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Abstract

In this work, zinc aluminate spinel powders were prepared by a fast, simple, eco-friendly and low-cost modified Pechini method
using commercial gelatin as the organic precursor. The materials were calcinated at 600, 700 and 800 °C and characterized by
thermogravimetric analysis, in situ and ex situ X-ray diffraction (XRD), N,-adsorption/desorption isotherms and scanning electron
microscopy. The results showed that single phase ZnAl O, particles with spinel structure were successfully obtained resulting in
a high purity, nanometric, homogeneous and mesoporous materials. The in situ XRD results showed that the crystalline spinel
structure of ZnAlO, started forming at a temperature lower than 600 °C, revealing powders with crystallite size smaller than 40
nm, which increased with increasing the temperature (91% of increase between 600 and 800 °C). The effect of calcination time
showed that the materials calcinated at 600 °C for 3 h presented the higher percentage of crystallite growth due to the increase of
crystallinity. The ZnAl,O, samples retained their pore size up to 700 °C.
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Resumo

Neste trabalho, pos do espinélio aluminato de zinco foram preparados por um método Pechini modificado, rdpido, simples,
ambientamento seguro e de baixo custo, utilizando gelatina comercial como precursor orgdnico. Os materiais foram calcinados
a 600, 700 e 800 °C e caracterizados por andlise termogravimétrica, difratometria de raios X (DRX) in situ e ex situ, isotermas
de adsor¢doldessorcdo de N, e microscopia eletronica de varredura. Os resultados mostraram que as particulas de ZnAl,0,
monofdsicas com estrutura espinélio foram obtidas com sucesso resultando em materiais de alta pureza, nanométricos, homogéneos
e mesoporosos. Os resultados de DRX in situ mostraram que a estrutura cristalina do espinélio ZnAl,0, comegou a se formar em
temperaturas inferiores a 600 °C, revelando pos com tamanho de cristalito menor que 40 nm, que cresceram com o aumento da
temperatura (91% de aumento entre 600 e 800 °C). O efeito do tempo de calcinagcdo mostrou que os materiais calcinados a 600 °C
por 3 h apresentaram maior porcentagem do crescimento do cristalito devido ao aumento da cristalinidade. As amostras de ZnAl,O,
mantiveram o tamanho dos poros até 700 °C.

Palavras-chave: aluminato de zinco, gelatina, DRX in situ, espinélio, nanoparticulas.

INTRODUCTION

Zinc aluminate (ZnAl,0O,) is a ternary oxide with spinel
structure that combines desirable properties such as high
mechanical strength, high thermal and chemical stability,
low sintering temperature and excellent optical properties
[1-3]. Therefore, it is currently being used as high-
temperature material, optical and luminescent materials [4],
pigments [5], catalysts [6], photocatalysts [7], sensors [8]
and catalyst support [9]. Many chemical methods have been
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used for the synthesis of ZnAl O, which includes solid-state
route [10], metal-chitosan complexation method [11], co-
precipitation [8], modified citrate sol-gel [12], combustion
[13], microwave combustion [14], hydrothermal [15, 16],
sol-gel [17, 18] and polymeric precursor [19].

In this paper, we report the synthesis of nanocrystalline
ZnAl,O, powders by a modified Pechini method using
commercial gelatin as an organic precursor. Due to its
solubility in water and its ability to associate with metal ions
in solution (through the amino and carboxylic groups present
in its structure), gelatin can be used as a binder gel to form
a metal-chelate complex system. Thus, oxide nanoparticles
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can be obtained at relatively lower temperatures than the
other preparation methods [20]. The process is an alternative
simple, low-cost and environmentally friend method, which
produces nano-sized powders with high purity, homogeneity
and good control of stoichiometry. Recent studies have used
gelatin as a polymerization agent to produce mixed oxides
with spinel [21-23] and perovskite [24-26] structures. Thus,
the aim of this work was to synthesize zinc aluminate
nanoparticles using gelatin as an organic precursor and to
evaluate the effect of different temperatures of calcination
on the structural, morphological and textural properties of
the materials.

