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a b s t r a c t

Layered double hydroxides (LDH) containing zinc and aluminium within the brucite-like layers and car-
bonate as the interlayer anion have been used as precursors for the preparation of mixed metal oxides by
calcination. Zinc oxide and the ZnAl2O4 spinel were formed with different degree of crystallinity depend-
ing of two parameters, i.e., the Zn2+/Al3+ molar ratio and the calcination temperature (500–800 ◦C) of
vailable online 30 April 2011

eywords:
ayered double hydroxides
hotocatalysis
nAl2O4

the LDH precursor. A pure spinel phase was obtained to remove ZnO upon a basic post-treatment in
NaOH solution of the samples calcined at 800 ◦C. All the samples were tested for the photodegradation
of 2-propanol in gas–solid regime. All the samples resulted active as heterogeneous photocatalysts. The
photocatalytic activity increased by increasing the Zn2+/Al3+ molar ratio and the calcination temperature
of the solids.
nO

. Introduction

There is an increasing demand for catalysts to eliminate the
ollution associated to toxic compounds. Semiconductors such as
iO2 [1,2], ZnO [3,4], SnO2 or CdS [5] have been used in photocat-
lytic degradation of organic pollutants in liquid–solid [6] and in
as–solid regimes [7]. In addition to these oxides, it is worth study-
ng the photoactivity of metal spinels, such as ZnAl2O4, which band
ap, 3.8 eV [8], makes it suitable for photocatalytic processes [9].
he classic route for preparation of semiconductor metal oxides
hotocatalysts, commonly obtained by calcination of salts, leads
o solids with low specific surface area which is a disadvantage
n heterogeneous catalysis. To avoid this problem various prepa-
ation methods such as sol–gel processes have been proposed
10]. The sol–gel methodology allows to obtain materials with
igh specific surface area, but the nature of the precursors, gen-
rally metal alkoxides, makes it very expensive. An alternative
reparation method is the calcination of layered double hydrox-

des (LDHs), also known as hydrotalcite-like compounds or anionic

lays [11–14]. These materials are layered solids with positively
harged sheets, due to isomorphic substitution of divalent cations
y trivalent ones in brucite layers, and charge-balancing anions in

∗ Corresponding author. Tel.: +39 091 23863784; fax: +39 091 7025020.
E-mail address: elisaisabel.garcialopez@unipa.it (E. García-López).

1 Current address: Instituto de Ciencia de Materiales de Madrid, CSIC, Canto-
lanco, 28049 Madrid, Spain.
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the interlayer space. These solids can be described by the general
formula [M3+

xM2+
1−x(OH)2]x+ [An−]x/n mH2O where M2+ and M3+

are the divalent and the trivalent cation, respectively, and An− the
exchangeable anion in the interlayer, where water molecules are
also found. LDHs easy preparation, low cost and physico-chemical
properties have allowed many applications for these materials as
catalysts, catalyst supports and precursors, adsorbents, drug matri-
ces, etc. [11–13]. The LDH compounds as prepared or calcined by
a controlled decomposition are often used as catalysts or cata-
lyst precursors. LDHs calcination have resulted to be an excellent
methodology to prepare mixed oxides with better catalytic per-
formance than conventional preparations, such as ceramic or wet
chemical routes. For instance, Qi et al. have recently conducted
studies on a mixed oxide catalyst prepared by calcination of LDHs
which exhibited a comparable activity, but better stability com-
pared with a commercial Cu-based catalyst [15]. Also Li et al. have
reported that pure spinel ferrites can be obtained by calcination
of tailored hydrotalcite-like layered double hydroxides [16]. These
authors report that the main advantage of this preparation method-
ology is that the uniform distribution of metal cations in the LDH
precursors drives to the formation of spinel ferrites in shorter time
and requiring a much lower temperature.

In this work, Zn,Al hydrotalcites with different Zn2+/Al3+ molar
ratios and carbonate as the interlayer anion have been prepared.

