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Samples of V,0O, catalysts supported on nanostructures of TiO, and y-Al,O, were
synthesized through the hydrothermal method and used for the oxidative dehydrogena-
tion of propane (ODHP) to propylene. The TiO, support was utilized in both commercial
microstructure and synthesized nanostructure forms. Moreover, the y-Al,O, support was
synthesized through chemical and precipitation methods. The vanadium catalyst was
then deposited onto the hybrid of the TiO, and y-Al,O, materials. All prepared catalysts
were characterized through the BET, FESEM, FTIR, XRD and TPR techniques. Perfor-
mances of the synthesized catalysts were subsequently examined in a fixed-bed reactor.
The main products were propylene, ethylene and CO,. The prepared catalysts over TiO,
and y-Al,O, were evaluated under reactor test conditions of 500 °C, feed of C,H,/air with
molar ratio of 0.6, and total feed flow rate of 90 mL min'. These resulted in optimum
values of 35.53 and 23.88 % for the propylene selectivity and propane conversion, re-
spectively 6 h after the start of the reaction. The comparison of performances made be-
tween the synthesized materials and those available in the open literature for the ODHP

reaction was indeed satisfactory.

Key words:

oxidative dehydrogenation, nanostructure, V,0., hydrothermal method, TiO,/Al O,

Introduction

Propylene is an important raw material and ex-
tensively used in the petrochemical industry. There
has been a continuously growing demand for pro-
pylene in recent years around the world' . The ma-
jority of propylene is produced as a byproduct from
processes such as steam cracking of naphtha and
fluid catalytic cracking (FCC)*°. Additional sources
of propylene included dehydrogenation of propane,
olefin metathesis, and natural gas-based processes.
The strong demand on propylene has stimulated
studies focused on development of new methods of
propylene production from alternative substrates
and improvement of the propylene yield from the
existing processes®. Yet, an additional source of pro-
pylene was dehydrogenation of propane. This in-
deed was of considerable industrial importance
since it represented a route economically upgrading
low-cost saturated propane into the more expensive
propylene’. Even though dehydrogenation of pro-
pane was more selective than the established pro-
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cesses, its yield of propylene was strongly influ-
enced by the process conditions, including
temperature, feed, and contact time. Byproducts
obviously increased the separation costs and coke
formation enforcing frequent catalyst regeneration®.
The addition of O, in terms of N,O to the reaction
mixture allowed performing exothermic oxidative
dehydrogenations (ODHs). The process had no
thermodynamic limitations and prevented the
growth of carbonaceous deposits over the catalyst’.
The development of active and selective catalytic
materials for the oxidative dehydrogenation of light
alkanes to their corresponding alkenes has been the
focal study point of many academic and industrial
research groups'®! through which, usually, the
Mars—van Krevelen mechanism was assumed for
the ODHP reaction. To begin with, the propane re-
acted with the lattice oxygen of the oxidic catalyst,
such as V,O, through which the first and then sec-
ond hydrogen were abstracted from the hydrocar-
bon molecule. This formed two OH~ groups on the
surface of the catalyst coupled to produce water and
desorb from the solid surface. In this venue, the
propylene yield of 10 % was usually considered
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very satisfactory (e.g., for 20 % propane conversion
with 50 % propylene selectivity)®. The selection or
development of an appropriate catalyst for each of
these reactions under low temperature conditions
and in the presence of oxygen might have promoted
the light alkanes activation towards formation of
highly selective alkenes. The achievement of this
was indeed a challenging task. Different catalytic
systems were reported to be active and selective in
the ODHP process. Examples of these included sup-
ported vanadia catalysts, metal tungstates, metal
molybdates, metal phosphates, Keggin-poly-
oxo-tungstates and supported transition metal ox-
ides®. Transition metal oxides were commonly used
for the oxidation of hydrocarbons®'"*. Amongst the
catalysts developed, those that contained vanadia
demonstrated higher activity and selectivity towards
the ODHP?®**+26, Moreover, supported vanadium
oxides attracted much attention due to their higher
performance, better thermal stability, and larger sur-
face area®*?"?%, Furthermore, vanadia was also com-
monly used on metal oxide supports, including
TiO,, SiO, and AL O, for such purposes®. The cata-
lytic performance of vanadia-supported catalysts in
the ODH of alkanes depended on the nature of the
support, the preparation procedure, and the vanadia
loading®'. Acidic and basic natures as well as the
redox characters revealed to be the most important
factors affecting the performance of the selective
oxidation catalysts. Corma et al. found that, in the
ODHP, the most selective catalysts were obtained
with V supported upon basic rather than acidic met-
al oxides. Arena et al. reported that the reactivity of
V upon various supports was highest when deposit-
ed on amphoteric oxides (e.g. TiO,)*. Doping of
V,0/TiO, catalysts with alkali metals was investi-
gated by Aranda et al., who provided interesting re-
sults making a connection between the catalyst per-
formance in the ODH of propane and its surface
characteristics™®.

