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a  b  s  t  r  a  c  t

The  amorphous  and  crystalline  mixed  25, 50  and  75  wt.%  Al2O3–ZrO2 composites  were  prepared  by  means
of sol–gel  method  using  aluminum  iso-propoxide  and  zirconyl  nitrate  precursors.  Physicochemical  prop-
erties were  determined  using  XRD,  BET,  NH3-TPD,  TGA,  SEM,  and  FT-IR  spectroscopy.  Catalytic  activity
and selectivity  were  investigated  for the  dehydration  of  2-octanol  and  1,2-diphenyl-2-propanol  (DPP).
Al75Zr25 composite  is  more  selective  than  other  forms  for the  conversion  of  2-octanol.  The  selectivity  of
eywords:
morphous
rystalline
ixed Al2O3–ZrO2

atalyst reactivity-selectivity
ehydration

DPP for  1-alkene  formation  was  increased  over  Al25Zr75 catalyst.  The  crystalline  50  wt.% catalyst  dehy-
drated  tertiary  alcohol  (DPP)  selectively  in  the  presence  of 2-octanol.  The  amorphous  50  wt.%  catalyst
dehydrated  DPP  predominately  to 1-alkene  isomer.  The  crystalline  catalyst  favored  the  formation  of
E-2-alkene.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Alumina and zirconia are widely used in many important tech-
ological applications [1–6]. Zirconia exhibits various structural
olymorphs including cubic (c-ZrO2), tetragonal (t-ZrO2) and mon-
clinic (m-ZrO2) structures which are formed below the melting
oint (2680 ◦C), below 2370 ◦C and below 950 ◦C, respectively [7].
ddition of appropriate dopants, such as Ca2+, Mg2+, or Y3+ is known

o stabilize the tetragonal and cubic polymorphs [8–11].

iquid
≈2680◦C−→ c-ZrO2

≈2370◦C−→ t-ZrO2
≈950−1150◦C−→ m-ZrO2

Alumina also exhibits a remarkable series of structural poly-
orphs including �-Al2O3 and a large variety of metastable forms.

he metastable variants are a series of transition aluminas, which
orm by dehydration of aluminum hydroxides and oxyhydroxides
12].

-AlOOH
≈500◦C−→ �-Al2O3

≈850◦C−→ ı-A2O3
≈1000◦C−→ �-Al2O3

≥1100◦C−→ ˛-Al2O3

Depending on the method and preparation conditions, differ-
nt phases are generated in mixed Al O /ZrO oxides [13–19].
2 3 2
arkar et al. [13] used the aluminum nitrate and zirconyl chloride
recursors to prepare alumina/zirconia (5–10 wt.% ZrO2) com-
osites. They reported that the catalysts calcined at 200 ◦C were

∗ Corresponding author. Tel.: +98 311 391 3257; fax: +98 311 391 2350.
E-mail address: dabbagh@cc.iut.ac.ir (H.A. Dabbagh).

926-860X/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.apcata.2011.07.024
boehmite (AlOOH) and bayerite (Al(OH)3). At 1400 ◦C the t-, m-
zirconia and �-alumina were crystallized. Zawadzki et al. [14]
used aluminum iso-propoxide and zirconyl nitrate to prepare
10 wt.% ZrO2 composites. They reported that boehmite crystallized
to �-alumina at 600 ◦C while, t-zirconia and �-alumina crystal-
lized at 1200 ◦C. Kagawa et al. [15] reported that by increasing
of Al2O3 content in the mixed oxide, the amount of the m-ZrO2
decreased, thus indicating the stabilization of the t-ZrO2 by the
Al2O3.

Preparation of amorphous Al2O3–ZrO2 materials was reported
using sol–gel method [16–19],  laser-splatting [16], plasma spraying
[16], electrohydrodynamic atomization [17] and melt extraction
[18]. Soisuwan et al. [19] prepared alumina–zirconia mixed oxides
with 0.5, 1, 25, 40, and 75 mol% of alumina in zirconia using alu-
minum nitrate and zirconyl chloride precursors. In composites
calcined at 600 ◦C with low Al contents (<25%), tetragonal phase zir-
conia was observed, while at higher Al contents, the mixed oxide
exhibited only the amorphous phase. Han et al. [20,21] used the
aluminum iso-propoxide and zirconium butoxide to prepare amor-
phous mixed 50 wt.% alumina/zirconia composite. The calcined
composites powders were amorphous at 400 ◦C. By increasing
the calcination temperature to 980 and 1200 ◦C, the c- and t-
ZrO2 were crystallized, respectively. Beitollahi et al. [22] reported
the preparation of amorphous mixed Al2O3–ZrO2 using aluminum

nitrate and zirconyl chloride at 500 ◦C calcination temperature.
At higher temperatures the various alumina metastable phases
were formed. Most of these works were restricted to the synthe-
sis and morphology of composites. A detailed understanding of

dx.doi.org/10.1016/j.apcata.2011.07.024
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
mailto:dabbagh@cc.iut.ac.ir
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heir catalytic activity for dehydration reaction of alcohols is still
acking.

