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Highlights

e Vanadium catalysts were very active in the oxidation of propane and very selective to propene.
e All vanadium catalysts containing Mg in their composition were active in the oxidation of propane and selective to propene

(oxidative dehydrogenation).

o All catalysts that contain on orthovanadate phase in composition were active in convert propane to propene (oxidative

dehydrogenation).

o The catalyst of VOx/ y- Al203 was the most selective towards propene (84%), while V20s5-Ni-O/y- Al:03 catalyst was the
most active catalyst in the oxidation of propane (98% conv).
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A series of vanadium catalysts used for the propane oxidative dehydrogenation was synthe-
sized by the adsorption equilibrium method and impregnation method. Several techniques
such as XRD, IR spectroscopy, and TEM were applied to characterize physicochemical proper-
ties. The XRD diffraction patterns of the V-Mg-0, V-Ni-0, V-Ni-Mg-0 and V.0s-Ni-O/y-Al;03 cat-
alysts show the presence of orthovanadate phase. IR characterizations results of V-Mg-O and
V-Ni-O agree with those of XRD, indicating the presence of the orthovanadate phase. TEM
study shows that the particle size of V-Ni-Mg-0 is around 46-192 nm, while V,05-Ni-O/ y- Al20s3
and V-Ni-O catalysts is around 14-196 nm. The structures of the reaction products were con-
firmed by 'H-NMR which shows clearly the presence propene (oxidative dehydrogenation) in
all catalysts, but by different ratios, such V,0s-Ni-Mg-0/y-Al:03 catalyst was the best catalyst
in propene production at lower temperature 500°C. In additional, ethylene production
through using V-Mg-0, V-Ni-O, V-Ni-Mg-0, V20s-Ni-Mg-0/y- Al203 and V.0s5-Mg-0/y-Al.03 cat-
alysts, and methane that indicates an occurrence (hydrogenolysis of propane) through the re-
action for all catalysts, exception V,0s5-Ni-O/ y- Al03 and VOx /y-Al20s catalysts. The activity

and selectivity of vanadium catalysts for propene production were also discussed in detail.

1. Introduction

The oxidation of alkanes is of great importance because of the
economic benefits of using paraffin for the production of important
base chemicals (Haracleous et al, 2005). Propane selective oxida-
tive dehydrogenation to propene by using different catalysts
(Mishakov et al.,, 2009) and/or selective oxidation to acrolein or
acrylic acid has been extensively studied in the last 20 years in in-
dustry (Dimitratos and Vedrine, 2003). The increasing demand for
propylene, an important intermediate used extensively in the pet-
rochemical industry, has led to finding an alternative to the con-
ventional dehydrogenation process (Barsan and Thyrion, 2003).
The propylene yields are not sufficiently high to satisfy the de-
mands of the industrial catalytic processes due to propylene crack-
ing into ethylene and methane (Pavlova et al,, 2003). So that the
oxidation of propane applied technique to destroy volatile organic
compounds (pollutants) usually found in the atmosphere of all ur-
ban and industrial areas (Balcaen et al.,, 2011; Bouazza et al., 2008).
Supported vanadium oxides are frequently used as catalysts in par-
tial oxidation reactions. In these catalysts, Al203, TiO2, SiOz and
Zr0z, are commonly used as supports (Routray et al., 2004). Sup-
ported vanadium oxides have been studied as catalysts for pro-

pane, n-butane, cyclohexane, and ethylbenzene oxidations. The ac-
tivity and selectivity of these catalysts depend on the nature of sup-
port and on vanadium dispersion, vanadium concentration, and
maybe also influenced by the treatment conditions (Mattos et al.,
2002; Tapia et al., 2005). Nanostructured vanadium oxides have
been extensively studied because they offer a greater potential for
improving properties and find applications in many fields such as
microelectronic, batteries, sensing devices, electrical conductors,
magnetism ... etc. So that a wide range of vanadium oxides have
been obtained via the hydrothermal treatment of aqueous vana-
dium pentoxide solutions (Lu et al., 2004; Livage, 2010; Magon et
al, 2012).