This research investigates the catalytic activity
of the V, Oj catalyst decorated onto TiO, and y-Al,O,
by the hydrothermal method utilized in the ODHP
reaction. The synthesized catalysts were character-
ized by the BET, XRD, FTIR, H,-TPR and FESEM
techniques. Moreover, the evaluation of the as-syn-
thesized catalyst along with the precursor effects on
the template nanostructure preparation (i.e. AlO,
prepared through ammonium hydrocarbonate and
sodium hydroxide) were studied in a conventional
fixed-bed reactor at 500 °C, feed of C,H,/air with
molar ratio of 0.6, and total feed flow rate of
90 mL min'. The novelty of this study was to pro-
vide a simple yet effective catalyst synthesis route
towards achieving a better performance of the
ODHP reaction.

Experimental

Catalyst preparation

Synthesis of the TiO, nanorods
by the hydrofhermafmefhod

A commercial TiO, powder (Merck) was used
as a starting material. A total of 2 g of TiO, powder
and 25 mL of 10 M NaOH aqueous solution were
put into a Teflon-lined stainless steel autoclave.
This was heated and stirred at 150 °C for 48 hours.
Thereupon, it was naturally quenched to room tem-
perature. The obtained precipitate was then washed
several times with distilled water, filtered, and
transferred into a 500 mL of 0.1 M HCI aqueous
solution and stirred for 24 hours. This HCI treat-
ment was repeated three times in order to remove
residual Na*. The obtained precipitate was washed
with distilled water for several times, and dried at
80 °C.

Synthesis of the Al,O, nanorods
by the precipitation method

A 0.1 M solution of aluminum nitrate (AI(NO,), -
9H,0, Merck) and 0.4 M solution of ammonium
hydrogen carbonate (NH,)HCO,, Merck) were pre-
pared. The aluminum nitrate solution was added
drop-wise to a precipitation vessel containing dis-
tilled water under vigorous mixing at 70 °C. The
ammonium hydrogen carbonate solution was then
added to the precipitation vessel at an adjusted rate
assuring a nearly constant pH for the solution at ap-
proximate value of 8.0 during the experiment. After
precipitation was complete, the dried precipitates
were digested for 3 h at 70 °C under mild mixing
conditions. The precipitates were then filtered and
washed with ethanol and acetone (composition of
50-50 % v/v), respectively, to remove residual sodi-
um contamination. The resulting precipitates were
dried at room temperature and calcinated in air at
550 °C for 5 hours. The precipitation experiment
was repeated with sodium hydroxide (NaOH) as the
precipitating agent, utilizing the same conditions
outlined above for the ammonium hydrogen car-
bonate.

Synthesis of V,O, over a hybrid of TiO, and Al,O,
by the hydrothermal method

Titanium dioxide in two types, including synthe-
sized nanostructure and commercial microstructure,
as well as prepared alumina in two types designated
as AL,O,-typel (using ammonium hydrogen carbon-
ate as the precipitating agent) and y-Al O,-type2
(using sodium hydroxide as the precipitating agent)
were prepared by the precipitation method in a
Al:Ti molar ratio of 1:1 dissolved in 200 mL of eth-
anol. The solution temperature was raised to 80 °C
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under vigorous stirring for 90 minutes. This solu-
tion and 20 mL of water were added to a Tef-
lon-lined autoclave with a stainless steel shell kept
at 200 °C for 36 hours. The resulting precipitate
was neutralized by filtering and washing. This pre-
cipitate was then washed with a solution of ethanol
and n-hexane (composition of 50-50 % v/v), dried
at 80 °C for 12 h to ultimately obtain titanium di-
oxide over Al O,. The samples were subsequently
calcined at 400 °C for 2 h under nitrogen atmo-
sphere.

