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Abstract

In this study, characterization of vanadia supported on Al-modified 
titania nanotubes (TiNTs) synthe-sized by the alkaline hydrothermal 
treatment of TiO2 powders has been reported. A promising catalyst 
for oxidative dehydrogenation (ODH) of propane was prepared via the 
incipient wetness impregnation method. The morphology and crystal-
line structure of TiNTs were characterized by transmission elec-tron 
microscopy (TEM) and X-ray diffraction (XRD). TiNTs provided large 
specific surface areas of about 408m2/gr and 1.603cm3/gr for pore 
volume. Rapid sintering and anatase to rutile phase transformation oc-
curred in presence of vanadia in the catalysts at high calcination tem-
perature. Al-promoted TiNTs considerably inhibited the loss of surface 
area so that a superior catalytic activity was observed in the ODH of 
propane along with amelioration of structural properties. The results 
showed 49.7% increase in propane conversion and 22.6% increase in 
propylene production at 500οC for Al-modified catalyst.

Keywords

Aluminium;
Oxidative dehydrogenation;
Propylene;
Titania nanotubes;
Vanadium oxide catalysts.

Introduction1

* Corresponding Author.
Tel./Fax: +982182883311
Email: towfighi@modares.ac.ir (J. Towfighi)

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Introduction 
roducing propylene oxide, polypropylene, 
paints, and plastics by several petrochemi-
cal and polymer processes along with the 

growth of world demand for these products de-
pends on propylene as a key component in this 
industry [1, 2]. Oxidative dehydrogenation (ODH) 
of propane as a process for propylene production 
has received great attention in recent years. The 
advantages of this process include: (1) elimination 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
of thermodynamic limitation, (2) low energy con-
sumption, and (3) inhabitation of catalyst regen-
eration cycles. On the other hand, the simultane-
ous attendance of the propylene and propane in 
the reaction zone has been reported as the major 
obstacle in ODH process in the literature [3-6]. 
The catalytic systems based on vanadia are prom-
ising catalysts for the partial oxidation of hydro-
carbons, especially at low loading of vanadium 
not exceeding a monolayer. They have been wide-
ly studied in ODH processes. It has been reported 
that the vanadia catalysts with coverage near the 
monolayer are the most active and selective cata-
lysts, since they confine the formation of second-
ary oxygenated reaction products [7-9]. Vanadi-
um oxides have been used as an active compo-
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nent to MgO, γ-Al2O3, SiO2, and TiO2 [9-12]. 
Among all the reported catalytic systems, vanadi-
um catalytic systems supported on TiO2 have 
been found as the active and selective ones for 
selective catalytic oxidation and reduction reac-
tions [10-14]. However, the main drawbacks as-
sociated with Titania are its lack of abrasion re-
sistance, relatively rapid sintering, and low sur-
face area that occurs at high temperatures [13-
15]. 
Recently, several research groups have reported 
other active phases such as Pt-nanocrystals, WOx, 
and Au-Rh. decorated on Titania Nanotubes 
(TiNTs), which are used for various chemical re-
actions with good results. TiNTs are highly active 
in propane ODH due to the large specific surface 
area and nano-scale structures, which increase 
the potential of reactive zone for the reaction. 
However, TiNTs suffer from low thermal stability. 
This obstacle can be tackled by modification of 
physico-chemical properties of TiNTs through 
doping with various species as promoters [16-
20]. Furthermore, Reddy et al. [21] reported tita-
nia-based mixed oxide support with alumina and 
silica that had high surface area and thermally 
stable support. De Leon et al. [22] reported good 
thermal stability of their catalyst support in the 
presence of aluminum. 
This study investigates employing modified 
TiNTs as support for vanadium oxide based cata-
lysts to improve their thermal stability. Effects of 
the addition of aluminum to the support will also 
be discussed. Finally, morphology and catalytic 
performance of the prepared catalysts in oxida-
tive dehydrogenation of propane are reported. 
 