Recently, selectivity and reactivity of alcohols over pure alu-
ina and mixed alumina–thoria was investigated by Dabbagh et al.

23–25].  We  reported a decrease in the reactivity but no change in
he selectivity in the dehydration of secondary and tertiary alcohols
y mixed �-alumina–thoria [24]. In this work chemically mixed
morphous Al2O3–ZrO2 powder (25, 50 and 75 wt.%) were synthe-
ized using the sol–gel method with aluminum iso-propoxide and
irconyl nitrate. Characterization of the catalysts was performed
y X-ray diffraction (XRD), thermo gravimetric analysis (TGA),
canning electron microscopy (SEM) and infrared spectroscopy
IR). Evaluation of catalytic activity and selectivity was investi-
ated for dehydration of 2-octanol and DPP were monitored by gas
hromatography (GC) and gas chromatography mass spectrometry
GC–MS) techniques.

. Experimental

.1. Catalyst preparation

Aluminum iso-propoxide [Al(OC3H7)3] and zirconyl nitrate
ZrO(NO3)2·xH2O] were purchased from Aldrich. Five samples of
hemically mixed oxides were prepared with different composition
f aluminum iso-propoxide:zirconyl nitrate wt.% (100:0, 75:25,
0:50, 25:75 and 0:100) using the sol–gel method. The samples are
alled Al100Zr0, Al75Zr25, Al50Zr50, Al25Zr75 and Al0Zr100, respec-
ively. Initially, aluminum iso-propoxide and zirconyl nitrate with
ifferent composition (100:0, 75:25, 50:50, 25:75 and 0:100 wt.%)
ere mixed well. Then excess amount of water (precursor/water
t.% ratio = 2 for Al100Zr0 and 4 for Al75Zr25, Al50Zr50, Al25Zr75 and
l0Zr100) was added to this mixture with continuous stirring for 1 h
t room temperature. Finally the gel solution was heated for 24 h
t 120 ◦C to remove the solvent and to allow maximum interac-
ion of the metal hydroxides. The dried gel was calcined at 600 or
000 ◦C (heating rate of 2 and 5 ◦C/min, respectively) and remained
t these temperatures for 6 h under air atmosphere. The mechani-
ally mixed Al50Zr50 composite was prepared by physically mixing
nd milling of the equal ratios of alumina and zirconia (Al100Zr0
50%) and Al0Zr100 (50%)) samples. This mixture was  prepared to
ndicate the physical mixing and should not be compared to the
hemically mixed Al50Zr50 from iso-propoxide and zirconyl nitrate
eight ratios.

.2. Characterization of catalysts

The X-ray diffraction patterns were recorded by employing a
hilips Xpert MPD  diffractometer using Cu K� radiation (� = 1.54 Å)
n the range of 20–90◦ (2�) with a step size of 0.03◦ (2�) and a count-
ng time of 16 s for the samples. The Brunauer–Emmett–Teller (BET)
pecific surface areas were measured at the boiling point of nitro-
en (196 ◦C) after outgassing at 300 ◦C using an ASAP 2000. The
H3-TPD of the calcined catalysts was assessed through thermal
rogrammed adsorption/desorption of NH3 in a quartz reactor by
ising the temperature (10 ◦C/min heating rate) from 100 to 800 ◦C
sing frontal chromatography technique through Micromeritics
PD-TPR 2900 system. The TPD of 200 mg  for each sample was
erformed under helium (gas rate: 40 Ncc/min). Scanning elec-
ron microscopy was performed by Philips XCL microscope. Gold is
apor-deposited over samples before analysis. The thermal decom-

osition behavior of the dried gel was studied by TG–DTA analysis
Linseis, L70/2171 model) up to 1200 ◦C with heating rate of
0 ◦C/min under atmospheric pressure. The infrared spectra were
btained using a Jasco-FT-IR-680 plus spectrometer in the wave
sis A: General 404 (2011) 141– 148

number range 400–4000 cm−1. Catalysts were diluted in KBr with
the ratio of 1:100 (catalysts: KBr).

