, while particle size distribution parameters 
are given in Table 1.

As can be observed in Fig. 2 and Table 1, particle size 
distributions of samples EA0.5 and EA1.0 are bimodal, 
while others can be assessed as monomodal with slightly 
noticeable asymmetry. The particle size distribution results 
are consistent with SEM observations pointing out to the 
existence of large gel and small chelate particles. An ini-
tial decrease of particle size with the increase of the Eaa/
Asb ratio can be seen. Thus, D50 is approximately 25 µm 
for sample EA0.5, after which it decreases to ~ 15 µm for 
sample EA1.0 and then to ~ 7 µm for sample EA1.5. With 
further increase of the Eaa/Abs ratio, D50 does not change 
significantly. Based on the PSD, it is evident that substan-
tial amounts of gel are present solely in samples EA0.5 and 
EA1.0, while the chelate dominates in the rest of the sam-
ples. In their study of sol–gel derived amorphous alumina 
powders Schinkel et al. [16] established particles median 
size in the range between 6 and 12 μm, which is closer to 
our samples with higher Eaa/Abs ratio.

Thermal analysis

Thermal properties of the prepared samples were evaluated 
by differential thermal and thermo-gravimetric analysis. 
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Fig. 2  Volume particle size distribution of the samples EA0.5–EA3.0 
in the range of 0.01–1000 μm

Table 1  Particle size distribution of the samples EA0.5–EA3.0

Sample D10/μm D50/μm D90/μm

EA0.5 4.2 25.2 118
EA1.0 2.7 15.1 61.9
EA1.5 2.3 6.8 20.8
EA2.0 1.9 6.8 22.8
EA2.5 1.9 7.0 19.0
EA3.0 2.2 8.9 26.2
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Fig. 3  a DTA and b TGA curves of the samples EA0.5–EA3.0 obtained with a heating rate of 10 °C  min−1 in dynamic air. Inset: DTG curves of 
the samples EA0.5–EA3.0. DTA and DTG curves are shifted for visualization purposes
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DTA curves (Fig. 3a) exhibit a sharp endothermic peak cen-
tered at ~ 88 °C and an endothermic peak between 100 and 
140 °C, which are both superimposed on a broad endother-
mic peak in a range between room temperature and 200 °C. 
Similar succession of endothermal and exothermal peaks 
was noted in a study of tris(acetylacetonate)aluminum(III) 
decomposition [17]. Another endothermic peak appears in 
a range between 200 and 300 °C. Exothermic peaks can be 
observed in the following ranges: 300–350 °C (except for 
samples EA0.5 and EA1.0), 600–750 °C, 850–1000 °C and 
1100–1200 °C (except for sample EA3.0).

The mass loss of the samples is conspicuous in the entire 
temperature range, from room temperature to 1300  °C. 
Based on the DTG curves (Fig. 3b inset), four mass loss 
intervals could be distinguished: slow mass loss process in 
the interval between room temperature and 300 °C centered 
at ~ 200 °C, rapid mass loss between 200 and 300 °C con-
centrated at 260–280 °C, small and rapid mass loss around 
285 °C discernible only for samples EA2.0 and EA2.5, 
and finally small and slow mass loss around 315 °C vis-
ible only in samples EA1.5, EA2.0 and EA2.5. Two addi-
tional mass loss intervals could be observed from the TGA 
curves in intervals 350–700 °C and 700–1300 °C. Rapid 
mass loss in the approximately same temperature interval 
for tris(acetylacetonate)aluminum(III) decomposition is 
reported by Lalancalette [17]. Similar decomposition tem-
peratures are reported for other metal chelates, e.g. copper 
acetylacetonate [18].

Structural analysis of samples quenched 
from various temperatures

In order to ascribe peaks to specific processes, the heating of 
all samples was disrupted at several temperatures between 
200 and 1200 °C. The collected samples were then exam-
ined using FTIR spectroscopy and XRD analysis, and the 
obtained results are presented in Figs. 4 and 5.