2. Experimental 
2.1. Synthesis and modification of Titania 
nanotubes 

TiNTs were synthesized [1] as follows: 2.1gr of 
commercial Degussa P25 powder was used as 
precursor, mixed with 200mL of 10M aqueous 
solution of NaOH in a perfluoroalkoxy (PFA) bot-
tle. In this step, 1% (w/w) aluminum nitrate non-
hydrate was dispersed in the mixture and stirred 
for 30min to synthesize Al-modified TiNTs. Then, 
the resultant solution was poured into Teflon-
lined stainless steel autoclave up to 80% filling 
ratio of internal volume and kept at 140οC under 
autogenous pressure for 24h in an oven. Subse-

quently, it was cooled down to ambient tempera-
ture. After the hydrothermal synthesis, discharge 
from PFA bottle, centrifugation, and acid washing 
by the 0.1M dilute solution of HNO3 for several 
times, pH value of the rising solution reached 
about 1. The resultant white precipitate was re-
peatedly washed with abundant deionized water 
to reduce Na content with ion-exchange process 
until the pH value of supernatant approached 7. 
Finally, the sediment was dried at 110οC for 24h 
in the oven. 
 
2.2. Elaboration of the catalysts 
The incipient wetness impregnation procedure 
was used to elaborate the two kinds of catalysts 
(modified and unmodified) containing 5wt% va-
nadium. Predetermined amounts of oxalic acid 
and ammonium metavanadate (molar ratio=2) 
were added to the specified deionized water ac-
cording to the total pore volume of the supports. 
Then, it was stirred at 70οC after observing a dark 
blue (puke) solution. The calcined synthesized 
support was mixed into it. After the formation of 
a paste, the obtained samples were aged for about 
5h, followed by drying at 110οC for 24h in the 
oven. The resulting samples were calcined in stat-
ic air at 500οC. These prepared catalysts were 
termed VT and VALT. The one with 5wt% V2O5 
supported on AL-modified titanate nanotubes 
was referred to as VALT. 
 
2.3. Characterization 

X-ray diffraction (XRD) of the prepared samples 
was performed with a Philips PW1800 diffrac-
tometer system utilizing Kα radiation from Cu 
target (λ=1.5418 Å). The diffraction intensity was 
measured over an angular range of 5◦< 2θ < 70◦ 
with 2θ step of 0.04◦ and a count time of 2 sec-
onds per point. 
To determine the morphology of the prepared 
samples, TEM measurement was done by employ-
ing transmission electron microscope “JEOL” JEM-
2100 (200kv) equipped with an analytical system 
for energy dispersive X-ray spectrometry (EDX). 
The specific surface areas (SBET) of the prepared 
fresh and spent samples were determined from 
the Nitrogen adsorption-desorption isotherms 
using the Brunauer-Emmett-Teller (BET) mul-
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tipoint equation. The apparatus used for the stud-
ies was a BELSORP Mini II analyzer.  
The Raman spectroscopy was performed using a 
Bruker spectrophotometer (SENTERRA (2009)) 
equipped with high-energy laser diodes and a 
CCD detector (Andorf). A 785nm diode laser op-
erated at 25mW was used for excitation. All spec-
tra were recorded at a 2cm-1 resolution. 
 
2.4. Catalytic tests 

The catalytic tests for oxidative dehydrogenation 
of propane were performed in a fixed-bed down-
flow micro reactor with external diameter of 
8mm and wall thickness of 1mm at atmosphere 
pressure. The reactor was heated in an electric 
furnace with a k-type thermocouple. In a blank 
run at 500οC, the catalytic activity of the reactor 
full-packed with quartz wool was verified to be 
negligible. Typically, the flow rate of reactants 
was controlled at oxygen/propane molar ratio of 
1 and in a total flow rate of 100ml.min-1 using cal-
ibrated mass flow controls (sevenstar). The mix-
ing was done before contact with the catalyst. 
 

 
Figure 1. Schematic diagram of experimental setup 

 
For each test, 100mg of catalyst was used. The 
catalyst was homogenously diluted with 100mg 
silicon carbide. The prepared samples were held 
on a plug of quartz wool. The catalysts were acti-
vated at 300οC for 30min under zero air flow 
(20ml.min-1) and the catalytic activity was deter-
mined at 300-500οC by steps of 50οC. After 
30min, at each temperature, a sample of outlet 

gas mixture was extracted and analyzed online 
using Varian CP-3800 gas chromatograph. The 
results were presented as C3H8 conversion and 
selectivity toward C3H6 was calculated on a car-
bon atom basis. The molar yield of C3H6 was de-
termined as the product of the C3H8 conversion 
and C3H6 selectivity. Carbon balance for all cata-
lytic tests was established and found to be be-
tween ± 5%. A schematic diagram of experi-
mental setup is shown in Fig. 1. 