After their calcination at different temperatures (500–800 ◦C)
the photocatalytic activity of the materials was tested for 2-
propanol oxidation in gas–solid regime. Photocatalytic oxidation
of 2-propanol by using various types of solids is a widely studied

dx.doi.org/10.1016/j.molcata.2011.04.015
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:elisaisabel.garcialopez@unipa.it
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eaction and different degradation pathways are reported depend-
ng upon the physico-chemical features of the solid [17]. Moreover,
ure ZnAl2O4 spinel was obtained by selective leaching of ZnO from
he hydrotalcites calcined at high temperature and their photocat-
lytic activity was also tested.

. Experimental

.1. Samples preparation

.1.1. Synthesis of Zn/Al hydrotalcite precursors and oxides
Zn/Al hydrotalcite samples with carbonate in the interlayer

denoted hereafter as Zn/Al-CO3 LDHs) have been prepared by the
tandard co-precipitation method from metal salts [14]. Zn and Al
itrates, in adequate quantities to get a molar Zn/Al ratio of 2 or 3,
ere added to a basic solution containing NaOH (2 M) and Na2CO3

1 M), at pH 9 and 40 ◦C. The suspension, kept under constant mag-
etic stirring during the addition of the salts, was further stirred

or 24 h at 70 ◦C. The resulting filtered powder was finally washed,
entrifuged and dried in air. The obtained samples were named as
n/Al-2 and Zn/Al-3, depending on the nominal Zn/Al molar ratio.
hey were calcined at 500, 600, 700 or 800 ◦C for 2 h, leading to the
nal solids which are named as the parent sample, followed by the
alcination temperature in Celsius.

.1.2. Synthesis of ZnAl2O4 spinels
Since calcination of hydrotalcites usually leads to formation of

mixture of the spinel and the oxide of the divalent cation, a pure
pinel was obtained by selective leaching of ZnO from samples
n/Al-3-700 and Zn/Al-3-800. A portion of 2 g of the Zn/Al-3-700
r Zn/Al-3-800 solid was added to 50 ml of NaOH 10 M and kept for
8 h at 60 ◦C under moderate agitation. The resulting suspension
as centrifuged and washed several times until complete elimi-
ation of sodium and then dried at 80 ◦C overnight. The samples
btained were labelled as S-700 and S-800.

.2. Characterization of the solids

Chemical analyses for Zn and Al were carried out in Servicio Gen-
ral de Análisis Químico Aplicado (Universty of Salamanca, Spain)
n a model ULTIMA-2 ICP-OES spectrophotometer from Jovin Yvon,
fter dissolving the samples in nitric acid. Carbon was analyzed in
n Elemental Analyzer from Leco, model CHNS 932. The powder X-
ay diffraction (PXRD) patterns were collected on a Siemens D-500
iffractometer using Cu K� radiation (� 1.54050 Å) and quartz as an
xternal standard. The textural properties were studied from the N2
dsorption–desorption isotherms, recorded at −196 ◦C in a Gemini
nstrument from Micromeritics. The samples were previously out-
assed at 120 ◦C for 2 h. Scanning electron microscopy (SEM) was
erformed using a FEI QUANTA 200-F ESEM microscope, operating
t 20 kV on specimens upon which a thin layer of gold had been
vaporated. The diffuse reflectance spectra (DRS) were obtained
n air at room temperature in the wavelength range 800–250 nm
sing a Shimadzu UV-2401 PC spectrophotometer, with BaSO4 as
he reference material.

.3. Photoreactivity experiments

The photoreactor operating in the gas–solid regime was a cylin-
rical shaped batch type Pyrex fixed bed photoreactor (V = 150 ml,
= 93 mm, height = 22 mm). The photocatalyst (0.1 g) was simply

ispersed as a thin layer inside the photoreactor and the corre-

ponding fixed bed height was ca. 1 mm. In this tightly closed
eactor, after purging with pure O2 during 30 min, 10 �L of liquid
-propanol was injected and quickly vaporized with an infrared
un. The initial concentration of 2-propanol was 8.7 × 10−4 M.
Scheme 1. Set up of the photoreactive system: (A) Solarbox; (B) lamp; (C) photore-
actor; (D) water cooling jacket; (E) photocatalyst; and (F) gas-tight syringe.

The reactor, provided with a water cooling jacket, was horizon-
tally positioned and illuminated from the top inside a SOLARBOX
apparatus (CO.FO.ME.GRA.) equipped with a solar simulating lamp
(1500 W high pressure Xe lamp). The set-up of the photoreactivity
system is shown in Scheme 1.