2.3. Dehydration reaction

The conversion of alcohols was performed in a vertical plug flow
reactor made of Pyrex glass and fitted with a thermal well that
extended to the center of the catalyst bed. The Pyrex glass beads
(20–30 cm3 of the reactor volume above the catalyst bed) were used
to serve as pre-heater. Adducts were collected (with increasing
time intervals) at room temperature. The conversion of 2-octanol
(98 wt.%) and DPP (2 wt.%) mixture at 280 ◦C (reaction temperature)
with flow rate of 18 cm3/h over 2.0 g of catalyst was monitored
by Agilent 6890N gas chromatography using 30 m × 0.32 mm HP-5
column packed with (5% phenyl)-methylpolysiloxane. DPP is solid
which was prepared according to the Grignard method reported
earlier [23]. 2-Octanol and DPP were selected for the following rea-
sons. First, the dehydration of secondary and tertiary alcohols was
investigated in one run under identical conditions. The amounts of
catalyst, reaction temperature, mesh size and flow rate were kept
constant. Second, high concentration of 2-octanol was  used as sol-
vent to prevent isomerization. Analysis of the product mixture was
carried out by gas chromatography mass spectrometry Fisons 8060
instrument (QD analyzer and Trio 1000 detector model) equipped
with a 30 m HP-5 capillary column.

3. Results and discussion

3.1. Catalysts characterization

Recently, dehydration of aluminum hydroxide to form pure �-
alumina was reported as a polymerization process. The monomer
aluminum hydroxide undergoes polymerization by losing water
molecules with random cross-linkage (in three dimensions)
between the polymer chains [23,24].  The rate of dehydration of
this precursor is too fast and difficult to control. Initially, the
boehmite precipitates and peptidizes to a sol. A transparent gel
was obtained by evaporating the solvent from the sol. The number
of cross-linkages was increased (by loss of more water molecules)
and the number of vacancies decreased leading to a very low
surface area of �-alumina (a complete cross-linked polymer) at
higher temperatures (from 200 to 1200 ◦C). The side product of the
hydrolysis of Al(OC3H7)3 is isopropyl alcohol (Eq. (1)). The main
advantage of this precursor is that it does not require any additives.
The co-polymerization process was  catalyzed by HNO3 during the
hydrolysis of ZrO(NO3)2·xH2O (Eq. (2)). The amorphous phase was
produced by random cross-linkages during the hydrolysis of the
precursor at 200–600 ◦C. A crystalline phase was produced at higher
temperatures (above 900 ◦C). Fig. 1 shows the photograph of mixed
oxide gels dried at 120 ◦C. The color of Al75Zr25 composite was
orange, while the Al50Zr50 and Al25Zr75 composites were yellow
and creamy, respectively. The color of composites was  related to
amounts of nitrous and nitrate compounds formed during reaction
between isopropyl alcohol and HNO3 (Eq. (3)).

Fig. S1 shows SEM pictures of Al75Zr25 and Al50Zr50 compos-
ites dried at 120 ◦C. The large rod (Fig. S1e,g), needle (Fig. S1h) and
bulk (Fig. S1e) shapes were observed for Al50Zr50 composite. The
helix (Fig. S1a,c) and bulk (Fig. S1a,b) structures were existing for
Al75Zr25 composite. The bulk structures of both mixed oxides com-
posed of small agglomerated particles (Fig. S1d,f). The length of

rod shape composites was  estimated about 2–3 mm with diame-
ter larger than 120 �m.  The needle shape composites have nearly
500 �m length and their diameters at the end and tip of needle
are almost 6 and 50 �m, respectively. The length of helix shape
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ally have a low surface area of 20–50 m2/g [20,28].
Fig. 1. Morphology of mixed Al2O3–ZrO2 composites with differen

omposites was estimated several millimeters with diameter larger
han 60 �m.

l(OCH(CH3)2)3 + 2H2O → AlO(OH) + 3(CH3)2CHOH (1)

rO(NO3)2 + 2H2O → ZrO(OH)2 + 2HNO3 (2)

CH3)2CHOH + 2HNO3 → (CH3)2CHONO

+ (CH3)2CHONO2 + H2O (3)

Fig. 2 shows the X-ray diffraction patterns of calcinated
l2O3–ZrO2 mixed oxides (Al100Zr0, Al75Zr25, Al50Zr50, Al25Zr75,
nd Al0Zr100 at 600 ◦C). The XRD pattern of the pure �-Al2O3 pre-
icts four (3 1 1), (4 0 0), (4 4 0) and (5 1 1) diffraction lines at (2�)
9◦, 46◦, 67◦ and 85◦, which were compatible with the �-alumina
pectrum reported in the literature [26]. Pure zirconia was pre-
ared from a mixture of two monoclinic and tetragonal phases.
-ZrO2 has four well-known diffraction lines at 2� 30◦ (1 1 1), 50◦

2 2 0), 60◦ (3 1 1) and 63◦ (2 2 2). The (1 1 0) and (1 1 1) diffrac-
ion lines of m-ZrO2 appeared at 2� 28◦ and 32◦, respectively. The
elated JCPDS files are shown in the supporting information (Figs.
3–S6).  The Al75Zr25, Al50Zr50, and Al25Zr75 composites are approx-
mately amorphous and did not indicate distinct peaks in their
RD patterns. The XRD patterns of Al50Zr50 composites at various

emperatures are shown in Fig. 3. In the dried gel (at 120 ◦C) and
alcinated sample at 600 ◦C no XRD peaks was detected, while both

etragonal zirconia and �-alumina peaks were detected at 1000 ◦C.
ig. 3c shows the XRD pattern of mechanically mixed Al50Zr50
omposites at 600 ◦C. In this sample all peaks of �-alumina and
, m-zirconia were detected.

ig. 2. XRD patterns of mixed Al2O3–ZrO2 composites with different compositions
alcined at 600 ◦C: (a) Al100Zr0, (b) Al75Zr25, (c) Al50Zr50, (d) Al25Zr75 and (e) Al0Zr100.
positions dried at 120 ◦C (a) Al75Zr25, (b) Al50Zr50 and (c) Al25Zr75.