This study aims at investigating the catalytic performance of
various vanadium mixed metal oxides and y-Al203 supported vana-
dium oxides in the oxidation of propane (total oxidation), as well
as, in the conversion of propane to propene (oxidative dehydro-
genation), and correlating the catalytic behavior (activity and se-
lectivity) of these oxides with their physicochemical characteris-
tics. The effect of various parameters (catalyst composition, tem-
perature, flow rates, partial pressures and pretreatment condi-
tions) on the catalytic behavior of these oxides will be studied.
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2. Experimental Procedure
2.1. Materials

The materials used in this paper are Magnesium hydroxide
(95%, Sigma Aldrich), Ammonium metavanadate anhydrates
(99%, Sigma Aldrich), gamma-alumina ( y-Al203) (99.99%, Sigma
Aldrich), Nickel (II) acetate hydrate (98%, Sigma Aldrich), aqueous
ammonia (99.98%, Sigma Aldrich), and Aqua regia.

2.2. Catalyst preparation.
2.2.1. Preparation of V-Mg-0 catalyst

1.5960 g of magnesium hydroxide powder was added to a basic
hot aqueous solution containing 2.1335 g of ammonium meta-
vanadate (NH4VO03) was dissolved in 120 ml distilled water ina 250
ml beaker. The pH was adjusted to pH=9 by adding aqueous ammo-
nia. The mixture was stirred for one hour. The resulting suspension
was evaporated to dryness at 85°C and then followed by further
drying at 95°C for twelve hours. The dried powder was crushed and
calcined under an oxygen atmosphere at 600°C for four hours (Mat-
tos et al,, 2002).

2.2.2. Preparation of VOx/ y-Alz03 Catalyst.

VOx/ y-Al203 catalyst was prepared by the adsorption equilib-
rium method. 6.00 g of y-Al203 calcined under Oz atmosphere at
500°C for one hour, and then added to 200 ml of a 0.050 M ammo-
nium metavanadate aqueous solution (1.1697 g was dissolved in
200 ml distilled water). pH was adjusted to (2.5) with nitric acid.
The suspension was kept stirred for one hour, then filtered under
vacuum and dried at 70°C for twenty-four hours before calcination
at 300°C for one hour (Tapia et al,, 2005).

2.2.3. Preparation of V20s/y-Al203 catalyst.

V205/y-Al203 catalyst was prepared by the impregnation
method. 1.00 g of y-Al203 and 0.229 g of ammonium metavanadate
dispersed in 19.5 ml distilled water in 250 ml beaker while stirring
and kept for twenty-four hours. Then placed in a drying oven at
100°C overnight before calcination at 600°C for two hours under
02 atmosphere (He et al,, 2009).

2.2.4. Preparation of V-Ni-O catalyst.

3.4025 g of nickel acetate powder was added to a basic hot
aqueous solution containing 1.1478 g of ammonium metavanadate
was dissolved in 120 ml distilled water in a 250 ml beaker. The pH
was adjusted to pH=9 by adding aqueous ammonia. The mixture
was stirred for one hour. The resulting suspension was evaporated
to dryness at 85°C, and then followed by further drying at 95°C for
twelve hours. The dried powder was crushed and calcined under
an oxygen atmosphere at 600°C for four hours (Mattos et al., 2002).

2.2.5. Preparation of V-Ni-Mg-O catalyst.

0.4290 g of magnesium hydroxide powder and 1.7012 g of
nickel acetate were added to a basic hot aqueous solution contain-
ing 1.1478 g of ammonium metavanadate was dissolved in 120 ml
distilled water in a 250 ml beaker. The pH was adjusted to pH=9 by
adding aqueous ammonia the mixture was stirred for one hour. The
resulting suspension was evaporated to dryness at 85°C and then
followed by further drying at 95°C for twelve hours. The dried pow-
der was crushed and calcined under an oxygen atmosphere at
600°C for four hours (Mattos et al., 2002).

2.2.6. Preparation of V20s- Mg-0/ y-Al203 catalyst.

V205-Mg-0/y-Al203 catalyst was prepared by the impregnation
method. 1.00 g of y-Al203, 1.7161 g of magnesium hydroxide, and
1.1478 g of ammonium metavanadate dispersed in 22 ml distilled
water in 250 ml beaker while being stirred and kept for 24 hours.
Then placed in a drying oven at 100°C overnight before calcination
at 600°C for two hours under Oz atmosphere (He et al., 2009).