Irradiation started only after the achievement of steady state
conditions, i.e., after maintaining the system under dark condi-
tions at room temperature to obtain the adsorption equilibrium
of the substrate onto the catalyst surface. The irradiance reaching
the photoreactor was measured by using a UVX Digital radiome-
ter and it was equal to 1.0 mW cm−2 at a wavelength of 365 nm.
The runs lasted ca. 5 h and the reacting fluid was analyzed by with-
drawing gas samples from the photoreactor by means of a gas-tight
syringe. The concentrations of the substrate and of the interme-
diates were measured by a GC-17A Shimadzu gas chromatograph
equipped with a HP-1 column and a FID, whereas carbon dioxide
was analyzed by a 60/80 Carboxen 1000 column in an HP6890 gas
chromatograph equipped with a TCD.

3. Results and discussion

3.1. Bulk and textural samples characterization

Fig. 1 reports the PXRD patterns of the original hydrotalcite
samples and of the oxides obtained after their calcination. The
diffractograms of the uncalcined Zn/Al-2 and Zn/Al-3 samples are
characteristic of well crystallized solids with the hydrotalcite-like
structure. The only appreciable difference between them is the rel-
ative intensity of the diffraction lines, which appears sharper and
more intense for Zn/Al-2 sample, indicating a higher degree of crys-

tallinity in this solid [18]. The diffraction patterns of both materials
show the peaks corresponding to the crystallographic planes (0 0 l)
in a relatively symmetrical sequence indicating a high level of order
in the stacks. The basal spacing values corresponding to diffraction
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of their specific surface areas. Sample S-800 exhibited a specific sur-
face area three times higher than that of the untreated sample and
a pore volume ten times larger (0.02 cm3 g−1 for the calcined sam-

Table 1
Molar ratio Zn/Al in the samples, band gap of the powders, specific surface areas
(SSA) and amount of CO2 evolved per unit of surface area after 5 h of photocatalytic
reaction.

Sample Zn/Al molar ratio E gap [eV] SSA [m2 g−1] CO2 [mol/m2]

Zn/Al-2 1.99 – 20
Zn/Al-3 2.77 – 53
Zn/Al-2-500 2.01 n.m. 64 Absent
Zn/Al-2-600 1.99 3.65 45 Absent
Zn/Al-2-700 2.10 3.30 25 1.9 × 10−6

Zn/Al-3-500 2.88 3.32 84 1.6 × 10−6

Zn/Al-3-600 2.83 3.41 72 3.2 × 10−6

Zn/Al-3-700 3.02 3.33 48 5.6 × 10−6

Zn/Al-3-800 3.20 3.30 18 1.7 × 10−5
ig. 1. PXRD diffractograms of Zn/Al-2 (A) and Zn/Al-3 (B) series. (�) ZnO zincite (*)
nAl2O4. Crystallographic parameters of the Zn/Al-2 and Zn/Al-3: a = 3.02 ± 0.01 Å
nd c = 23.7 ± 0.1 Å.

y planes (0 0 3) and (0 0 6) and the crystallographic parameters
and c, calculated from the positions of the diffraction lines cor-

esponding to (1 1 0) and (0 0 3) planes, respectively [19], are in
greement with those calculated by other authors for similar sam-
les [9,20,21]. Both diffraction patterns also show very low intense

ines that can be tentatively ascribed to the presence of a crystalline
nO phase dispersed over the brucite-like layers.