The XRD patterns for mixture of m,  t-ZrO2 (dashed line) and
crystalline mixed Al2O3–ZrO2 (50 wt.%) composite calcined at
1000 ◦C (solid line) is depicted in Fig. 4. The diffraction (1 1 1),
(2 2 0), (3 1 1) and (2 2 2) lines of crystalline mixed Al2O3–ZrO2
slightly shifted and drastically broadened from the initial positions
of the pure ZrO2. Also, by doping of ZrO2 with alumina, the m-ZrO2
phase was eliminated and the tetragonal phase was  stabilized. This
observation complements the results published by Kagawa et al.
[15]. They reported that the m-ZrO2 phase was decreased with the
increase in alumina content which coincides with stabilization of
the t-ZrO2 phase.

Fig. S2 shows SEM photograph of Al2O3–ZrO2 (50 wt.%) compos-
ites which was  formed under different experimental conditions.
The flat plane shape structures (Fig. S2a) was detected in the
chemically mixed Al50Zr50 composite calcined at 600 ◦C, while
mechanically mixed Al50Zr50 composite have porous structure
(Fig. S2b). These results indicated that there are distinct differences
between chemically and mechanically mixed Al2O3–ZrO2 compos-
ites. The composite calcined at 1000 ◦C showed limacone (Fig. S2c)
and agglomerated (Fig. S2d) shapes.

The specific BET surface areas for the Al50Zr50 mixed oxides cal-
cined at 600 and 1000 ◦C were 104.2 and 0.3 m2/g, respectively.
The specific BET surface area for the �-alumina prepared under the
same condition was reported 150 m2/g [23,25]. The aluminas with
crystalline structure which were synthesized by different methods
showed similar surface properties [27]. The zirconia solids gener-
Figs. S7 and S8 (supporting information) show the NH3-TPD
profile for the calcined Al50Zr50 catalysts at 600 and 1000 ◦C,

Fig. 3. XRD patterns of chemically (a, b, d) and mechanically (c) Al50Zr50 composites
at deferent conditions: (a) dried at 120 ◦C, (b, c) calcined at 600 ◦C and (d) calcined
at  1000 ◦C.
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Fig. 4. Portion of the XRD patterns of pure ZrO2 (blue dashed line, —)  and crystalline mixed Al2O3–ZrO2 (50 wt.%) oxides (red solid line, —) calcined at 1000 ◦C. (For
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nterpretation of the references to color in this figure legend, the reader is referred 

espectively. The profile of amorphous catalyst indicates two
trong peaks at 263 and 630 ◦C corresponding to desorbed 3.41
nd 6.15 mmol  NH3/g, respectively. Crystalline catalyst did not
how a significant peak at 263 ◦C, but a weak peak at 664 ◦C corre-
ponding to desorbed 0.08 mmol  NH3/g. Unfortunately, calculation
f the number of acid sites was not possible with the instrument in
se. These desorbed values correspond to both acid sites and the
rapped ammonia inside the bulk. The NH3-TPD data, however,
omplements the BET finding.

The DTA–TG curve of Al50Zr50 composite dried gel is shown
n Fig. 5. A weigh loss about 42% was observed from room tem-
erature to about 500 ◦C. The initial endothermic peak at range
0–150 ◦C was attributed to the removal of physically and chem-

cally adsorbed water present in the pores of the gel. The second

ndothermic peak at 200–320 ◦C corresponds to the dehydration
f the aluminum hydroxides and oxyhydroxides. This temperature
ange encompasses important thermal processes such as transi-
ion alumina creation which starts below 300 ◦C [25]. Removal of

Fig. 5. TG (top) and DTA (bottom) curves of Al50Zr50 composite dried gel.
 web version of the article.)

the doped nitrate ions from pores and vacancies occurred at higher
temperatures (320–500 ◦C). The exothermic peak at around 920 ◦C
was related to the crystallization of �-Al2O3 and t-ZrO2. This feature
was shown clearly by the XRD measurements (Fig. 3).