2.2.7. Preparation of V20s- Ni-O/ y-Al203 catalyst.

V20s- Ni-O/ y-Al203 catalyst was prepared by the impregnation
method. 1.00 g of y-Al203, 6.8049 g of nickel acetate, and 1.1478 g
of ammonium metavanadate dispersed in 25 ml distilled water in
250 ml beaker while stirring and kept for twenty-four hours. Then
placed in a drying oven at 100°C overnight before calcination at
600°C for two hours under Oz atmosphere (He et al., 2009).

2.2.8. Preparation of V20s- Ni- Mg-0/ y-Alz0s catalyst.

V20s- Ni-Mg-0/ y-Alz03 catalyst was prepared by the impreg-
nation method. 1.00 g of y-Alz203, 6.8049 g of nickel acetate, 0.8580
g of magnesium hydroxide, and 1.1478 g of ammonium meta-
vanadate dispersed in 25 ml distilled water, while being stirring
and kept for 24 hours. Then placed in a drying oven at 100°C over-
night before calcination at 600°C for two hours under Oz atmos-
phere (He et al., 2009).

2.2.9. Calcination

Calcination is a thermal treatment carried out in an oxidizing
atmosphere (02 atmosphere) at temperatures above the projected
operating temperature of the catalyst. The purpose of the calcina-
tion is to stabilize the physical and chemical properties of the cata-
lyst and to remove any unwanted substances at the catalyst surface
(impurities). Samples weighing ~0.500 g of each catalyst were
placed on the catalyst bed in the reactor, then treated with Oz gas
at high temperature (see Tables 1 and 2) for a certain time period
(1-4 hours), as shown in Fig. 1.
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Fig.1. Experimental set-up of thermal treatment and calcination apparatus.
2.2.10. Sample preparation for AAS analysis

For each one of the prepared catalysts, the following procedure
was applied: 0.2000 g of the prepared catalyst was dissolved in ap-
proximately 20 ml of concentration. nitric acid added to 60 ml of
concentration. hydrochloric acid (Aqua-Regia) in a 250ml beaker.
The solution was heated to boiling over a hot plate when all catalyst
materials were dissolved (except the catalysts support y-Al203),
the volume of the solution was reduced to about 10 ml by evapora-
tion. The solution was then allowed to cool before being trans-
ferred to a 100 ml volumetric flask and diluted with distilled water
to the mark. Exactly 2.00 ml of the previous solution were then di-
luted to 100 ml in another 100 ml volumetric flask.

2.3. Catalyst characterization
2.3.1. X-ray diffraction (XRD)

The prepared catalysts were characterized by means of x-ray
powder diffraction (XRD) aiming at identifying the crystalline
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phases in the prepared catalysts. XRD measurements were per-
formed for the ready to use a catalyst in the department of arche-
ology at Yarmouk University using Shimadzu LabX device with a
Fe-Kq-tube (A=1.93 A) in the range of 26=10-1002 and a scanning
rate of 1°/min.

2.3.2. Transmission Electron Microscopy (TEM)

Selected catalysts were characterized by using transmission
electron microscopy (TEM). TEM was used to evaluate the size and
shape of the metallic phase on the catalyst surface. The metallic
phase is optically more opaque than the support and appears as
dark spots in the micrographs. All micrographs have been taken
with an electron energy of 80 kev.

2.3.3 FT-IR-spectroscopy

The prepared catalysts were characterized with respect to their
chemical structure by means of infrared spectroscopy. The IR-spec-
trum of each catalyst was measured after it had been dried over-
night at 120°C. Thin wafers of the catalyst sample were prepared
by mixing with KBr (Pike Technologies, Spectroscopic Grade) and
the measurements were carried out using a Bruker-FTIR Tensor 27
spectrometer.

2.3.4 HI-NMR Spectrometry

Samples of the reaction mixtures were analyzed in the Chemis-
try Department at Yarmouk University using (Bruker Avance III
400MHz). This was done after bubbling the exiting gaseous reac-
tion mixture in CDCl3 solvent.

2.4. Oxidation reactions
2.4.1. Experimental set-up

Fig. 2 is a schematic representation of the experimental set-up
to carry out both, the oxidative dehydrogenation and total oxida-
tion reactions. These reactions were carried out in a Pyrex fixed-
bed flow reactor (46 cm long X 2.2 cm wide) with a fritted disc
placed 10 cm above the bottom heated by means of a tubular pro-
grammable electric furnace (GSL1100X, MTI Corporation). Gases
flow rates were controlled by a four-channel electronic mass flow
controller (Matheson-8274), sample analysis was performed by
gas chromatography (G.C) as follows: the reaction mixture was an-
alyzed by gas chromatography (HP 5890) with a thermal conduc-
tivity detector connected to a peak simple.
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Fig. 2. Experimental set-up of the oxidation of propane.