Calcination of the samples at 500 ◦C leads to the collapse of
he lamellar structure and new diffraction lines ascribed to differ-
nt metal oxides, ZnO and the ZnAl2O4 spinel, appear (see Fig. 1).
hese diffraction maxima are much weaker than those of the pre-
ious hydrotalcite-like phase, indicating the lower crystallinity of
hese phases. Patzkó et al. [21] previously reported that calcina-
ion at 500 ◦C is not enough to induce the formation of aluminium
xide crystals and they suggested that only ZnO crystallizes at this
emperature, whereas Al is present as AlO(OH). On the contrary
ou et al. [9] claimed that crystallization of both ZnO (zincite) and
nAl2O4 spinel occurred at 500 ◦C, and they reported that the use
f hydrotalcite as the starting material for the formation of the
pinel required short time and low temperature. In another study,
hao et al. [22] considered that Al3+ cations are homogeneously
ispersed in a mostly amorphous phase and they are leached at
00 ◦C from ZnO, giving rise to formation of spinel phase. It can
e also observed in Fig. 1 that calcination at higher temperatures
>500 ◦C) resulted in an increase in the crystallinity of both ZnO and
nAl2O4, as suggested by the higher intensity and sharpness of the
axima due to both phases.
Zn/Al-3-700 and Zn/Al-3-800 samples were treated with a NaOH

olution at 60 ◦C in order to selectively remove the ZnO phase
y dissolution. Fig. 2 reports the PXRD of the resulting samples
S-700 and S-800) where only peaks due to the ZnAl2O4 spinel
an be observed. These peaks are particularly sharp for sample
-800.

Chemical analysis data (atomic absorption) of the samples
ndicated that the amounts of Zn and Al for the Zn/Al-2 (36.1%
n, 7.5% Al) and Zn/Al-3 (48.9% Zn, 7.3% Al) samples are in
cceptable agreement with the nominal Zn/Al molar ratio in the

ristine solution during preparation of the hydrotalcites, which evi-
enced that the co-precipitation was nearly complete. The results,
y taking into account also carbon analyses, allowed to calcu-

ate the following formulae: [Zn0.66Al0.33(OH)2](CO3)0.17·nH2O and
Fig. 2. PXRD diffractograms for (a) S-700 and (b) S-800.

[Zn0.73Al0.27(OH)2](CO3)0.14·nH2O, for the solids Zn/Al-2 and Zn/Al-
3, respectively.

As expected, the metal molar ratios measured, reported in
Table 1, did not change significantly after the thermal treatments
at different temperatures. The decrease of the Zn percentage in
the samples after the treatment with NaOH confirmed dissolu-
tion of the ZnO phase. This was more evident for sample S-800
in which the measured Zn/Al molar ratio was close to 0.5, which
corresponds to the theoretical ratio in a pure ZnAl2O4 spinel phase.
Moreover, these measurements indicate also that ZnO is not com-
pletely leached in sample S-700, because the Zn/Al molar ratio
corresponds to 1.42.

To study the textural properties of all of the samples, the
adsorption–desorption isotherms of N2 at −196 ◦C have been
recorded. Fig. 3 shows the isotherms of some selected samples and
Table 1 includes the values of the BET specific surface areas (SSA).

Calcination of samples at 500 ◦C led to an increase in the SSA,
due to the destruction of the lamellar structure giving rise to the
formation of low crystalline ZnO and ZnAl2O4 phases The crys-
tallinity increased by increasing the calcination temperature and,
therefore, the SSA values significantly decreased, as reported in
Table 1. Calcination at 800 ◦C gave rise to sintering of the oxides
and consequently to a strong decrease of their specific surface areas.
Treatment with NaOH solution, for ZnO removal, led to an increase
S-700 1.42 3.20 57 2.6 × 10−6

S-800 0.50 – 50 1.4 × 10−6

ZnO Aldrich – 3.20 19 1.3 × 10−5

(n.m. = not measured).
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ig. 3. Nitrogen adsorption–desorption isotherms (filled symbols and open sym-
ols, respectively) at −196 ◦C for (a) Zn/Al-2; (b) Zn/Al-3-800; (c) Zn/Al-3-500; (d)
-700 and (e) S-800.

le and 0.2 cm3 g−1 for sample S-800). The adsorption–desorption
sotherms are characteristic of nonrestricted multilayer adsorption
n nonporous samples and they correspond to the type II according
o the IUPAC classification [23]. Samples S-700 and S-800 obtained
fter the ZnO leaching are an exception to this behaviour, as their
sotherms are characteristic of mesoporous solids (type IV of the
UPAC classification). The latter also exhibits a H3 hysteresis loop,
ndicating some asymmetry of the pores.