MATERIALS AND METHODS

AI(NO,),.9H,0 (Sigma-Aldrich) and Zn(NO,),.6H,O
(Sigma-Aldrich) were used as starting materials and
commercial flavorless gelatin (Farmaférmula, Brazil) as
an organic precursor. First, gelatin was dissolved in de-
ionized water at 50 °C under constant stirring to obtain
a homogeneous solution. Then, suitable amounts of
Zn(NO,),.6H,0 and AI(NO,),.9H,0O were added separately
to the solution. The mixture was kept under stirring at 80 °C
until the formation of a gel, which was pretreated in a muffle
furnace at 300 °C for 3 h with a heating rate of 10 °C.min"!
to obtain the precursor material for the desired oxide. A
sample of the precursor was submitted to thermogravimetric
analysis previously to the calcination. Finally, the precursor
powder was calcinated in air atmosphere at 600, 700 and
800 °C for 3 h with a heating rate of 10 °C.min"".

The thermogravimetric analysis of the precursor powder
was carried out in an SDT-Q600 thermal analysis system
from TA Instruments up to 900 °C with a heating rate
of 20 °C.min" and a flow rate of 100 mL.min" of
air (99.999%). The in situ XRD evaluated the formation
of ZnAl O, structure based on the evolution of crystallinity
and crystallite size during calcination under an oxidizing
atmosphere. The measurement was performed in the XPD-
10B beamline of the Brazilian Synchrotron Light Laboratory
(1.7712 A and 7 keV, heating up to 800 °C at 10 °C.min",
under an atmosphere of 21 vol% of O, in N,). The precursor
powder was placed in a furnace installed in a goniometer
(Hubber) operating in Bragg-Brentano geometry (0-20) and
equipped with the Mythen-1 K detector (Detris) located at a
meter of the oven. Scans were performed in the 20 range from
30° to 65° to verify the formation of the ZnAl,O, main peaks.
The crystallite size and crystallinity were calculated based
on the main peak (311) for each calcination temperature.
The ex situ XRD patterns were determined in a Shimadzu
XRD 7000 apparatus (CuKa radiation, 20 from 20° to
80°, steps of 0.02° and counting time per step of 2 °.min™).
The Rietveld refinement was performed using the MAUD
program v.2.7 to obtain the lattice parameter and crystallite
size. The crystallinity was calculated using the XRD-7000
Shimadzu software. The morphological characteristics of
the powders were analyzed in a Shimadzu SSX550 scanning
electron microscope, operating at 15 kV and equipped with a

tungsten filament. The textural characteristics of the samples
were determined in a Quanta Chrome NOVA 2000 apparatus
based on BET and BJH methods.

RESULTS AND DISCUSSION

The result of thermogravimetric analysis of the precursor
powder thermally treated at 300 °C for 3 h is shown in Fig.
1. The decomposition occurred in three distinct steps: 1) 30-
300 °C; ii) 300-680 °C; and iii) 680-720 °C. The first stage
of weight-loss was associated with the water loss, while the
second one was attributed to the elimination of amino acid
fragments, usually proline [21]. The last step corresponded
to the degradation of glycine [24] and metal nitrates, while
above 600 °C no weight-loss occurred. This behavior was
due to the interaction of glycine through carboxyl groups
and amine with metallic ions, which provided more stability
to the structure [25].
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Figure 1: Thermogravimetric curve of the precursor powder
heated at 300 °C for 3 h.

[Figura 1: Curva termogravimétrica do po precursor pré-
calcinado a 300 °C por 3 h.]