Chromatography integration system (SRI 203) consists of the
injector, detector, and column temperatures of 100, 150, and 55°C,
respectively. The used column was a 23% SP-1700, 80% Chromo-
sorb paw, packed s.s 1/8"x 30".

2.4.2. Reactions

Samples weighing ~0.200 g of the different catalysts were
placed on the catalyst bed of the reactor (Fig. 2). Helium gas was
followed by oxygen gas and then passed over the catalyst in the re-
actor (downward) while heating from room temperature to 500°C
(10°C/min). After that, the catalyst is kept under these conditions
for one hour to ensure surface cleaning (oxidation of all impuri-
ties), the calcination process is performed using the device shown
in (Fig. 2) through its programming and by raising the temperature
from the room temperature which represents (C1) in the device to
the required degree 500 which represents (Cz) and the time re-
quired is calculated to make the conversion process, which repre-
sents (T1 ) by the following calculation[ (C2-C1)/(10°C/min)]. Then
programmed to stay on this required degree, which is 500°C and
600°C for some catalysts, which represents (C3) by determining the
time that the sample should remain at this degree, which is repre-
sented by Tz. The system was then cooled down to 300°C where
propane gas was introduced at different flow rates (with different
O2/propane ratios). After that, the reactor temperature was in-
creased gradually up to 500°C and 600°C for some catalysts
(3°C/min). While analyzing the reaction mixture approximately
every 20°C increment, this is to study the temperature effect on
both, the catalyst activity and selectivity. To investigate the effect
of changing the Oz/propane ratio, the flow rates of the used gases
were changed as follows, (Table 1).

Table 1

Flow rate (ml/min) of He, Oz, and propane gases used in the oxidation re-
actions.

He gas flow rate 02 gas flow rate Propane gas flow

(ml/min) (ml/min) rate (ml/min)
60 21 21
60 34 17
60 10 30
60 9 36

3. Results and Discussion
3.1. X-ray Diffraction

X-ray diffraction has been applied to identify the crystalline
phases of the various catalytic systems investigated in this work
(Sajid, 2015). It is known that NiO and MgO which exhibit similar
diffraction patterns. This is because Ni2+ and Mg2+ ions have similar
valencies, ionic radii [r(Ni2+) = 0.07 nm and r(Mg2?*) = 0.065 nm]
and crystal cell dimensions (Ndhlovu, 2011). The following figures
show the x-ray diffraction pattern for V-Ni-Mg-0O and V-Ni-O cata-
lysts in the range 26=42-902. Note that the reference diffraction
patterns reported in the literature are usually given for Cu tubes as
a source of X-ray. Since in this work the diffraction patterns were
collected using a Fe tube as an X-ray source, it is necessary to cal-
culate the positions of the diffraction lines for the Fe tube from
those for the Cu tube reported in the literature. Fig. 3 clearly shows
that, as expected, the diffraction stick pattern of the reference NiO
material (JCPDS 00-004-0835) is very similar to that of MgO (JCPDS
00-004-0829).

The diffraction lines of reference NiO and MgO do not match
with the experimentally observed major diffraction lines of the sys-
tems V-Ni-Mg-O and V-Ni-O. Due to the compound configuration
between vanadium and added oxides (NiO and MgO) the diffraction
lines of reference NiO and MgO do not match with the experimen-
tally observed major diffraction lines of the systems V-Ni-Mg-0 and
V-Ni-O. The thorough comparison however shows that small
amounts of NiO and/or MgO are indeed present. Their correspond-
ing diffraction features appear as small shoulders at 47°, 55° and
83°.
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Fig. 3. X-ray diffraction patterns of V-Ni-O and V-Ni-Mg-O catalysts.