From SEM observations (see Figs. 4 and 5), it can be concluded
hat the platelet-like morphology of the starting hydrotalcite sam-

les was maintained for both Zn/Al-2 and Zn/Al-3 sets of samples,
ithout any appreciable difference up to a temperature of 700 ◦C.
alcination at 800 ◦C produced the collapse of this morphology and

arger particles with rounded edges are observed. The morphology

Fig. 4. SEM micrographs for (a) Zn/Al-2; (b) Zn/Al-
sis A: Chemical 342–343 (2011) 83–90

of samples S-700 and S-800 is completely different from that of the
samples not treated with NaOH. Indeed, they consist of aggregates
of particles with sizes of ca. 30 nm and 90 nm for samples S-700
and S-800, respectively. The higher increase of SSA (from 18 to
50 m2 g−1) for Zn/Al-3-800 and S-800 in respect to Zn/Al-3-700 and
S-700 (from 48 to 57 m2 g−1) (see Table 1), can be attributed to the
complete removal of ZnO in sample S-800 (consisting of ZnAl2O4)
and to the residual presence of ZnO in sample S-700.

Fig. 6 shows the diffuse reflectance spectra of the calcined Zn/Al-
2 and -3 samples. All calcined Zn/Al-2 and -3 samples showed the
typical broad absorption band that can be ascribed to the charge
transfer process from O2− to Zn2+ responsible for the ZnO band-gap.
The only exception is sample Zn/Al-2-500, (Fig. 6(a)) whose spec-
trum shows a step. When the calcination temperature increased
(see sample Zn/Al-2-600, Fig. 6(b)), this step disappeared. A fur-
ther increase of the calcination temperature gave rise to a shift to
lower energies; indeed, absorption of sample Zn/Al-2-600 starts at
ca. 370 nm (Fig. 6(b)), whereas the absorption of sample Zn/Al-2-
700 starts at ca. 425 nm (Fig. 6(c)). As far as the calcined Zn/Al-3
sample concerns, the spectrum for sample Zn/Al-3-500 (Fig. 6(d))
shows only a broad absorption band that is shifted to higher ener-
gies for the Zn/Al-3-600 sample (Fig. 6(e)), but again, as in the case
of the Zn/Al-2 samples, it is shifted to lower energies for samples
calcined at a higher temperature (Zn/Al-3-700, Fig. 6(f)).

Since the band gaps for ZnAl2O4 and ZnO are reported to be
3.8 and 3.2 eV, respectively [8], the shift to higher energies in the
absorption edge could be due to a more important presence of the
spinel structure at 600 ◦C with respect to 500 ◦C, in agreement with
the PXRD diffractograms. Moreover, when the calcination temper-
ature increased from 600 up to 800 ◦C the crystallinity of the ZnO
particles increased (see Fig. 1) and consequently the absorption by

this material is recorded at lower energies.

The presence of the step in the spectrum of the Zn/Al-2-500
sample, which is absent in the spectrum of sample Zn/Al-3-500,
can be due to the fact that the spectrum of sample Zn/Al-2-500

2-500; (c) Zn/Al-2-600 and (d) Zn/Al-2-700.
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Fig. 5. SEM micrographs for (a) Zn/Al-3; (b) Zn/Al-3-500; (c) Zn

ould be influenced by the presence of the parent Zn/Al-2 hydro-
alcite because the amount of ZnO formed at 500 ◦C was still very
ow. On the contrary, for sample Zn/Al-3-500, with a higher Zn con-
ent, the amount of ZnO formed at 500 ◦C was enough to produce
he ZnO typical reflectance spectrum. It is worth noting that both
ncalcined hydrotalcite samples, Zn/Al-2 and Zn/Al-3, show DRS
pectra (not shown for the sake of brevity) where the reflectance
ncreases from 80% to 100% starting from ca. 375 nm. This wave-
ength value corresponds to the inflection point in the spectrum of
n/Al-2-500 reported in Fig. 6(a).