FTIR spectra of samples EA0.5 to EA3.0 are shown 
in Fig. 4. The majority of spectra of the as prepared sam-
ples, which were not subjected to thermal treatment, pos-
sess characteristic absorption bands at ~ 1610  cm−1 due to 
C=O stretching vibrations of ethyl acetoacetate linked to 
aluminium in the chelate [19–23], as well as an absorption 
band of C–C vibrations in the six membered ring of the 
chelate complex at 1520  cm−1 [23, 24]. All other detected 
bands due to Eaa-Al chelate are: bands of C–C stretching, 
–C–C–O stretching and O–C–C stretching at ~ 1290, ~ 1170 
and ~ 1060  cm−1, respectively [20, 21, 23, 25], and bands 
at ~ 620 and ~ 510  cm−1 attributed to ring deformation modes 
[26]. Bands characteristic for esters, because of methylene 
twisting and wagging vibrations, appear at ~ 1310 and 1020 
[25]. Bands which are the result of the presence of methyl 
groups (at ~ 2980  cm−1, ~ 2870  cm−1, ~ 1480  cm−1, ~ 1420  

cm−1 and ~ 1370   cm−1) and methylene groups (at ~ 2930 
and ~ 2840  cm−1) are also present [21–23, 25]. The signals 
observed at ~ 990 and ~ 740  cm−1 are assigned to the stretch-
ing mode of Al–O vibrations [27, 28], while signals noted 
at ~ 450 and ~ 420 are ascribed to the bending modes of Al–O 
vibration [27, 28]. In the majority of the spectra, a weak 
broad band between 3800 and 2800  cm−1 corresponding to 
O–H stretching vibrations can be seen [29]. The hydroxyl 
groups’ vibrations are usually a consequence of the pres-
ence of adsorbed water, but also result from hydroxyl groups 
bonded to aluminium [30] due to hydrolysis in the course of 
the gelation process.

Chelate bands in spectra of as-prepared samples are 
imperceptible for samples EA0.5 and EA1.0 and show 
increased intensity from sample EA0.5 to sample EA3, 
which is an obvious consequence of the increase of the Eaa/
Asb ratio in the samples. The spectra of the as-prepared 
samples also show a broad band in the range from 800 to 
400  cm−1. The intensity of this band is considerable for sam-
ples EA0.5 and EA1.0, while it diminishes with the increase 
of the Eaa/Asb ratio in the samples. This band stems from 
the Al–O–Al bonds formed by condensation during the gela-
tion process [31]. Obviously, the extent of the hydrolysis 
process is dependent on the Eaa/Asb ratio, and while the 
gelation process is advanced for samples Ea0.5 and EA1.0, 
it gets weaker with more Eaa in the samples. According to 
the intensity of this band, it could be concluded that almost 
no hydrolysis and condensation occur in the sample EA3.0. 
In other words, it is clear that Eaa efficiently retarded the 
hydrolysis and condensation processes, and the greater the 
Eaa/Asb ratio is, the slower will be the hydrolysis. Knowing 
that there are practically no butoxide groups present [11], 
since only tris(ethyl acetoacetate)aluminium(III) chelate 
molecules were detected in the gel samples via 1H NMR 
spectroscopy [11], the samples could be described as com-
prised of partially condensed alumina network and tris(ethyl 
acetoacetate)aluminium(III), where the amount of the gel 
and the chelate depends on the original Eaa to Asb ratio. 
Thus, samples with a low Eaa to Asb ratio are predominantly 
amorphous and cross-linked through oxo-bridges, while 
samples with a great Eaa to Asb ratio are chiefly chelate.

FTIR spectra of samples thermally treated at 200 °C are 
quite similar to the spectra of samples which were not ther-
mally treated; the only difference being the bands’ intensity. 
On the other hand, in the FTIR spectra of samples ther-
mally treated at 400 °C, chelate bands disappear entirely. 
The spectra of samples quenched from temperatures between 
400 and 1000 °C are characterized by a single broad band 
in the range from 800 to 400  cm−1 due to Al–O–Al bonds. 
For samples thermally treated at 1200  °C, only bands 
at ~ 640, ~ 570, ~ 490 and ~ 420  cm−1, assigned to the stretch-
ing and bending modes of Al-O vibrations, which are typical 
for α-alumina [28, 29, 32], could be observed (Fig. 4).
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XRD patterns of as-prepared samples EA0.5 and EA1.0 
(Fig. 5a and b) are mostly typical patterns of amorphous 
gels, showing only few broad humps. However, few faint 
peaks consistent with tris(ethyl acetoacetate)aluminium(III) 
[33] can be identified. Peaks belonging to tris(ethyl acetoac-
etate)aluminium(III), also superimposed on amorphous 