In an attempt to identify the crystalline phases of the above sys-
tems, the experimentally observed diffraction patterns were also
compared with the following reference materials: V205 (00-045-
1054), V205 (JCPDS 00-041-1426), V203 (JCPDS 00-039-0774),
VO2(JCPDS 00-009-0142), V203(JCPDS 00-034-0187). However, a
good match was only found with the diffraction lines of Mg3V20s
(JCPDS 00-037-0351) and NizV20s (JCPDS 00-037-0353) as can be
seen in (Fig. 4). Itis important to notice that the 20-scale in (Fig. 4)
has been restricted to 65° because the reference cards contained
no lines above this value. The experimentally observed diffraction
lines in the range 26=65-100° (see Fig. 3) are however believed to
still belong to the orthovanadate phase because it is impossible to
have a phase with diffraction lines only in this high 26 range. (The
obtained diffraction patterns are compared experimentally with
that found in the reference of the Mg and Ni vanadate to prove the
existence of these phases in the prepared systems, but the lines of
the data of diffraction stick pattern that were taken from literature
of Mg and Ni vanadate do not have data beyond the angle 65 ° while
it found bands at approximately (80-88) which may be attributed
to orthovanadate phase).
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Fig. 4. X-ray diffraction patterns of V-Ni-O and V-Ni-Mg-O catalysts.

From Figs 3 and 4, the most important change in the XRD
pattern that could be observed upon the incorporation of Mg in the
system is that the diffraction lines become smaller indicating a
lower degree of crystallinity in the Mg containing system. Fig. 5
compares the diffraction patterns of V-Ni-O and V-Ni-O-alumina.
All diffraction lines of V-Ni-0, attributed to the Ni3V20s phase are
present in the diffraction pattern of V-Ni-O-alumina confirming
thus the presence of the orthovanadate phase also in the V-Ni-
alumina. However, additional sharp diffraction lines are observed
in the V-Ni-O-alumina system at 47°, 55°, 57° and 83°. But V-Ni-O
shows weak diffraction features at 47°, 55° and 83° (attributed
above to the presence of NiO). It is therefore believed that the sharp
diffraction lines at these positions in the V-Ni-O-alumina system
are just better development of the corresponding weak features of
V-Ni-O probably due to better crystallization. The small diffraction
lines at 570 and 88 are attributed to the presence of y-Al20s.
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Fig. 5. X-ray diffraction patterns of V-Ni-O and V-Ni-alumina catalysts.

Fig. 6 shows the diffraction patterns of the V-Ni-0/y-Al203, V-
Ni-Mg-0/y-Al203and V-Mg-0/y-Al203 systems. The first two dif-
fraction patterns are very similar to each other. As discussed in
(Fig. 5), all diffraction lines coincide with those of the

orthovanadate phase In the V-Ni-O/y-Al20s, V-Ni-Mg-0/y-Al203
catalysts. It is interesting to notice that in the V-Mg-0/y-Al203 sys-
tem, only the diffraction lines of MgO at 55° and 83° are observed
with no indication for the formation of crystalline Mg orthovana-
date phase. This explains why the incorporation of Mg in the V-Ni-
O system led to decreased intensities of the diffraction lines of the
orthovanadate system. It is interesting to notice that each system
contains two small diffraction lines at 57° and 88° which are at-
tributed to the presence of y-Al20s.

Fig. 7 shows the diffraction patterns of the V-Ni-O/y-Al203,
V20s5/y-Al203, and VOx/y-Al203 systems. The patterns of V20s/y-
Al203 and VOx/y-Al203 systems are very similar to each other but
these compounds V20s, VO2, or V203 could not be determined. The
difference between these two patterns and that of V-Ni-O/y-Al203
is attributed to the absence of the vanadate phase in the V20s/y-
Al203 and VOx/y-Al203 systems. But the diffraction line at 57° and
88° in the V205/y-Al203 and VOx/y-Al203 systems is similar to that
observed in V-Ni-O/y-Al203 and is attributed to the presence of y-
Al>03 as previously mentioned.
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Fig. 6. X-ray diffraction patterns of the V-Ni-O/y-Al;03, V-Ni-Mg-0/y-Al203,
and V-Mg-0/y-Al20z systems.

3.2. Transmission Electron Microscopy (TEM)

TEM among other applications is used for determining the size
and shape of metal nanoparticles. The application of this technique
is based on the fact that the electron transmittance of the oxide sup-
port is larger than that of the supported metal and the support
would thus appear in the micrograph brighter than the metal. Dark
patches corresponding to the oxide support may be also appeared
due to the aggregation of the oxide phases over each other leading
to the depressed transmission of electrons (Challa, 2014).