Propane Conversion = ∑ (𝑛𝑛𝑖𝑖×𝐶𝐶𝑖𝑖)𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖
3× 𝑛𝑛𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

 

Propylene Selectivity = 3× 𝑛𝑛𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
∑ (𝑛𝑛𝑖𝑖×𝐶𝐶𝑖𝑖)𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖

 

Yield of propylene production = propane conver-
sion × propylene selectivity 
where ni is the moles of component “i” and Ci rep-
resents the number of carbon atoms of compo-
nent “i”. 

 

3. Results and Discussion 
In order to investigate phase structure of the pre-
pared samples, x-ray diffraction experiment was 
performed. The XRD pattern presented in Fig. 
2(TiO2-Degussa) indicates that the raw TiO2 used 
as starting material for synthesis of TiNTs was 
fine anatase composition in the major phase dif-
fraction peaks at 2θ =25.3ο, 36.8ο, 38ο, 48.1ο, 
53.8ο, 55.1ο, and 62ο that corresponded to (1 0 1), 
(1 0 3), (0 0 4), (2 0 0), (1 0 5), (2 1 1), and (2 1 3) 
planes, respectively (JCPDS: 21-1272).  

 Figure 2. XRD patterns for all prepared samples 

 
After alkali hydrothermal treatment followed by 
ion-exchange, the anatase phase of Degussa P25 
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was transformed into TiNTs. XRD pattern indi-
cates 3 broad peaks, as shown in Fig. 2(TiNTs and 
AL-TiNTs) at 2θ =8.5ο, 24.5ο, and 48.6ο, which 
correspond to (0 0 1), (0 0 3), and (0 2 0) planes, 
respectively, which may be assigned to 
H2Ti5O11.H2O (JCPDS: 44-0131). The absence of 
aluminum species diffraction lines in Fig. 2(AL-
TiNTs) may be due to the fine dispersion. More 
precisely, weak peak of Na2Ti3O7 could be ob-
served at 10ο, which indicates that the crystalliza-
tion did not occur completely because of the low 
protonated degree during acid washing step. This 
diffraction peak around 10ο corresponds to the 
interlayer spacing between titanate sheets [23-
26]. 
Fig. 2(VT and VALT) shows the XRD patterns of 
the catalysts containing vanadia. According to the 
results of Kootenaei et al. [27], the absence of 
characteristic peaks for vanadia are expressed 
through tiny vanadia crystals with concentrations 
and/or sizes outside the detection capacity of dif-
fractometer or very fine dispersion of vanadia 
species on TiNTs. Various vanadia species can be 
detected according to the synthesis conditions of 
catalysts, type of the support, and the amount of 
vanadia loading. Lopez Nieto et al. [28] reported 
that the required molecules of vanadia for each 
cm2 of support surface was 4.98 ×1014 to achieve 
a complete coverage. Higher loading tends to de-
velop a crystalline phase. Hydrogen titanate 
nanotubes in the VALT sample demonstrate 
stronger peaks. Since the catalysts preparation 
conditions, especially calcination period in 500οC, 
led to collapse of TiNTs in VT catalyst and in the 
presence of vanadia, rapid sintering and anatase 
to rutile phase transformation occurred. Howev-
er, some of TiNTs in AL-modified catalysts col-
lapsed and others were reshaped to different 
nanostructures during the calcination at 500οC 
under static air. Therefore, AL had significant role 
in the thermal stability of titania nanostructures, 
because the intensity of diffraction peak around 
8.5ο corresponding to them rarely changed. In 
addition, AL modification led to hindering the 
anatase to rutile phase transformation upon va-
nadia decoration in VALT catalyst. 
The TEM approach was performed in order to 
determine the morphology of TiNTs. Fig. 3 dis-
plays the transmission electron microscopy im-
age of TiNTs; it can be seen that numerous ran-
domly garbled open-ended tubular structures 
were produced. According to the surface mor-

phology of supports, addition of AL to the TiNTs 
obviously affected thermal stability in the calcina-
tion treatment at 500οC under static air, and some 
TiNTs and nanostructures remained in compro-
mise with the pure TiNTs, which completely col-
lapsed. The supports were analyzed by EDX to 
study the surface composition of elements (Figs. 4 
and 5). The results revealed the presence of Na in 
both synthesized supports because of the low 
protonated degree during acid washing step, 
which was in line with XRD results; furthermore, 
they proved the presence of AL in AL-TiNTs. 
 