humps, are far better perceptible in patterns of the as pre-
pared samples EA1.5, EA2.0, EA2.5 and EA3.0 (Fig. 5c–f). 
The intensity of tris(ethyl acetoacetate)aluminium(III) peaks 
increases from sample EA0.5, where only few vague peaks 
could be observed, to sample EA3.0, which exhibits a pat-
tern typical for a well crystallized phase.
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Fig. 4  FTIR spectra of samples a EA0.5, b EA1.0, c EA1.5, d EA2.0, e EA2.5 and EA3.0 quenched from various temperatures specified in the 
figure in wavelength interval between 1500 and 400  cm−1, as-prepared sample is marked with 25 °C
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XRD patterns of samples quenched from 200 °C are 
similar to room temperature patterns, but with diminish-
ing tris(ethyl acetoacetate)aluminium(III) peaks. Samples 
treated at 400 and 600 °C are completely amorphous. The 
patterns of the samples treated at 800 °C contain broad 
peaks corresponding to γ-Al2O3 (ICDD PDF No. 10-0425). 

Peaks of γ-Al2O3 grow stronger in the patterns of the sam-
ples treated at 1000 °C, while the patterns of the samples 
treated at 1200 °C reveal a transformation to α-Al2O3 (ICDD 
PDF No. 10-0173). Transformation is complete for sam-
ples EA1.5 to EA3.0, which is manifested in the appear-
ance of sharp α-Al2O3 peaks only, while for samples EA0.5 
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and EA1.0 quenched from 1200 °C several residual broad 
γ-Al2O3 peaks could be observed indicating that the transfor-
mation of γ-Al2O3 to α-Al2O3 is only partial (Fig. 5).

Thermal evolution of gels

Therefore, on the basis of FTIR and XRD analysis, ther-
mal events detectable on DTA and TGA curves can be 
assigned as follows: Broad endothermic peak in the range 
between room temperature and 200 °C, accompanied by a 
mass loss, can be ascribed to the evaporation of water and 
possibly free Eaa [21]. Sharp endothermic peak centered 
at ~ 88 °C without mass loss is a consequence of polymor-
phic transition of tris(ethyl acetoacetate)aluminium(III). 
Subsequent endothermic and exothermic peaks in the 
temperature range between 200 and 350 °C accompanied 
by mass loss can be attributed to the further decomposi-
tion of the chelate and burning of organic groups [21, 34], 
as well as the loss of structural water if present (through 
additional gel condensation). [35, 36] Lalancette et al. 
[17] report on a rapid mass loss between 160 and 240 °C 
due to the aluminum tris(acetylacetonate)aluminum(III) 
decomposition, which points to a slightly greater thermal 
stability of tris(ethylacetoacetate)aluminum(III). It could 
be postulated that throughout the decomposition and burn-
ing of the organics, a certain amount of amorphous car-
bon accumulates due to incomplete oxidation. Exother-
mal peaks between 600 and 750 °C and between 850 and 
1000 °C are both due to the crystallization of γ-alumina. 
The SEM, FTIR and XRD measurements all demonstrate 
that there are two γ-alumina precursors in the samples, 
the chelate and the gel. At these temperatures, the chelate 
and/or the gel no longer exist, but their decomposition 
products could differ in microstructure and purity. How-
ever, it is not easy to attribute a certain peak to a specific 
crystallization process. First of all, both peaks appear on 
all six DTA curves. The peak due to the crystallization of 
the chelate decomposition products should be greater with 
the greater Eaa/Asb ratio. On the other hand, the peaks 
should diminish in intensity with the increase of the Eaa/
Asb ratio. The reason for that is a larger mass loss prior 
to crystallization because of chelate decomposition in the 
samples with greater Eaa/Asb ratio. On account of greater 
mass loss, the amount of crystallized  Al2O3 decreases, less 
energy is released and the peak is smaller. As a result, no 
clear trend in the first peak intensity could be discovered. 
The second peak shows somewhat greater intensity on the 
curves of samples EA0.5 and EA1.0. Since those samples 
are rich in gel and almost completely without the chelate, 
based on the higher intensity of the second peak, it may be 
concluded that the second peak is the consequence of the 
crystallization of γ-alumina from the gel, while the first 
one is the result of crystallization of γ-alumina from the 

chelate. The last exothermal peak is the outcome of the 
transformation of γ- to α-alumina. This peak also declines 
in intensity with the increase of the Eaa/Asb ratio due to 
a greater mass loss prior to crystallization. Alipour et al. 
report on a similar gel crystallization sequence at ~ 900 
and 1100 °C [37]. Therefore, gel/chelate duality, besides 
on the structure and microstructure, reflects on the thermal 
evolution, i.e. thermal analysis curves (Fig. 3a and b) of 
the samples yielding with differences in the peaks appear-
ance and intensity, dependent on the Eaa/Asb ratio, i.e. 
various amounts of the gel and chelate.