100 nm

—V,0, alumina black
—— VO, alumina red

—V- NiO alumina blue

intensity (a.u)

40 80
20 (degree)

Fig .7. X-ray diffraction patterns of the V-Ni-0/yAl;03, V,05/y-Al,03 and
VOs/y-Al203 systems.

Fig. 8 represents a TEM-micrograph of V-Ni-Mg-Oxide catalyst.
The observed particle size of V-Ni-Mg oxides is about 46-192 nm.
The particles which vary in shape, ranging from spherical to oval
and orthorhombic (Samir, 2019; Nor, 2011) which is clearly ap-
peared in Fig. 8.

On the other hand, the V20s- Ni-O/ y-Al203 catalyst appears to
form the cubic particles, in addition to the previous forms. Fig. 9
shows the particles' shapes, and size of this catalyst ranging from
14-196 nm. Fig. 10 shows the particle size for catalyst V-Ni-O ranging from
16-195 nm, and with mixed particles shapes.

Fig. 8. TEM-micrographs of V-Ni-Mg -0 at 80 kev.

100 nm

Fig. 9. TEM-micrographs of V,0s- Ni-O/ y-Alz03 at 80 kev.
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100 nm

Fig.10. TEM-micrographs of V- Ni-O at 80 kev.

3.3. Atomic Absorption Spectrophotometry (AAS)

Table 2 shows the results of AAS analysis of the prepared cata-
lysts where the results are expressed in mg/L (ppm) unit. Moreo-
ver, the molar ratios of the three metal components were calcu-
lated and listed in (Table 3).

Table 2

AAS results in mg/L (ppm) unit for the prepared catalysts.

Catalyst ( theoretical [Ni] [Mg] V]
composition) (mg/L) (mg/L) (mg/L)
Mgs-V,-Og 0 40.5 30.1
Ni3-V2-Os 89.4695 0 52.3
V1-Ni3-0/y-Al203 463 0 118
V1-Mgs-0/y-Al203 0 58.062 37.8
V2-Ni15-Mg1.5-Os 174 81.3 131
Vi-Niis-Mgi5-0/ y- Al,Os 57.0225 28.988 37.2

Table 3

Molar ratios of prepared catalysts components.

Catalyst ( theoretical composition) | Ni | Mg | V
Mgg-Vz-Og 0 2.8 1

Niz-V2-Os 3 0 2
Vi-Niz-0/y-Al203 3 0 1
V1-Mgs-0/y-Al;03 0 3 1
V2-Ni1s-Mgi15-Og 23| 26| 2
Vi1-Ni1s-Mgi5-0/ y- Al2O3 1316 |1

The calculated ratios for Ni:Mg:V are acceptable and very close
to the anticipated values. For example Niz-V2-0 it was calculated as
follows (weight of V (1.15 g)*mass number of V)/molecular mass
of starting material of ammonium metavanadate, the obtained
value represents the weight of the vanadium in the ammonium
metavanadate) in the same way, the weight of the nickel is calcu-
lated with the difference in molecular mass, so that it is the starting
material nickel acetate. The obtained weights are then divided by
the mass number of each metal then converted to integers.

3.4. IR spectroscopy
3.4.1 IR spectroscopy of V20s/ y-Al203 catalyst.

Fig. 11 shows the IR spectra of calcined V20s5/y-Al203 catalyst,
before and after the catalytic reaction, and of VOx/ y-Al203 after the
reaction. All three spectra are characterized by broad strong ab-
sorption in the range 400-1000 cm™ corresponds to Al-O vibration
(Hosseini et al.,, 2011). This conclusion is supported by the fact that
a small band is observed at ~1397 cm™! which could be assigned to
the longitudinal acoustic mode of vibration of alumina (Tapia et al.,
2004).

transmittance

00 T T T T T
1600 1400 1200 1000 800 600 400

wavenumber (cm'1)

Fig.11. IR spectra of calcined V20s/ y-Al203 catalyst a) before and b) after
the reaction, and of c) VOy/ y-Al;03 catalyst after the reaction.

The two spectra of V20s/y-Al203 before and after the reaction
(a and b in Fig. 11) are very similar to each other, indicating that
the reaction did not change the vibrational properties of the sys-
tem. In addition, the IR spectrum of VOx/ y-Al203 after the reaction
is very similar to the other two spectra indicating that the two sys-
tems are very similar. The absence of V20s can be inferred from the
absence of V=0 characteristic band at ~1020 cm™ vibration mode
(Mattos et al., 2002).