The vanadium pentoxide (V,0,) and TiO,/y-AlL O,
in a molar ratio of 1:1 were then dissolved in 50 mL
of ethanol and 50 mL of distilled-deionized water.
The solution temperature was raised to 80 °C under
vigorous stirring for 60 minutes. This solution was
then added to a Teflon-lined autoclave with a stain-
less steel shell kept at 200 °C for 24 hours. The re-
sulting precipitate was neutralized by filtering and
washing. This material was then washed with a
solution of ethanol and n-hexane (composition of
50-50 % v/v), dried at 80 °C for 12 h to ultimately
result in V O, over TiO,/y-Al,O, catalyst. The sam-
ples were subsequently calcined at 400 °C for 2 h
under air atmosphere.

The resulting catalysts prepared by the hydro-
thermal method are listed in Table 1. Their perfor-
mance tests were carried out in a conventional tubu-
lar fixed-bed quartz reactor.

Table 1 — Types of the synthesized catalysts in this research

Catalyst Type
Catl Nano TiO,
Cat2 VI/TiO,-AL,0,1
Cat3 V/Nano TiO,-AL0O;1
Cat4 VI/TiO,-A1,0,2
Cat5 V/Nano TiO,-A1,0,2

Catalyst characterization techniques

Powder X-ray diffraction (XRD) analysis was
performed using a TOE Analytical X-ray diffrac-
tometer with Cu-K  radiation (40 kV, 30 mA). The
spectra were measured with a step size of 0.08°
over a 20 range of 3°-120°. The range chosen was
wide enough to cover all significant diffraction
peaks aimed at the crystal structures to be exam-
ined. Mean crystallite size of the catalysts deter-
mined by the Scherrer formula confirmed the one
obtained using the FESEM method.

The pore size, textural properties, and specific
surface area of the catalysts were measured by ni-
trogen adsorption-desorption at —196 °C using the

ASAP apparatus, model 2010 (Belsorp mini II man-
ufactured by BEL-Japan). The samples were first
degassed under vacuum at 200 °C for 12 hours. The
BET and BJH methods were utilized for measuring
the specific surface area, total pore volume, and av-
erage pore diameter.

UV-visible spectroscopy was performed by the
AvaSpec-2048 equipped with a diffusion reflec-
tance accessory.

The TPR experiments were carried out in a
BEL-CAT (type A, Japan) instrument coupled with
a gas flow controller. The catalysts were heated in
a 6.52 % (v/v) H, in Ar from room temperature up
to 800 °C at a heating rate of 5 °C min!, and flow
rate of 150 mL min™'. Subsequently, the FTIR anal-
yses were performed and recorded on an ABB
Bomem MB-100 spectrophotometer. These spectra
were obtained from KBr pellets taken from 4000 to
400 cm™" with a resolution of 4 cm™.

Field emission scanning electron microscope
(FESEM) images were obtained with a Hitachi
S-4160 device. Gold was used as a conductive ma-
terial for sample coating.

Experimental set-up

Catalyst performance tests were carried out in a
conventional tubular fixed-bed quartz reactor. The
schematics of the experimental setup utilized in this
research is shown in Figure 1. The reactor was
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Fig. 1 — Schematic diagram of the experimental apparatus
utilized in this study
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Fig. 2 — FESEM micrographs of the prepared materials: (a) Catl, (b) Cat2, (c) Cat3, (d) Cat4 and (e) Cat5

10 mm in diameter and 70 cm long. It was placed in
an electrical furnace equipped with a temperature
controller to maintain the reactor temperature to
within £1 °C of the desired set point using thermo-
couples placed both on the inside and on the exter-
nal surface of the reactor. The catalyst loading was
0.5 g mixed with 0.5 g quartz beads for all ODHP
experiments. The nitrogen, air, and propane utilized
were of purity above 99.9 % purity. The reactor was
purged at room temperature with nitrogen for
2 hours. The reactor temperature was then increased
to the desired value with a temperature ramp of
5 °C min!. The reaction temperature was set to be
in the range of 400—500 °C. This choice was a com-
promise between several factors, including energy
saving in the petrochemical processes, as well as
the inactivity of the catalysts below 300 °C.> More-
over, these operating conditions were selected based
upon the optimization considerations in a recent
study of this research group®.