   
Figure 3. Transmission electron microscopy images of 
synthesized (a) TiNTs and (b) AL-TiNTs supports 

 

 

Figure 4. EDX dot mapping analysis of synthesized TiNTs 

 
Table 1 lists the quantitative values of specific 
surface area and the pore volume for all prepared 
samples obtained by the representative N2 ab-
sorption-desorption experiment. It can be noted 
that the specific surface area of TiNTs calculated 
using BET equation in N2 isotherm significantly 
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using BET equation in N2 isotherm significantly 

 
 

increased from 52m2/gr to 408m2/gr for the 
sample before the hydrothermal treatment. The 
measured pore volume of TiNTs increased mark-
edly to 1.603cm3/gr, which was much larger than 
that of TiO2 precursor by a factor of about 5. That 
may be due to the formation of hollow-tubular 
structure by TiO2 nanoparticles. Slight decreases 
in specific surface area and pore volume were 
founded for ALTiNTs sample and aluminum load-
ing was responsible for these changes. However, 
the specific surface area for the catalysts calcined 
at 500οC significantly decreased due to the aggre-
gation. However, the presence of aluminum had 
an important effect on the dehydration caused by 
heat treatment, as previously mentioned by XRD 
(see Fig. 2). Therefore, the specific surface area of 
VALT catalyst (97m2/gr) increased by about 30% 
from support (Al-TiNTs) in comparison with VT 
catalyst (78m2/gr), which had lower specific sur-
face area than the pure TiNTs. 
 

 
Figure 5. EDX dot mapping analysis of synthesized AL-
TiNTs 

 

Table 1. Values of specific surface area and pore volume 
for all prepared samples 

Samples as (m2/gr) Vp (cm3/gr) 
TiO2 (Degussa P25) 52 0.351 
TiNTs 408 1.603 
Al-TiNTs 332 1.165 
VT 78 0.732 
VALT 97 0.856 

      
Since Raman spectroscopy can supply the catalyt-
ic molecular structural data in various environ-
mental conditions, it is a very versatile character-
ization test for the supported metal oxides [29]. 
The Raman spectra of TiNTs after acid treatment, 
followed by ion-exchange process, are presented 
in Fig. 6(a), which include two main characteristic 
peaks at 275 and 455cm-1 along with other clear 
less intense peaks at 195, 393, 673, 838, 903, and 
923cm-1. Anatase active bands are 144, 200, 400, 
505, 640, and 796cm-1, by which two weak bands 
at 195 and 393cm-1 are detected [30-32]. 
The indexation of the peaks in the Raman spectra 
of TiNTs is notably challenging. Recently, Toledo 
et al. [33] reported the broad peaks at 145,192, 
278, 380, 450, 645, 700, 830, and 903cm-1 for 
similar titanate nanotubes. Clearly, the bands at 
145, 192, and 640cm-1 are related to titania, pro-
posing a combination of titanium oxide phases, 
that is, anatase and TiNTs are present. The peaks 
at 455 and 673cm-1 are assigned to Ti–O–Ti vibra-
tion and the band at 903cm-1 is related to Ti–O–
Na vibrations in the interlayer zones of TiNTs [29, 
32]. Further, new research has reported Raman 
bands at 266, 448, 668, and 917cm-1 for TiNTs 
[33]. 