ZnO is an indirect semiconductor [24] and the band gap energies
f the samples, estimated from the tangent lines in the plots of the
odified Kubelka–Munk function, [F(R′∞)h�]1/2 vs. the energy of

xciting light [25], give rise to band-gap values ranging between
.20 and 3.65 eV, as reported in Table 1. The band gap values
ecrease by increasing the calcination temperature indicating that

he ZnO crystalline phase was predominant on respect to the spinel
ne, both for Zn/Al-2 and Zn/Al-3 samples. From element chemical
nalysis data and bearing in mind that in the well crystallized sam-
les (i.e., those calcined at high temperature) Zn is present as ZnO
600; (d) Zn/Al-3-700; (e) Zn/Al-3-800; (f) S-700 and (g) S-800.

and as the spinel, while the only Al-containing phase is the spinel,
we can conclude that sample Zn/Al-2-700 contains 57% ZnO and
43% spinel (mass percentage), while for sample Zn/Al-3-800 these
values were 67 and 33%, respectively.

The inset in Fig. 6 shows the DRS spectra for samples S-700
and S-800. Sample S-700 shows the typical broad band spec-
trum, indicating the presence of a small amount of ZnO. However
the spectrum for sample S-800 is dramatically different and the
features can be attributed to those ascribed to the pure spinel struc-
ture, in agreement with the chemical analyses and literature [26].

3.2. Photoreactivity experiments

Blank reactivity experiments were performed under the same
experimental conditions used for the photo-reactivity runs but
in the absence of catalyst, oxygen or light. No reactivity was

observed in all these cases so that it was concluded that the
simultaneous presence of O2, catalyst, and irradiation was needed
for degradation of 2-propanol. The solid samples showed strong
adsorption of the substrate under dark conditions. The photore-
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ctivity runs started after the system achieved the steady state
onditions in the darkness, i.e., when the concentration of 2-

ropanol remained constant with time (ca. 1 h was necessary).
ig. 7 reports the values of 2-propanol concentration vs. irradia-
ion time for runs carried out in the presence of calcined Zn/Al-2
nd Zn/Al-3 samples. As above mentioned, a strong adsorption
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of the substrate was observed because the concentration of 2-
propanol in the gas phase at steady state conditions resulted ca.

10–20% of the initial one (see Fig. 7). Concerning Zn/Al-2 and
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ig. 8. Evolution of 2-propanol (♦), propanone (�), acetaldehyde (�) and CO2 (�) con
b) S-700; (c) S-800 and (d) ZnO Aldrich.

he runs probably occurred simultaneously to the photo-oxidation
eaction. A decrease of 2-propanol concentration is clearly evi-
ent only in Fig. 7(f). In any case, 2-propanol was adsorbed and
hen desorbed during the photocatalytic runs, although it is pos-
ible to establish that its photo-oxidation actually occurred, as
ropanone and acetaldehyde were found [17]. Carbon dioxide was
lso detected in the runs carried out by using all the three calcined
n/Al-3 samples, whereas total oxidation of 2-propanol to CO2 and
2O occurred only in the presence of Zn-Al-2-700.

The perusal of Fig. 7 reveals that both parameters, calcination
emperature (as reported also for TiO2 prepared in sophisticated
ay [27]) and Zn content, strongly influenced the photo-catalytic

ehaviour. As far as Zn/Al-3 samples are concerned, the total oxida-
ion of 2-propanol, for instance, slightly increased by increasing the
alcination temperature. This increase of activity can be attributed
o the increasing amount of ZnO in the sample. Table 1 reports the
mount of CO2 obtained after 5 h of photocatalytic reaction that
ccounts for the activity of the powder under investigation. It is
ossible to establish, as a general trend, that the photocatalytic
ctivity increased by increasing the calcination temperature and by
ncreasing the Zn content in the powders; indeed, Zn/Al-3-700 was
he most photoactive sample (see Fig. 7). In order to ascertain this
rend a Zn/Al-3 sample calcined at 800 ◦C was prepared. Fig. 8(a)
eports the evolution of 2-propanol, intermediates and CO2 during
he photocatalytic run and it is evident that this sample showed to
e more photo-active than the Zn/Al-3-700 one. It is worth noting
hat no strong adsorption of 2-propanol, observed in the previ-
us Zn/Al-3 samples, occurred. Actually the initial concentration
f the substrate almost coincides with the nominal initial amount

Fig. 8(a)).