Fig. 6 shows the FT-IR spectra of the catalysts calcined at dif-
ferent temperatures (120, 600 and 1000 ◦C). The stretching Al–O
vibrational modes of alumina gel dried at 120 ◦C are responsible
for the appearance of four peaks at 475, 619, 735 and 1072 cm−1.
It is known that the band characterized of boehmite appear at
1072 cm−1, therefore the disappearance of this peak in the sample
calcinated at 600 ◦C indicates the formation of �-alumina phase.
The stretching OH modes of boehmite were observed at 3096 and
3420. These peaks were shifted to 3445 cm−1 for the calcinated
samples. The bands at 420, 574 and 747 cm−1 were assigned to the
stretching vibrations of Zr–O in monoclinic phase. The correspond-
ing value for tetragonal phase appeared at 497 cm−1. The Al–OH
and Zr–OH bending vibrational modes of Al75Zr25, Al50Zr50 and
Al25Zr75 catalysts were observed at 1637 (1635 or 1636 for pure
alumina) and 1384 cm−1 (was observed for pure alumina and zirco-
nia at lower temperatures), respectively. These results are in good
agreement with the reported values for alumina [13,24,25,29–31]
and zirconia [13,31,32] materials.

The FT-IR spectra of composites are different from those of pure
materials. The mixed oxide gel dried at 120 and 600 ◦C exhib-
ited a broad strong stretching OH vibration at 2500–3700 cm−1,
while the mixed oxide calcined at 1000 ◦C showed strong OH
vibrations. In dried gel of composites (at 120 ◦C) the stretching
nitrate peaks appeared at 1541 and 1384 cm−1. The Al–O and Zr–O
vibrations in the dried gel and calcined composites at 600 ◦C are
inconclusive (because of the amorphous nature of composites with
overlapped modes). The sharp signal was observed at 1000 cm−1

for the calcined (at 1000 ◦C) Al50Zr50 composites, because of the
samples crystallinity. The Al–OH bending vibrations appeared at
1638 and 1385 cm−1 which are in agreement with Sarkar et al. work
[13]. The increment of intensity at 1637 cm−1 and elimination of
1385 cm−1 mode for crystalline catalyst in comparison to amor-
phous composite are attributed to appearance of t-ZrO2 phase. The
amount of free OH groups on the surface of �-Al2O3 was  reported
very low [12] this complements the disappearance of 1384 cm−1

mode in the crystalline catalyst. Examination of the OH stretch-
ing region should be taken with caution since the use of ex situ
IR with KBr pellets prevents a thorough discussion of the inten-
sity and peak position in the OH region. Bands assigned to Al–OH

and Zr–OH bending modes may  well be alternatively assigned to
water and nitrate ions. However, the relative comparison of the
FT-IR spectra shed some light to the complex structure of these
oxides.
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ig. 6. FT-IR spectrum of mixed Al2O3–ZrO2 composites with different composition
nd (e) Al25Zr75.

.2. Dehydration reaction

Zirconia-based catalysts are known to possess a high selectivity
oward the formation of 1-alkenes in the dehydration of secondary
lcohols [33–38].  Alumina is an excellent catalyst for the selective
ehydration of alcohols [23–25,39–42]. The dehydration studies on
econdary alcohols have always been found to be useful in investi-
ating the properties of dehydration catalysts as well as the modes
f elimination to yield the various olefins. During the dehydration
f alcohol, both intramolecular and intermolecular dehydration
ay  occur. The relative amounts of these pathways depend on

he reaction conditions as well as the reactant and catalyst used.
he first step of alcohol conversion on metal oxide catalysts is the
dsorption of the reactant on the surface. The adsorbed alcohols
an be converted through a two-step mechanism involving inter-
ediate carbocation formation (E1), a concerted pathway (E2) or
ia carbanion formation mechanism (E1cb) [35]. E1 mechanism
eeds strong acidic catalyst to form carbenium ions by abstraction
f OH group. The carbenium ion is rearranged via isomerization
ollowed by abstraction of a �-hydrogen resulting in the thermo-
/calcined at 120, 600 and 1000 ◦C: (a) Al100Zr0, (b) Al0Zr100, (c) Al75Zr25, (d) Al50Zr50

dynamically controlled alkenes. For E2 mechanism, reaction occurs
on dual acid–base sites to eliminate a proton and hydroxyl group
which produces the kinetically controlled alkenes, whereas for
E1cb mechanism, strong basic sites are required in order to ini-
tially remove a �-hydrogen and then eliminate hydroxyl group to
produced 1-alkene. The selectivity of secondary and tertiary alco-
hols dehydration varies depending on which mechanism is acting.
Dabbagh et al. [24,43] used both experimental including kinetic
and isotopic effect studies and computation analysis to show that
dehydration of 2-butanol and 1,2-diphenyl-2-propanol (DPP) over
�-alumina exclusively undergoes E2 elimination.

It is known that the dehydration of alcohols to alkenes over �-
alumina requires temperatures at 100–320 ◦C, depending on the
type of alcohol and catalyst used [44]. Based on the relative thermo-
dynamic stability, any other product formed on the catalyst surface
would be expected to immediately dissociate at higher tempera-

tures to give alkene and water [23].