Air and propane flow rates were controlled by
mass flow controllers. The exit gases were analyzed
for light hydrocarbons, CO, and CO, using an on-
line Agilent gas chromatograph equipped with both
TCD and FID detectors. In a typical experiment,
product samples were determined after the start of
the run when stationary conditions are achieved. In
other words, these samples were detected hourly af-
ter the run had started. Moreover, the propane con-
version, product selectivity, and propylene yield
were defined as follows:

Propane conversion (%) =

St b

n;
2 ; (3) [E ]out
Selectivity for component i (%) =

(’;l) [Fz ]out

El(’;l) [F; ]out - [FC3H8 ]aut

Propylene yield (%) =
_ Propane conversion - Selectivity of propylene
B 100

-100

-100

where 7 included all the components containing car-
bon atoms in the exit gas stream, n, the number of
carbon atoms of component i and F, was its outlet
molar flow rate.

Catalyst characterization results

Figures 2a—2e demonstrate the FESEM micro-
graphs for the prepared catalysts in this work. The
regular bar-like morphology in Figure 2(a) illustrate
the nanostructure of the TiO, alone, while the irreg-
ular sheets in Figures 2b-2e indicate the presence of
ALQ,, possessing lighter color than TiO,, in the cat-
alyst structure. The prominences on the surface of
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the catalyst revealed the growth of the V, O, species.
The width of these sheets was about 80—170 nm and
their length reached up to micron scale. The synthe-
sized material was made of a homogenous phase
with particles almost uniformly sized displaying na-
norod morphology on which the vanadium particles
sprouted. This might have led to a possible en-
hancement towards: i) assisting of the dispersion of
vanadium components in the solution, and ii) help-
ing the media for vanadium growth. Moreover, in
the case of the pristine V O, nanostructure, the ac-
tive species were vulnerable to clustering in sizes
down to hundreds of nanometers; however, their
greater dispersion on the surface of the supports
might have led to larger sizes, thus alleviating this
problem.

Figure 3 shows the FTIR spectra of catalysts
prepared in this research. The broad IR spectra indi-
cates strong absorptions at 450 to 500 cm™' relating
to symmetric and asymmetric stretching catalyst vi-
brations of V-O-V, and at 750 to 800 cm™' assigned
to the stretching of the short Ti-O bonds. The spec-
trum of the as-prepared catalysts showed the Al-O
stretching bonds in the range of 1600 to 1700 cm™'.
Besides, the spectrum of the structured material
produced by hydrothermal treatment, washed many
times, and dried at 80 °C, contained an absorption
band in the range 3200-3600 cm™'. This was a char-
acteristic of asymmetric and symmetric v(OH)
stretching vibrations after absorbed water. More-
over, a weak, broad band observed in the range
1000-1500 cm ™! was attributed to the 5(HOH) bend-
ing vibrations in water molecules adsorbed on the
surface of the material and/or located in the micro-
and macropores®'. In addition, the spectrum con-
tained strong absorption bands centered at around
650 cm! arising from the v(Ti—O) stretching modes
of the TiO, titanium—oxygen octahedron’**. In cat-
alysts containing nano-TiO, like the one in this
study, the results revealed the existence of individu-
al bands at 1400 to 1300 cm, due to the o(-
Ti—O(H)-Ti) and 8(OH) in-plane bending modes,
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Fig. 3 — FTIR spectra of the synthesized catalysts in this work

respectively’. Moreover, a weak band at 1100 ¢cm™!
rose from the 6(Ti—O—H) bending mode of surface
groups'®. Instead of the absorption band of the v(-
Ti—O) stretching mode, there was a broad band at
750 cm™! seemingly indicating severe distortion of
the titanium—oxygen octahedron in the structures of
the forming compounds®"-2,