Fig. 2 shows the in situ XRD patterns obtained by
simulating the calcination treatment of the precursor powder. It
is clearly shown in Fig. 2a that the formation of the crystalline
phase of ZnAl,O, began at temperatures close to 600 °C,
where it is possible to identify the diffraction lines related to
the planes (220), (331), (400) and (331). Below 600 °C, it was
only possible to identify the diffraction lines related to the
planes (220) and (331), showing therefore a predominantly
amorphous structure. On the other hand, the diffractograms
above 600 °C showed that the increase in temperature promoted
the formation of more intense and well-defined peaks.
Vanderlaag et al. [10] also reported the use of gelatin as an
organic precursor for the synthesis of ZnAl O,, however, they
only obtained the structure after high temperature (1000 °C)
and long time (12 h) of calcination. Fig. 2b shows the crystallite
size and the crystallinity as a function of temperature. Up to
600 °C, the crystallite size remained practically constant
(20 nm), while the crystallinity varied between O and 5%.
From 600 °C, a sudden increase occurred in both crystallite
size and crystallinity as a function of the spinel crystalline
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phase formation of ZnAl,O,. Comparing the crystallite sizes
between 600 and 800 °C, an increase of 91% was observed. In
addition to the effect of temperature, the calcination time was
another variable analyzed and the results showed that it is also
a crucial factor in the formation and structural characteristics
of ZnAl O, and its possible applications, especially at high
temperatures.

The ex situ XRD patterns of the samples calcined at 600,
700 and 800 °C for 3 h are shown in Fig. 3. All materials
showed characteristic diffraction peaks, which can be
indexed to (220), (311), (222), (400), (331), (422), (511),
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Figure 2: In situ XRD patterns during the calcination (a) and effect of
temperature on the crystallite size and crystallinity (b).

[Figura 2: Difratogramas de raios X in situ durante a calcinag¢do (a)
e efeito da temperatura no tamanho de cristalito e cristalinidade (b).]
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(440), (620) and (533) crystallographic reflections of cubic
ZnAl O, spinel structure with Fd-3m symmetry (JCPDS 74-
1138). No diffraction peaks related to secondary phases or
impurity were detected, confirming that all materials were
single-phase (ZnAl O, spinel), revealing the efficiency of
using commercial gelatin as an organic precursor to obtain
pure oxides. The XRD patterns showed narrow reflections
indicating a crystalline material. With increasing the
temperature, the intensity of the peaks increased and the width
became narrower, which was associated with an increase in
the crystallite size [27,28]. Table I presents the crystallite size
at the beginning and at the end of the 3 h calcination treatment,
where it is observed a remarkable increase in crystallite size at
all temperatures, naturally associated with the phenomena of
atomic diffusion and formation of the crystalline phase in this
range of temperature. The largest increase in crystallite size
was observed for the sample calcined at 600 °C, which may
be related to the considerable increase in crystallinity, since
in situ XRD results indicated a predominantly amorphous
structure at the beginning of the treatment at 600 °C (<10%
crystallinity). On the other hand, the samples calcined at
700 and 800 °C showed an increase of 30.7% and 42.9%,
respectively, due to their higher crystallinity (>85%) at the
beginning of the calcination isotherm when compared to the
sample calcined at 600 °C. However, the final crystallite size
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Figure 3: Ex-situ XRD patterns of ZnAl,O, calcinated at 600, 700
and 800 °C for 3 h.

[Figura 3: Difratogramas de raios X ex-situ do ZnAl,0,, calcinado
a 600, 700 e 800 °C por 3 h.]

Table I - Structural and textural data of ZnAl,O, powders.

[Tabela I - Dados estruturais e texturais dos pos do ZnALO,.]

Sample d? dr Difference*  a=b=c* Sig®  Rw S?A: Pore size TPngiI
(nm)  (nm) (%) () (m’.gh)  (m)  (em’.gh
ZnALO, (600°C)  19.7 372 +88.8 8.1097 154 1261 553 3.57 0.053
ZnALO, (700°C) 342 44.7 +30.7 8.0863 141 11.69 37.3 3.58 0.070
ZnAlLO, (800°C) 382 54.6 +429 8.0843 149 1234 238 12.25 0.065