Generally zirconia is known as a basic catalyst. One of the main
objectives of this work was  to modify the reactivity and selectiv-
ity of alumina by adding zirconia. Here, the catalytic activity of
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Table  1
Conversion (%) of 2-octanol and DPP over pure and mixed Al2O3–ZrO2 composites
at  280 ◦C.

Catalyst 2-Octanol% DPP% (DPP%)/(2-octanol%)

Al100Zr0
a 44 98 2.23

Al75Zr25
a 73 58 0.79

Al50Zr50
a 25 88 3.52

Al50Zr50
b 1.2 87 72.5

Al25Zr75
a 18 74 4.11

Al0Zr100
a 13 98 7.54
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Table 3
Products distribution of dehydration reaction of DPP over pure and mixed
Al2O3–ZrO2 composites at 280 ◦C.

Catalyst 1-Alkene E-2-alkene Z-2-alkene 1-Ene/2-ene Z/E

Al100Zr0
a 50 28.5 21.5 1.00 0.75

Al75Zr25
a 55 11 34 1.22 3.09

Al50Zr50
a 55 33 12 1.22 0.36

Al50Zr50
b 28 70 2 0.39 0.03

Al25Zr75
a 65 24 11 1.86 0.45

Al0Zr100
a 54 33 13 1.17 0.35

T
P

a Calcined at 600 ◦C.
b Calcined at 1000 ◦C.

l2O3–ZrO2 composites was evaluated for the dehydration of a
ixture of 2-octanol (98 wt.%) and DPP (2 wt.%) using a continu-

us flow, fixed bed, micro reactor at 280 ◦C. 2-Octanol (secondary
lcohol) and DPP (tertiary alcohol) are very useful models for
nvestigating the catalyst behavior (reactivity vs selectivity). The
ow concentration of DPP (with higher boiling temperature) pre-
ents saturation over catalyst surface. Results are summarized in
ables 1–3 and compared with those of pure oxides. The conver-
ion of 2-octanol and DPP over pure �-alumina (Al100Zr0) was 44%
nd 98% and over pure zirconia (Al0Zr100) was 13% and 98%, respec-
ively. The high conversion of DPP over both �-alumina and zirconia

ust be a result of stronger adsorption of DPP over the surface in
omparison to 2-octanol which is due to the higher electron den-
ity of phenyl groups in comparison to the alkyl chain. This feature
as recently investigated theoretically over �-alumina by Dabbagh

t al. [25]. The reactivity and selectivity of amorphous Al75Zr25,
l50Zr50, and Al25Zr75 composites do not resemble the pure alu-
ina or zirconia. This aspect was previously investigated by XRD

nd SEM analysis (Section 3.1). Conversion of 73%, 25%, 18% (for 2-
ctanol) and 58%, 88%, 74% (for DPP) were obtained over Al75Zr25,
l50Zr50, and Al25Zr75 composites, respectively. These results indi-
ated that the Al75Zr25 composite is more selective than other
omposites for the conversion of secondary alcohol (2-octanol).
nterestingly, the selectivity of DPP for 1-alkene formation was
ncreased over Al25Zr75 catalyst (Scheme 1, Table 3). These find-
ng predicts that 25% content (alumina or zirconia) has pronounce
ffect on reactivity and selectivity. Reactivity is decreased with
ncrease in % Zr (Table 1). For example, mixed Al75Zr25 converted
3% of 2-octanol and 58% of DPP but mixed Al25Zr75 converted
8% of 2-octanol and 74% of DPP. Cis/trans ratio is increased by 3-
old depending upon % zirconia. 1-alkene/E  + Z-2-alkenes ratio was
ncreased for 75% zirconia. What causes these changes is the subject
f future investigation.

Generally, major products of dehydration of alcohols over alu-
ina and zirconia are alkenes, but isomerization, dehydrogenation,

nd ether formation as by products are increased with increasing
ranch of the alcohol hydrocarbon chain or at higher conversion.
herefore, in this study, 2-octanol was used as a solvent and an iso-

erization preventer. Moreover, the product selectivity (%) of the

bove pathways depends on the type and preparation method of
he catalyst as well as the reaction conditions.

able 2
roducts distribution of dehydration reaction of 2-octanol over pure and mixed Al2O3–Zr

Catalyst 1-Octene Trans-2-octene Cis-2-octene 3-Octene 

Al100Zr0
a 26 23 46 4 

Al75Zr25
a 36 14 49 0 

Al50Zr50
a 34 24 35 1.3 

Al50Zr50
b 26 17 28 0 

Al25Zr75
a 40 11 46 0 

Al0Zr100
a 28 21 38 5.6 

a Calcined at 600 ◦C.
b Calcined at 1000 ◦C.
a Calcined at 600 ◦C.
b Calcined at 1000 ◦C.