The TGA results show that the magnitude of the mass 
loss increases with the increase of the Eaa/Asb ratio, i.e. 
with the increase of the organic content. The total mass 
losses of the samples according to the TG analysis, in 
comparison with theoretical mass losses, are given in 
Table 2. The theoretical mass loss was calculated based 
on the assumption that the overall content of the gel 
samples could be represented with a simplified formula 
Al(Eaa)xO(3−x)/2, where x is the Eaa to Asb ratio. This 
assumption implies a complete chelation of the Asb, so 
that none of the Eaa, but all of the alkoxyl groups were 
expelled from the sample during hydrolysis, condensation 
and drying processes. In other words, it was presumed that 
the chelation, hydrolysis and condensation processes could 
be represented by chemical equations:

where  sb− denotes the sec-butoxy group  (OsBu−–), sb sym-
bolizes the sec-butanole (BuOH),  Eaa− signifies the enolate 
of ethyl acetoacetate  (C6H9O3

−–), Eaa means ethyl acetoac-
etate  (C6H10O3), x is the Eaa to Asb ratio and n is any integer 
equal or greater than two.

Al(sb−)3 + xEaa⇋Al(sb−)3−x(Eaa
−)x + x(sb)

Al(sb−)3−x(Eaa
−)x + (3 − x)H2

O⇋Al(Eaa−)x(OH)3−x + (3 − x)(sb)

nAl(Eaa−)x(OH)3−x⇋
[

Al(Eaa−)xO(3−x)∕2

]

n
+ n∕2(3 − x)H2

O

Table 2  Theoretical and actual mass loss of investigated samples

Sample Theoretical mass loss/% Actual 
mass 
loss/%

EA0.5 0.54 0.54
EA1.0 0.70 0.67
EA1.5 0.78 0.75
EA2.0 0.83 0.84
EA2.5 0.86 0.92
EA3.0 0.88 0.96
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Under this premise, the overall process occurring in 
the course of thermal analysis could be represented with 
the reaction:

As can be seen in Table 2, the mass losses of samples 
EA0.5 to EA2.0 are close or slightly smaller than theoreti-
cal, whilst for the samples EA2.5 and EA3.0 they are greater 
than theoretical. Losses which are smaller than theoretical 
are the result of partial hydrolysis of a small share of Eaa. 
Hence, some amount of Eaa has been removed from the 
chelate and evaporated prior to thermal analysis and in those 
cases x is in fact smaller than the initial Eaa/Asb ratio. Mass 
losses that are greater than theoretical can be explained with 
vaporization of tris(ethyl acetoacetate)aluminium(III), since 
it boils in the temperature range between 190 and 200 °C 
[38]. For this reason, it is not a surprise that in samples rich 
in tris(ethyl acetoacetate)aluminium(III), its small amount 
vaporizes in the course of the analysis.

Conclusions

The thermal evolution of gels prepared by chelation of 
aluminum sec-butoxide with ethyl acetoacetate in various 
amounts was investigated. Samples with a low Eaa to Asb 
ratio are primarily amorphous and cross-linked through oxo-
bridges, while samples with a great Eaa to Asb ratio mostly 
consist of the chelate. In such manner, thermal evolution is 
influenced by the Eaa to Asb ratio showing a greater mass 
loss with a greater Eaa to Asb ratio. Samples mass loss is in 
concordance with the conjecture that the overall content of 
the gel samples could be represented with a simplified for-
mula Al(Eaa)xO(3−x)/2, where x is the Eaa to Asb ratio. For 
all samples, the crystallization of γ-Al2O3 occurs in the form 
of two processes between 600 and 1000 °C. The transition of 
γ-Al2O3 to α-Al2O3 for samples with a high Eaa to Asb ratio 
is complete at 1200 °C, while the same transition is only 
partial for samples having a low Eaa to Asb ratio. Beside 
thermal evolution, gel-chelate duality of the samples reflects 
on the morphology and particle size distribution.
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