In addition, the spectra of the samples shown in
Figure 3 revealed a band at around 2000 cm™' which
was assigned to the V=0 bond overtone vibration®.
The intensity of the overtone band might be predict-
ed to be continuously increased with an enhanced
vanadia loading. The Ti—Al support was revealed by
the low IR bands at 3000, 3500 and 3800 cm™'. The
corresponding bands were assigned to basic, neu-
tral, and acidic OH™ groups of alumina**. The IR
band at 3700 cm ™' was also assigned to the isolated
hydroxyl group vibration of titania, and the band at
3800 cm™! assigned to the bridged hydroxyl group
vibration of titania**. The low intensity of bands at
above 3500 cm™' was titrated even at the lowest va-
nadia loading. The presence and gradual disappear-
ance of the titania and alumina hydroxyls with va-
nadia loading suggested that titania and alumina
were present on the surface of the mixed oxide sup-
port synthesized. It is noteworthy that, in the cur-
rent study, this was coordinated with the surface
vanadia species. Furthermore, the preferential titra-
tion of the titania hydroxyl versus the alumina hy-
droxyl group was not evident. In addition, the Catl
behavior shown in Figure 3 indicated two peaks at
wavenumbers of 430 and 500 cm™ related to sym-
metric and asymmetric Ti-O bonds.

The X-ray diffraction (XRD) patterns for vana-
dium catalysts over TiO, and alumina synthesized
by the hydrothermal method are presented in Figure
4. The diffraction patterns for all catalysts expect
that of Catl, displayed 10 distinct reflections, four
of which were located at 260 = 15.4° + 0.1, 204° £ 1,
22.1°+ 1 and 31.4° £ 1 assigned to V,O.. In addi-
tion, the distinct reflection located at 20 = 26.4° + 1
was assigned to A-TiO, (i.e. the Anatase phase),
while that located at 260 = 34.5° + 1 corresponded to
the R-TiO, (i.e. the Rutile phase). Finally, the dis-
tinct reflections located at 20 =32.5° £ 1, 47.6° £ 1,
50.6° £ 1 and 60.3° + 1 were assigned to y-alumina.
In Catl material’s behavior, the four distinguished
reflections, located at 20 = 12.1° + 1 and 23.7° + 1
were assigned to the A-TiO, and at 26 = 29.1° £ 1
and 47.7 °+ 1 corresponded to the R-TiO,.

All samples exhibited diffraction peaks charac-
teristic of the materials and supports utilized. The
diffraction lines corresponding to V-containing
compounds were detected in the vanadium samples,
indicating that the vanadia species were rather high-
ly dispersed on the support surface. Highly disper-
sive vanadia might normally show no diffraction
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Fig. 4 — XRD pattern of the synthesized catalysts in this research

peaks or very broad XRD features. Moreover, the
obvious peaks showed no diffraction peaks that re-
confirmed the good dispersion of the vanadia com-
pounds. The same behavior was also observed with
the vanadia on titania catalysts. However, with the
alumina-supported V catalyst, it was clear that, even
though the theoretical coverage was almost equal to
that of a monolayer, V,O, crystallites were formed
and detected in the XRD pattern of the sample. For
catalysts containing the V-Ti—Al, the rutile and ana-
tase phases were observed. Moreover, an additional
peak around 20 = 22° for crystalline V,O; ap-
peared®. It seemed that, at the aforementioned cal-
cination temperature, a bulk of the V,O, was formed
in the samples. From the previous discussions, it
was also evident that the anatase to rutile phase
transformation occurred in the vanadia-based sam-
ples. The lower anatase to rutile transformation
temperature observed in the high vanadia contain-
ing samples is suggested to be due to: (i) the high
mobility of V in the structure, (ii) incorporation of
V in the titania anatase structure, and (iii) introduc-
tion of distortions into the respective structures®®-’,
The reduction behavior of the catalysts investi-
gated by the H -TPR technique and the results for
the nanomaterials prepared are presented in Fig-
ure 5. In the TPR curve for the Cat3 material, three