 
Figure 6. Raman spectra of TiNTs after acid treatment of 
AL-TiNTs, VALT, and VT samples 
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Qian et al. [34] reported that the band at 266cm-1 
was attributed to Ti-O-H bonds. It was suggested 
that these bonds had substantial role in formation 
and stability of TiNTs. Nevertheless, in Raman 
spectra of our prepared sample, the vibrating 
bands at 266, 450, and 668 cm-1 are shifted to 
275, 455, and 673cm-1, respectively. The peak 
intensity at 903cm-1 is insignificant due to the low 
Na content remaining after acid washing. Waches 
et al. [29] reported that the band at ∼923cm-1 
corresponded to an overtone of the 453–458 
band, unlike the previous literature that assigned 
it to Na-O-Ti. 
A survey of literature reveals that the surface va-
nadium oxide in the titanium oxide and crystal-
line V2O5 has two forms of vanadia, which are 
present in Raman characterization of freshly pre-
pared V2O5 supported TiO2 catalyst. Raman bands 
at 141, 191, 281, 406, 526, 697, and 997cm-1 are 
ascribed to the bulk of V2O5 for V2O5 supported 
TiO2 catalyst. The major peak of V2O5 crystalline 
is at 997cm-1 and is related to V=O stretching 
mode [35]. 
The Raman spectra of hydrated surface vanadium 
oxide over TiO2 consist of two relatively broad 
bands at 795 and 930cm-1, which are placed with 
a singlet band at 1025cm-1 in dehydration proce-
dure. It is shown that anatase to rutile transfor-
mation begins by heat temperature treatment, 
leading to decrease in the surface vanadia. How-
ever, as Fig. 6(c and d) shows, the hollow-tubular 
structure of TiO2 is significantly destroyed for the 
catalysts calcinated at 500οC under static air. This 
result is related to the aggregation. The presence 
of aluminum has important effect on the dehydra-
tion caused by heat treatment, leading to the col-
lapse of VT catalyst. The band at 266cm-1 is at-
tributed to Ti-O-H bonds, which has an insignifi-
cant intensity compared to that in the VALT cata-
lyst. This bonds have substantial role in formation 
and stability of TiNTs. During high-temperature 
calcination, the destruction of tube-like structure 
two Ti-OH bond release H2O and a Ti-O-Ti bond 
which tend to formation of anatase phase [36]. 
This is in agreement with the BET analysis. 
The catalytic performance of both samples in 
ODH of propane has been evaluated. The obtained 
results in temperature range of 300-500οC are 
depicted in Fig. 7. In the ODH of propane reaction 
system, CO, CO2, and H2O were also produced in 
addition to propylene as desired products. More-
over, traces of methane and ethylene were also 

formed at higher temperatures as cracking prod-
ucts.  
 

 
Figure 7. The catalytic performance for ODH of propane 
over VALT and VT catalysts 

 
As shown in Fig. 7, the conversion of propane in-
creases with increase in temperature and the se-
lectivity toward the propylene decreases due to 
the emergence of carbon oxides. A general trend 
indicates the trade-off relationship between the 
propane conversion and the propylene selectivi-
ty. These results are in agreement with the sug-
gested parallel-consecutive reaction, such as the 
ODH of propane reaction. Other researchers have 
also reported the low propylene selectivity for 
vanadia catalysts supported by titania 
nanoshapes [19, 27]. 
As shown in Fig. 7(a), the values of propane con-
version as functions of reaction temperature for 2 
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samples are presented. The conversion levels are 
different on both samples, indicating the higher 
activity of the VALT catalyst with aluminum con-
tent. It seems that VALT catalyst consists more 
active catalytic sites than VT catalyst does. This 
behavior must be attributed to the decrease in 
specific surface area due to the rapid sintering, 
which occurs at temperatures above 400οC, as 
reported by Chunyi et al. [36]. This could be in 
line with the specific surface area measured via 
BET analysis. It should be noted that the specific 
surface area of VT is lower than that of VALT, 
which contains the same amount of vanadium 
oxide. Comparing BET surface area, the surface 
area decreases slightly during the calcination 
treatment due the presence of aluminum. Al has 
important influence on the thermal stability and 
the inhibition of anatase to rutile phase transfor-
mation in the sample. 
Nevertheless, the propylene selectivity versus 
propane conversion profile remains the same, 
demonstrating that relative concentration of sur-
face vanadia species and amount of crystalline 
vanadium oxide phase as different active sites 
remain the same. Since all VOx species are highly 
dispersed on the surface of catalysts, as illustrat-
ed by the XRD and Raman studies, there is incon-
siderable variation of propylene selectivity 
among the catalysts when compared under iso-
conversion. 
As seen in Fig. 7(c), the molar yield of propylene 
production as a function of reaction temperature 
for both samples is presented. The results con-
firm 49.7% increase in the propane conversion 
and 22.6% increase in propylene production yield 
at 500οC for Al-modified catalyst due to the de-
sired physicochemical properties compared to VT 
catalyst. 
 

4. Conclusion 
Hydrothermal synthesized TiNTs provided the 
sample with high specific surface area and larger 
pore volume in comparison with the TiO2 precur-
sor. However, the catalyst with vanadia had low 
surface area due to rapid sintering and anatase to 
rutile phase transformation. Characterization 
methods revealed that doping aluminum in the 
support had obvious effect on the texture proper-
ty, crystal structure upon heat treatment, and 
catalytic activity in the oxidative dehydrogena-

tion of propane to propylene. 49.7% increase in 
propane conversion and 22.6% increase in pro-
pylene production yield at 500οC were observed 
for VALT catalyst compared to VT catalyst, which 
could be attributed to the presence of aluminum 
in the synthesized support. 
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