Cis-2-octene is the major products of 2-octanol dehydration
over all catalysts (Table 2). The maxima amount of this prod-
uct (49%) was obtained over the Al75Zr25 composite. The minima
amount of cis-2-octene (35%) was  obtained over Al50Zr50 com-
posite. The second major product of 2-octanol conversion was
1-octene. The maxima amount of this product (40%) was  observed
over Al25Zr75 composite and minima amount (26%) was obtained
over alumina. The 1-ene/2-ene selectivity for the reaction of 2-
octanol over pure ZrO2 prepared under acidic condition was  0.47
(Table 2). This value for zirconia prepared under basic condition
was 4.24 (1-octene 80.5%, trans-2-octene 11.5%, and cis-2-octene
7.5%) which is recently reported by Davis and Chokkaram [37].
Apparently, the basic sites of zirconia are protonated under acidic
condition which promote the formation of 2-ene. Stronger basic
condition or basic sites are required for the formation of 1-ene.
The difference between this work and Davis and Chokkaram results
are reasonable and complement to the Ferino et al. [35,38] report
which examine the effect of preparation conditions of ZrO2 cata-
lysts for the dehydration reaction of 4-methylpentane-2-ol. They
reported that 2-ene is a major product over ZrO2 prepared using
zirconyl nitrate. The best selectivity for 1-ene was  obtained when
the precursors were immersed in NaOH. Apparently, the basic sites
of zirconia are protonated under acidic condition (this work) which
promote the E2 elimination. Stronger basic condition or basic sites
are required for E1cb mechanism [35–38].

For DPP dehydration (Scheme 1, Table 3), the major product in all
catalysts (>50%) is 1-alkene; and the best selectivity was observed
for Al25Zr75 composite. For Al75Zr25 composite, the second major
product was Z-2-alkene. These results predict high Z/E selectivity
for Al75Zr25 composite.

Conversion percentage of 2-octanol and DPP over amorphous
(calcined at 600 ◦C) and crystalline (calcined at 1000 ◦C) Al50Zr50
composite as a function of reaction time (60 min) is presented
in Figs. 7 and 8. The amorphous catalyst converted 25% of
2-octanol to a mixture of cis-2-octene (35%), 1-octene (34%),
trans-2-octene (24%), dioctyl ethers (1.3%), isomerization product
(3-octenes, 1.3%), dehydrogenation product (2-octanone, 2.7%) and
1.7% unknown side products. The crystalline catalyst converted

1.20% of 2-octanol to a mixture of cis-2-octene (28%), 1-octene
(26%), trans-2-octene (17%), 3-octenes (0%), dioctyl ether (0%) and
unknown (29%) side products (Tables 1 and 2). These results indi-

O2 composites at 280 ◦C.

2-Octanone Dioctylether Others 1-Ene/2-ene Cis/trans

0 0.4 0.6 0.38 2.00
0 0.5 0.5 0.57 3.50
2.7 1.3 1.7 0.58 1.46
0 0 29 0.58 1.65
0 1.1 2.1 0.70 4.18
3.7 1.4 2.3 0.47 1.61
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Scheme 1. Schematic representation of DPP dehydration reaction.

Fig. 7. % Conversion of 2-octanol ( crystalline; amorphous) and DPP ( crys-
talline; amorphous) over Al50Zr50 catalysts at 280 ◦C (reaction temperature).
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cated moderate activity for 2-octanol conversion over amorphous
mixed oxide catalyst with interesting product selectivity (equal
distribution of cis-2-octene and 1-octene) and 7% side products.
Conversion of 2-octanol over crystalline phase was  very low pro-
ducing similar distribution of octenes as amorphous catalyst and
29% side products under the same conditions. The conversion of
2-octanol and DPP over pure �-alumina which was  prepared at
600 ◦C was  44% and 98% and over pure zirconia (mixture of t- and m-
phases) was 13% and 98%, respectively. The product selectivity for
the reaction of 2-octanol over pure �-alumina was 1-alkene (26%),
trans-2-octene (23%), cis-2-octene (46%), 3-octenes (4%), dioctyl
ethers (0.4%), 2-octanone (0%) and side products (0.6%) and for the
reaction of 2-octanol over ZrO2 was  1-octene (28%), trans-2-octene
(21%), cis-2-octene (38%), 3-octenes (5.6%), dioctyl ethers (1.4%),
2-octanone (3.7%) and side products (2.3%).

