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Recently, the growing interest in ZnAl2O4 applications as a catalyst or a catalyst
carrier has been observed. Zinc aluminate demonstrates a high thermal stability, a
high mechanical resistance, an inertness to water vapour and can substitute the more
traditional catalysts in a wide variety of applications. Zinc aluminate shows an activ-
ity in the synthesis of methanol and in the process of selective reduction of NOx, espe-
cially in combination with copper [1–5]. It has shown to be an effective catalyst in the
synthesis of indenes and styrenes [6] and also for the production of esters from vege-
tables or animal oils and aliphatic alcohols [7]. It is active in dehydrogenation of al-
kanes [8], isomerization of cyclohexene [9] and in the methylation of phenol [10].

The purpose of this study was to characterize the ZnAl2O4 spinel obtained in a hy-
drothermal process and to examine its activity in reactions of transformation of the
normal C6–C8 alcohols. Dehydration and dehydrogenation of alcohols over catalysts
have been studied by many researches. Some of them tend to promote dehydration,
yielding either olefins or ethers [11–14], whereas others have mainly dehydrogenat-
ing effects [15–20]. Authors of papers on the transformations of alcohols relate the re-
action path to the characteristics of the catalyst, most often to its acid-base properties.
In this study reactions of normal alcohols were used as probes of acidic and basic
properties of zinc aluminate.

The catalyst used for this study was prepared as follows: predetermined amounts

of aluminium and zinc nitrates were dissolved in 2.5 dm3 of distilled water at room
temperature. pH value was adjusted to 8.8 by adding, with stirring the desired amount
of aqueous ammonia solution (25 wt.%) to the nitrates solution. The mixture was
stirred for 25 min. and the precipitate formed was filtered off and washed several
times with distilled water. In the next step, 4 dm3 of water was added to the residue and
the obtained slurry was heated in an autoclave with a constant rotation under pressure
of 0.1 MPa during 3 h. After cooling the autoclave in cold water to room temperature,
the obtained product was water washed and condensed following evaporation at the
elevated temperature. The resulting gel was extruded, air-dried and calcined at 873 K
for 4 h. The obtained catalyst was crushed into the 0.6–1.2 mm particles. X-ray pow-
der diffraction patterns were obtained with a DRON-3 diffractometer with Ni-filtered
CuK� radiation. The spectra were recorded at room temperature from 10 to 80� (2�)
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with a scan rate of 0.05�/sec. The lattice parameters were calculated using the least
squares fitting program PROSZKI [21]. The examination of the catalyst by TEM was
carried out using the TESLA BS-500 transmission electron microscope with an accel-
eration voltage of 90 kV. The specific surface area and the pore size distribution were
determined by BET equation and the Dollimore-Heal method, respectively, based on
the nitrogen adsorption at the temperature of liquid-nitrogen by a standard volumetric
procedure, using the Sorptomatic 1900 FISONS apparatus. The surface acidity, i.e.
the concentration of Lewis or Brönsted centres on the surface of the catalyst, was es-
tablished using the IR spectroscopy with pyridine as the probe molecule in accor-
dance with a procedure described in [22]. Surface basicity of ZnAl2O4 was determined
from adsorption of CO2 [23–25]. Carbon dioxide adsorption was established based on
the temperature-programmed desorption (TPD) of CO2 preadsorbed at room temper-
ature. The TPD was performed using a homemade flow apparatus, controlled by a
computer. The 100-mg sample was treated in helium (30 ml/min) at 773 K for 0.5 h
and exposed to CO2 flow for 10 min at room temperature. Weakly adsorbed CO2 was
removed by passing helium over the sample at room temperature and after that the
temperature was increased to 773 K at the rate of 10 K/min. The CO2 concentration in
the effluent was measured using the Pfeiffer Vacuum GmbH OmniStar 200 quad-
rupole mass spectrometer.

The reactions of the transformation of the normal C6–C8 alcohols were carried out
using a typical fixed bed down flow system under atmospheric pressure in an electri-
cally heated vertical quartz reactor with an inner diameter of 8 mm. A centrally
located thermocouple allowed the temperature measurements along the catalyst
bed. 3 cm3 of catalyst was used. Each of the alcohols studied was supplied continu-
ously from the top of the reactor by a micropump with the liquid hourly space velocity
LHSV = 3.0 V/Vcat. h (load 1.0 h–1). Experiments were carried out continuously as a
function of increasing temperature. After the stationary equilibrium had set in
pre-selected temperatures, the proper experiments were carried out for ca 2 h. The
condensed products were analyzed by gas chromatography. The chromatograph HP
6890 was provided with a FID detector and a column HP-5 (30 m � 0.32 mm filled
with phenyl methyl silicone). Helium was used as carrier gas.

The X-ray powder diffraction patterns of the hydrothermally synthesized

ZnAl2O4 sample, following the temperature treatment, are shown in Figure 1. The
XRD pattern of sample calcinated at 873 K (Fig. 1A) demonstrated broad peaks, indi-
cating a high sample dispersion and confirmed the formation of the desired ZnAl2O4

phase. No other phase was detected. The diffraction peaks of the zinc aluminate cata-
lyst became more intense and narrower after the temperature treatment, because of
growing particles in the sample. For the sample calcinated at 1273 K the XRD pattern
(Fig. 1B) shows a single-phase cubic spinel structure with a lattice constant of bulk
zinc aluminate. For crystalline ZnAl2O4 the average crystallite size, as measured by
X-ray peak broadening analysis of the (311) reflection, is about 30 nm. The morphol-
ogy of the hydrothermally obtained zinc aluminate sample dried at 413 K, as viewed
by TEM, is presented in Figure 2, revealing that the obtained ZnAl2O4 is com-