distinguishable peaks appeared at about 678, 690
and 758 °C. On the other hand, for the Cat5 species,
three relatively sharp and distinguishable peaks ap-
peared at about 639, 696, and 796 °C, while for the
Catl catalyst in Figure 5(b) one peak appeared at
about 705 °C corresponding to the residual catalyst
impurities in the sample. As these profiles revealed,
a distinct reduction peak at the 600-800 °C region
was displayed. The peak observed at the 600—700 °C
region was due to the reduction of surface vanadia
species shifting to higher temperatures as vanadia
loading enhanced and its dispersion soared. In com-
parison to previous investigations, the reduction
peaks for V,0/TiO, (1-6 wt %) and V,0/ALO,
(7.5-17.5 wt %) catalysts were observed at 412—-452
and 477487 °C, respectively*®¥. Tt is well estab-
lished that highly dispersed supported vanadia nor-
mally appears at about 400-500 °C, while crystal-
line V, O, showed three peaks at higher temperatures.
It is likely that the TPR profiles originated from
large clusters of crystalline vanadia. These contrast-
ing results attributed to different vanadia species
loadings implemented in this study also led to better
catalyst performance. Analysis of the reduction pro-
files of the V-Ti—Al samples further suggested that
the surface vanadia species coordinated with titania
and alumina of the mixed oxide support.
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Porosimetry analyses of the synthesized cata-
lysts are presented in Figure 6 for the two better
nanomaterials prepared, namely Cat3 and Cat5 spe-
cies. Figure 6(a) indicated that, nitrogen sorption
isotherms of V,0O, over TiO, and Al,O, were similar
in shape. Both catalysts displayed the well-known
type IV isotherm characteristic of materials with
mesoporosity and a high energy of adsorption.
Figure 6(b) illustrated the BJH pore size distribu-
tion of these catalysts. It was revealed that the Cat5
material had a wider pore size distribution than that
of the Catl catalyst. The Catl had a surface area of
15.69 m? g!' and an average pore diameter of
12.6 nm, while the Cat5 possessed a larger surface
area of 38.4 m? g, and a larger average pore diameter
of 18.4 nm. Nonetheless, the morphology of the Cat5
was generally less uniform in comparison with that of
the Catl sample (see the FESEM micrographs).

Catalytic performance

For a better understanding of the prepared ma-
terials’ behavior towards catalyzing the undertaken
reaction, a comparative catalytic performance study
was conducted under operating conditions of 500 °C
and a total feed flow rate of 90 mL min™', utilizing
a feed with C,H; to air molar ratio of 0.6. This
choice of conditions was rationalized earlier. The
GC analyses of the product gases indicated that,
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along with the unreacted propane, the main reaction
products were propylene, ethylene, CO, and CO
(together accounting for more than 99.5 % of the
products), while no organic oxygenates were detect-
ed. These analyses of the products were performed
hourly for a duration of 6 hours beginning from the
start-of-run. Figure 7 presents propane conversions
with different catalysts at the end of this time. Dis-
sociative conversion of propane and propylene into
ethylene and CO_was revealed under the aforemen-
tioned reaction conditions. It was concluded that the
CO, formation during the ODHP reaction had main-
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Fig. 7 — Propane conversions at 500 °C, C,H /air = 0.6 and
feed flow rate of 90 mL min™ for different catalysts
investigated in this research
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Table 2 — Values of propane conversion and product selectivities over different catalysts prepared in this work at T = 500 °C,

C.H /air = 0.6, and total feed flow rate of 90 mL min™’

Catalyst |Propane conversion (%) | Propylene selectivity (%) | Ethylene selectivity (%) | CO, selectivity (%) | Propylene yield (%)

Catl 10.24 50.89
Cat2 22.92 33.44
Cat3 26.07 31.77
Cat4 24.98 31.02
Cat5 33.01 32.61

3.13 45.27 5.21
5.04 60.51 7.66
6.30 61.84 8.28
5.92 60.87 7.75
6.03 59.98 10.76

ly originated from oxidation of the hydrocarbon
feedstock. Both propane conversion and propylene
selectivity were shown to be sensitive to the support
structure as well as any impurity or inactive species
existing on the surface which might have acted as a
site diluent increasing the selectivity toward dehy-
drogenation. It is noteworthy to mention that, based
upon the previously published work of this research
team?, when utilizing the prepared catalysts, the ox-
idation reactions were more significant at lower
temperatures while their oxy-cracking counterparts
were more pronounced at elevated thermal condi-
tions. Moreover, the catalysts prepared by the na-
no-TiO, had higher propylene yields in comparison
with those prepared by the commercial TiO,. Com-
bustion of propane and propylene to form CO, and
its reforming to ethylene and CO_ were indeed im-
portant side reactions. Figure 8 indicates that the
catalysts based upon Al,O,-2 prepared by both the
nano- and industrial-TiO, demonstrated the lowest
CO, selectivities as well as the highest ratio of eth-
ylene to CO_ selectivities in comparison with other
synthesized catalysts in this research.