This behaviour could be attributed to different morphologi-
al and physico-chemical properties of the Zn/Al-3-800 sample in
espect to the Zn/Al-3-500, Zn/Al-3-600, Zn/Al-3-700 samples. SEM
tions vs. irradiation time in the gas–solid system in the presence of (a) Zn/Al-3-800;

observations indicate a platelet-like morphology for the samples
calcined up to 700 ◦C, whereas the sample calcined at 800 ◦C shows
a collapse of this feature with formation of rounded edges particles.
The almost spherical shape of the particles along with their very low
specific surface area could be responsible for the less significant
adsorption of 2-propanol.

The photocatalytic reaction by using Zn/Al-3-800 proceeded
also with formation of propanone, acetaldehyde and carbon diox-
ide. The amount of CO2 obtained by using this sample, reported
in Table 1, was the maximum among the Zn/Al samples, indicating
that the increase of the calcination temperature and Zn content had
a positive effect on the activity of the powder.

Fig. 8 also reports the photocatalytic activity of samples S-700
and S-800 (obtained after samples Zn/Al-3-700 and 800 were sub-
mitted to a treatment with NaOH in order to eliminate ZnO).

2-Propanol adsorption in dark conditions (see Figs. 7(f) and 8)
was lower for S-700 than for the untreated powder Zn/Al-3-700.
This lower adsorption ability can be explained by considering the
collapse of the platelet like structure (Fig. 5), due to the NaOH
treatment that, as reported above, seems to favour 2-propanol
adsorption. On the contrary, S-800 sample showed a higher adsorp-
tion ability than sample Zn/Al-3-800, probably due to the presence
of porosity (Fig. 3) related to the absence of a platelet like structure
and a higher SSA (Table 1).

As far as the photoactivity of S-700 and S-800 is concerned, the
reactivity seems to decrease with the calcination temperature (less
propanone and CO2 were formed) but this behaviour is due to the
fact that S-800 consists only of spinel (less active than ZnO) while
S-700 still contains ZnO.
For the sake of comparison with the home prepared samples, a
run was carried out with bare commercial ZnO (Aldrich). The ini-
tial concentration of substrate in the gas phase resulted lower than
8.7 × 10−4 M, due to the adsoption of 2-propanol onto the surface
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f the photocatalyst under dark conditions, whereas an initial pho-
odesorption of 2-propanol was observed during the photocatalytic
eaction, and propanone, traces of acetaldehyde and CO2 were
ound. A perusal of Table 1 indicates that 2-propanol was photo-
xidized more efficiently in the presence of Zn/Al-3-800; indeed, a
ore significant amount of CO2 was produced in the presence of

he latter sample than in the presence of commercial ZnO.

. Conclusions

Two series of Zn,Al–CO3 layered double hydroxides (LDH) with
ifferent Zn2+/Al3+ molar ratios have been prepared and used as
recursors to obtain composites containing ZnO and ZnAl2O4. By
arying both the Zn2+/Al3+ molar ratio during the preparation of
he LDH precursor and the calcination temperature (500–800 ◦C)
f the LDH solids with different characteristics were obtained.

For both Zn2+/Al3+ molar ratios, solids already from 500 ◦C ZnO
nd ZnAl2O4 were formed and the crystallinity of these two phases
ncreased by increasing the calcination temperature.

A pure spinel phase was obtained upon a basic post-treatment
n NaOH solution of the samples calcined at 800 ◦C. All the samples

ere tested for the photodegradation of 2-propanol in gas–solid
egime and all of them resulted active as heterogeneous photocat-
lysts. Propanone was obtained as a major intermediate product
hereas acetaldehyde was also identified. CO2, as the final oxi-
ation product, appeared only when Zn/Al-2-700 and calcined
n/Al-3 samples were used. The photocatalytic activity of the sam-
les, evaluated by the amount of CO2 produced, increased by

ncreasing the Zn2+/Al3+ molar ratio and the calcination temper-
ture of the solids. This finding can be attributed to the increase of
he ZnO amount and of the crystallinity of the solids. Zn/Al-3-800
as the most photoactive sample and showed to be more photoac-

ive also than a commercial ZnO sample. After treatment of some
elected samples with NaOH to partially or completely remove ZnO,
he photocatalytic activity decreased, indicating that the ZnO phase
as more active than the ZnAl2O4 spinel one.
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