900 J. Wrzyszcz et al.



posed of fine quasi-spheroidal particles of 5 nm in size and that most of them are dis-
persed. It can also be noted that the corresponding selected area diffraction (SAD)
pattern is attributed to the spinel structure of zinc aluminate. Diameter of particles of
ZnAl2O4, heated at 873 K, increased to about 7 nm. The properties of zinc aluminate
catalyst are specified in Table 1. They match very closely with those published earlier
[9,10,26] and refering to samples obtained from other precursors. Adsorption of
pyridine and CO2 shows that the prepared sample behaves as an acid-base catalyst.
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Figure 1. X-ray diffraction patterns of ZnAl2O4 catalyst after temperature treatment at 873 K (A) and at

1423 K (B).

Figure 2. TEM micrograph of hydrothermally synthesized zinc aluminate sample dried at 413 K with

SAD pattern showing rings those match d-spacings for the spinel structure of ZnAl2O4.



Table 1. Properties of zinc aluminate catalyst after calcination at 873 K for 4 h.

Phase composition ZnAl2O4

Lattice constant of ZnAl2O4 (heated at 1423 K), Å 8.0928 (�0.0005)

Average crystallite size, nm 7

Specific surface area, m2/g 93

Total pore volume Vp (at p/p0 = 0.95), cm3/g 0.14

Mean pore radius rp, nm 2.8

Lewis-acid sites concentration, �mol Py/g 195

Brönsted-acid sites concentration, �mol Py/g 0

Basicity, �mol CO2/g 180

Figure 3 shows representative adsorption-desorption isotherms of N2 at 77 K and pore
size distribution for ZnAl2O4 calcinated at 873 K. Nitrogen adsorption tests with this
material yield isotherm of type IV with closed hysteresis loops, described as type H2
in the IUPAC classification [27], which suggests the presence of mesopores. This
type of hysteresis loop is characteristic for solids consisting of particles crossed by
nearly cylindrical channels or made of aggregates or agglomerates of spherical parti-
cles. Moreover, such hysteresis loops suggest that pores can have an uniform size and
shape. The pore size distribution analysis showed pore radius rp between 1–4 nm with
a maximum centred at about 2.8 nm. Based on this narrow size range, it can be con-
cluded that the material studied is formed by monodisperse particles.
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Figure 3. Nitrogen adsorption isotherm collected at 77 K and pore size distribution for ZnAl2O4 catalyst.
P/P0 is a relative pressure, where P is the equilibrium pressure of the adsorbate and P0 its satura-
tion pressure at the adsorbent temperature; the volume adsorbed is at STP. Inset: pore size dis-
tribution based on the Dollimore-Heal method [dV/dR is the derivative of the normalized
adsorbate (N2) volume adsorbed with respect to the pore diameter of the adsorbent].



Table 2. Results of normal C6–C8 alcohols transformations over zinc aluminate catalyst.

Alcohol
Temperature

K

Conversion

%

Liquid products composition, %

alkene aldehyde ether ester ketone � others

n-hexanol 573 21.1 traces 4.2 – 13.3 0.3 3.3

603 37.2 0.7 9.9 – 23.7 0.7 2.2

633 67.9 1.2 23.5 1.2 38.9 0.8 2.3

663 92.3 2.4 34.6 5.8 37.1 2.6 9.8

688 95.6 4.8 28.6 11.8 17.0 13.0 20.4

n-heptanol 573 23.6 0.7 4.4 – 16.0 1.2 1.3

608 49.0 1.4 14.1 traces 30.5 1.7 1.3

638 77.7 4.5 34.9 0.6 33.0 2.3 2.4

668 94.3 5.5 34.1 2.2 30.0 12.3 10.2

698 97.1 12.0 23.9 10.0 2.2 25.7 23.3

n-octanol 573 25.8 – 3.6 – 17.3 – 3.9

608 45.9 1.9 10.3 – 26.9 traces 6.8

638 67.6 2.8 27.4 0.5 30.5 0.4 6.0

668 92.7 5.8 37.0 3.2 29.8 3.7 13.2

693 97.2 10.4 28.0 7.5 5.9 12.3 33.1

Zinc aluminate, which was hydrothermally synthesised according to the applied

procedure, showed both acidic and basic natures, thus it should exhibit both dehydra-

tion and dehydrogenation activities. Transformations of normal C6–C8 alcohols were
studied and the results are summarized in Table 2, which present the dependence of
the conversion of alcohols on temperature and the yield of the main liquid products.
Zinc aluminate has been proven to be active in transformation of normal alcohols.
The reactions take place between 573–698 K. During the alcohol conversion, prod-
ucts of dehydrogenation and condensation were found in the reaction products.
Dehydrogenation leads to production of significant amounts of appropriate alde-
hydes: up to 34.6% of n-hexanal at 663 K, 34.9% of n-heptanal at 638 K and 37.0% of
n-octanal at 668 K for n- hexanol, heptanol and octanol, respectively. In the next step
the obtained aldehydes condense to respective esters and symmetrical ketones. The
dehydrogenation of each alcohol accompanies also its dehydration to corresponding
olefin and ether. The reactivity of alcohols over ZnAl2O4 is different from that ob-
served over the iron oxide catalyst, having basic properties, which we were using ear-
lier in the dehydrogenation of alcohols [17]. This suggests that the transformations of
normal alcohols over ZnAl2O4 catalyst depend strongly on its acid-base properties.
The reaction studied confirmed that the zinc aluminate catalyst demonstrates both
acidic and basic properties.
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