The mean values of the propane conversions and
product selectivities during a 6-hour run over the
aforementioned catalysts (e.g.; Catl, Cat2, Cat3,
Cat4, and Cat5) are summarized in Table 2. It was
demonstrated that the catalysts prepared by commer-
cial TiO, had much lower propylene yields and pro-
pane conversions in comparison with catalysts pre-
pared utilizing the synthesized nano-TiO,. Amongst
all catalysts, the Cat5 material was recognized as the
most effective catalyst for the ODHP reaction with
mean values of 32.61 and 33.01 % for propylene se-
lectivity and propane conversion, respectively.

It is noteworthy that, since in general, the pro-
duction of CO_ led to lowering of the products’ se-
lectivities, the hydrothermal method might have
helped to enhance the production of the active sites
on the synthesized catalyst. This conclusion was
drawn due to such prepared material demonstrating
reversal of the aforementioned selectivity trend.

Ultimately, a comparison of reactor perfor-
mance results between the best-obtained catalyst for
the ODHP reaction in this work (i.e. Cat5 species

70
W Propylene Selectivity
M Ethylene Selectivity
60 W Propylene Yield

W COx Selectivity

50 1

&
S

Value (mol. %)

w
S

D
S

Catl Cat2 Cat3 Cat4 Cat5
Catalyst

Fig. 8 — Values of propylene, ethylene and CO_ selectivities,
as well as propylene yield for synthesized calalyszs in this work
at 500 °C, C Hyair = 0.6 and feed flow rate of 90 mL min™’

chosen according to Table 2) and those of different
materials available in the open literature are pre-
sented in Table 3. These results further emphasized
that the optimum synthesized catalyst in this re-
search proved to be a rather good contender for the
purpose at hand.

Table 3 — Comparison of vanadium catalysts for the ODHP
reaction between the previous works and the best
of the current study

tha_ly_st/ T C3H8_ CH, C}H6
oxidizing ) conversion selectwlty yield | Reference
agent (%) (%) (%)
V,0,/0, 500 6.73 25.26 1.69 40
V,0/N,0 500 4.30 72.25 3.11 40
V,0/Air 460 3.5 15.3 0.54 41
V-ALO,/O, 700 22.8 25.0 5.7 42
CeO, 450 7.25 18.14 1.32 43
Mo-Ti/O, 500 222 11.3 2.51 44
Mo-Al/O, 500 19.1 37.6 7.18 44
V-Ti/O, 500 21.1 28.4 5.99 44
V-Al/O, 500 234 13.6 3.18 44
V-Ti-Al/O, 500  33.01 3261 1076 Lresent
2 work
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Conclusions

This research demonstrated facile V,0, over
synthesized nano-TiO, and y-Al O, catalysts utiliz-
ing the hydrothermal technique. These materials
were characterized by several methods, including
BET-BJH, XRD, FTIR, H-TPR and FESEM.
Moreover, their performance was evaluated in a
fixed bed reactor. It was indicated that, the prepared
nano-TiO, catalysts were not only more stable, but
also resulted in higher propylene yields when com-
pared with that utilizing commercial TiO, as the
support. In fact, propylene yields of about 10.76 %
and propane conversions of 33.01 % were obtained
over the Cat5 material. It was further determined
that the oxidation and oxy-cracking reactions com-
peted with the main ODHP reaction leading to the
formation of ethylene and CO_ as the side products.
Ultimately, this study has revealed that the vanadi-
um pentoxide deposited over a hybrid of nanostruc-
tures of TiO, and y-Al O, resulted in an attractive
catalytic material applicable to the propane dehy-
drogenation reaction. Nonetheless, a thorough ki-
netic investigation of this synthesized material is
underway to confirm this conclusion.
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