DPP was  converted (88%) over amorphous Al50Zr50 catalyst to a
mixture of 2-alkene (33% E-alkene and 12% Z-alkene) and 1-alkene
(55%). The crystalline catalyst converted 87% of DPP  to 1-alkene
(28%), E-2-alkene (70%) and Z-2-alkene (2%). The conversion of DPP
over both catalysts was  very high producing mostly 1-alkene over
amorphous catalyst and E-alkene (which increased at the longer
time on stream) over crystalline form (Figs. 7 and 8). The Z-2-
alkene (%) approached zero at the final times on stream. The product
distribution (%) of the reaction of DPP was 1-alkene (54%), E-2-
alkene (33%) and Z-2-alkene (13%) over pure ZrO2. This selectivity
for the DPP conversion over pure �-alumina was 1-alkene (50%),
E-2-alkene (28.5%) and Z-2-alkene (21.5%), Table 3.

Pure ZrO2 (mixture of m and t-ZrO2 phases) converted 13% 2-
octanol and 98% DPP, while crystalline 50:50 mixed oxide (mixture
of t-ZrO2 and �-alumina) converted 1.2% 2-octanol and 87% DPP.
�-Al2O3 is an inactive catalytic toward the dehydration of alco-
hols. This indicates that zirconia (of the mixed oxide prepared
at 1000 ◦C) is active catalyst for the dehydration of alcohols. The
low reactivity of 2-octanol over the crystalline Al50Zr50 catalyst
is consistent with low surface area (there are limited active sites,
pores and crevices to undergo concerted elimination to kinetic
controlled products). The small amount of kinetically controlled
octenes was produced over this surface. Adsorption and isomer-
ization of these alkenes over the surface also was  ruled out. At
very low conversion of 2-octanol and relatively low tempera-
ture, the rate of 2-octanol adsorption over the surface is much
faster than the adsorption of alkenes. Generally, isomerization
of alkene over the catalyst surface produces the thermodynami-
cally controlled products which were not observed in this work.
In the case of 2-octanol conversion over the crystalline catalyst,
both E1 and E2 mechanisms are competing. The E1 mechanism
is responsible for the formation of the large amount of secondary
products (29%).

The high conversion and unusual product selectivity of DPP
over both amorphous and crystalline Al50Zr50 catalyst were unpre-
dictable. The high reactivity of DPP over both catalysts must be a
result of stronger adsorption of DPP than 2-octanol over the sur-
face which is due to the higher electron density of phenyl groups
in comparison to the alkyl chain (minimum surface is required for
high conversion of DPP). The unusual selectivity must stem from the
structural feature of transition state for each isomer on the surface
which favors the formation of 1-alkene (55%) over the amorphous
catalyst and E-2-alkene (70%) over the crystalline form. These two
pathways must have the most feasible conformation and geome-
try in the transition state with the lowest activation energy. The
thermodynamically controlled mixture of alkenes was expected to
form over the low surface area catalyst. The ZrO2 tetragonal phase

favors the formation of 1-alkene; and �-Al2O3 is an inactive cat-
alytic toward the dehydration of alcohols. This indicates that in the
crystalline mixed Al2O3/ZrO2, alumina is apparently poisoned by
the catalytic activity of tetragonal zirconia. In other words, doping
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f t-ZrO2 with aluminum atoms generates a catalyst with specific
ctivity and selectivity.

. Conclusions

Mixed Al2O3–ZrO2 composite with different compositions were
repared by sol–gel method and characterized by XRD, SEM, TGA
nd FT-IR. Chemically mixed oxide composites calcined at 600 ◦C
re amorphous with no distinct XRD pattern. At 1000 ◦C the amor-
hous phase of mixed oxide was transformed to a crystalline
hase which consists of t-ZrO2 and trace of �-Al2O3. This feature
as observed by TGA and XRD pattern of Al50Zr50. Mechanically
ixed Al50Zr50 composite have XRD pattern similar to those of

ure �-alumina and t, m-zirconia. The specific BET surface area for
he Al50Zr50 after calcination at 600 and 1000 ◦C was 104.2 and
.3 m2/g, respectively. The NH3-TPD data complements the BET
nding.

Evaluation of catalytic activity and selectivity for dehydration
f mixture of 2-octanol and DPP was investigated. Reactivity of
-octanol was decreased by increasing the zirconium content.
his trend was not observed for DPP dehydration. Selectivity for
he formation of 1-octene and cis-2-octene was increased for
l25Zr75 composite. Octenes isomerization and dehydrogenation
as observed only for the Al50Zr50 composite and pure zirconia.
inimum ether was formed for the reaction of 2-octanol over

l75Zr25 composite. The formation of 1-alkene was increased at
he expense of Z-2-alkene for the dehydration of DPP over Al25Zr75
omposite.

The amorphous and crystalline Al50Zr50 catalysts showed mod-
rate and very low reactivity for the conversion of 2-octanol
espectively, and high conversion for DPP. The crystalline form
electively dehydrated the tertiary alcohol (DPP) in the pres-
nce of secondary alcohol (2-octanol) producing E-alkene. The
morphous mixed oxide produced the least stable kinetically
ontrolled 1-alkene. This feature of new crystalline Al2O3-ZrO2
50 wt.%) composite has not been reported elsewhere up to this
ate.
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