“ - crystallite size at the beginning of the isotherm (1=0); * - crystallite size after 3 h of isotherm; ° - difference in percentage of crystallite growth; ¢ - lattice parameter; © -
refinement parameter; ! - specific surface area; ¢ - total pore volume.
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Figure 4: SEM images of ZnAl,O, powders calcinated at 600 °C (a), 700 °C (b) and 800 °C (c) for 3 h.
[Figura 4: Micrografias dos pos do ZnAl,O, calcinados em 600 °C (a), 700 °C (b) e 800 °C (c) por 3 h.]

also increased as a function of temperature. Therefore, for
applications over long periods of time at high temperatures,
it is important to adjust the calcination time to stabilize the
crystallite size. The lattice parameters (Table I) of 8.1097,
8.0863 and 8.0843 A for ZnAlZO A samples calcinated at 600,
700 and 800 °C, respectively, were very close to the theoretical
value of gahnite (8.0990 A) mentioned in the JCPDS 74-1138
file. The values of Sig and Rw parameters obtained from
Rietveld refinement can also be seen in Table I. To obtain a
good refinement these values should be in the range of 1 and
2 and 10 and 20, respectively [29].

SEM images of the powders calcinated at different
temperatures are shown in Fig. 4. As can be observed,
the temperature did not significantly influence the final
morphology of the powders. The micrographs revealed
powders with plate-like aggregates with irregular and
porous structures. This morphology is typical of powders
synthesized using gelatin as a precursor, resulting from the
intense release of gases associated with the decomposition of
gelatin during the heating process [21, 22,24, 25].

Fig. 5 shows the nitrogen adsorption-desorption
isotherms (Fig. 5a) and the corresponding pore size
distribution (Fig. 5b) of the ZnAl,O, powders calcinated at
different temperatures. According to IUPAC classification
[30], all the samples had a type IV isotherm and H2
hysteresis, which indicated the presence of mesoporosity.
The mesoporous structure was confirmed by the analysis of
pore size distribution (Fig. 5b), which displayed a unimodal
distribution with an average pore size of approximately
3.57,3.58 and 12.25 nm (Table I) for samples calcinated at
600, 700 and 800 °C, respectively, that can be attributed to
interparticle void porosity [31]. It can be observed that up
to 700 °C the ZnAl,O, samples retained their pore size. The
maximum and width of pore size distribution increased with
calcination temperature. In addition, the pore size, as well as
the total pore volume, increased with the temperature. The
surface area was measured via the N, adsorption-desorption
technique calculated by the BET method. The samples
calcinated at 600, 700 and 800 °C displayed specific surface
areas of 55.3, 37.3 and 23.8 m2.g"!, respectively (Table I).
The surface areas gradually decreased with increasing
calcination temperature suggesting that sintering occurred
during the calcination process corresponding to the increase
of crystallite size.
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Figure 5: N, adsorption/desorption isotherms (a) and pore size
distribution (b) of ZnAl,O, powders calcinated at 600, 700 and
800 °C for 3 h.

[Figura 5: Isotermas de adsor¢doldessor¢do de N, (a) e
distribuicdo de tamanho de poros (b) dos pds de ZnAlO,
calcinados a 600, 700 e 800 °C por 3 h.]

CONCLUSIONS

Single phase zinc aluminate nanoparticles with spinel
structure were successfully obtained at temperatures lower
than 600 °C by a fast, simple, non-toxic and low-cost route
using commercial gelatin as an organic precursor, making it
a promising alternative route to the usual synthesis methods.
The method described in this work led to the obtainment
of high purity, nanometric, homogeneous and mesoporous
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materials, which are important features for technological
applications. The synthesized ZnAl,O, powders exhibited
an increase in the crystallite size with increasing time
and temperature of calcination. The effect of calcination
time showed that the materials calcinated at 600 °C for 3
h presented the highest percentage of crystallite growth
(~88%) due to the increase of crystallinity. The ZnAlO,
samples retained their pore size up to 700 °C, and the specific
surface area decreased with increasing the temperature.
The morphology was not significantly influenced by the
temperature, presenting plate-like aggregates with irregular
and porous structures.
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