3.4.2. IR spectrum of V205-Mg/ y-Alz03 catalyst.

Fig. 12 shows the IR spectra of V20s-Mg/y-Al203 before and af-
ter the reaction. The differences between the two spectra are con-
sidered below:

0.45

0.40 4

0.35

0.30 4

transmittance

0.25 4

0.20 4 .

T T T T T
1600 1400 1200 1000 800 600 400

wavenumber (cm'1)

Fig.12. IR spectrum of V;0s5-Mg/ y-Al;03 catalyst a) before and b) after the
reaction.
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Before reaction, a rather tiny absorption feature is observed
around 1019 cm™ which is characteristic for the V=0 vibration in
V205 (Mattos et al.,, 2002). This suggests the presence of V20s, after
the reaction, this band becomes very small indicating that the V=0
group has been reacted off during the reaction. The IR spectrum of
V20s5-Mg/y-Al203 before reaction shows a shoulder at 920 cm™! and
two bands at 847 cm™! and 675 cm, all of which can be attributed
to the vibrations of Mg orthovanadate phase (Mattos et al, 2002).
After the reaction, there is no significant change of these bands, but
two new absorption features become pronounced at 525cm™! and
825cm1. This can be attributed to the stretching vibration of V-0-
V group belonging to the V20s phase (Brown and Stewart, 1970).

3.4.3. IR spectrum of V-Mg-0 and V-Ni-O catalysts.

Fig. 13 shows the IR spectra of V-Ni-O and V-Mg-O catalysts,
which are very similar. It can be clearly seen that all absorption
bands of V-Ni-O are with a small shift to higher frequencies of those
of V-Mg-0. However, all these bands are at 920 cm™, 847cmland
675cm™1, all of which can be attributed to the vibrations of Mg or-
thovanadate and Ni orthovanadate phases (Tapia et al., 2004; Mat-
tos et al., 2002), that agree with the results of XRD. The bands in the
case of V-Ni-O are much more pronounced than those in the case of
V-Mg-0 probably due to the better order in the V-Ni-O system as
indicated by XRD measurements (Fig. 4 and Fig. 5).
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Fig .13. IR spectrum of calcined a) V-Mg-0 and b) V-Ni-O catalysts.

3.4.4. IR spectrum of V-Mg-0, V20s-Mg-0/y-Al203 catalysts, and of
pure y-Al20s.

Fig. 14 compares the absorption properties of V-Mg-O and
V205-Mg-0/y-Alz203. The absorption bands that appear at 847cm™
and 675 cm™lcan be attributed to the vibrations of Mg orthovana-
date phase which is present in both systems (V-Mg-0 and V20s-Mg-
0/y-Alz203). But V205-Mg-0/y-Al203 shows weaker absorption
bands when compared to V-Mg-0. Moreover, V20s5-Mg-0/y-Al203
contains a tiny absorption band at 1019 cm™! which is characteris-
tic of the V=0 vibration in V205 (Mattos et al., 2002). This band is
not present in V-Mg-0. IR spectroscopy indicates the formation of
V205 that contains V=0 bonds in the V20s5-Mg-0/y-Al;03 catalyst.
Fig. 14 shows also the IR spectra of pure y-Al203 with two broad
band’s at around 604 cm™ and 805 cm™! which can be attributed to
Al-0O vibrational mode, and a small band observed at ~1397 cm™
which could be assigned to the longitudinal acoustic mode of vibra-
tion of alumina (Ma et al., 2008).
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Fig.14. IR spectrum of a) V-Mg-0/y-Alz203, b) pure y —alumina and c) V-
Mg-O catalysts.

3.5 1H-NMR identification of the catalytic reaction products.

The detection and composition structures of the reaction prod-
ucts were confirmed by tH-NMR (BRUKER AVANCE III 400 MHz)
which shows (Fig. 15) the presence of CH3 group of propene at 1.9
ppm as a doublet, CHz group of propene at 4.5 ppm, and at 4.6 ppm
as a doublet of doublets, and the presence of CH group at 5.2 ppm
as a multiplet. All these results indicate the occurrence of oxidative
dehydrogenation of propane. This was done after bubbling the ex-
iting gaseous reaction mixture in CDCl3 solvent.
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Fig. 15. 'H-NMR spectrum of the reaction mixture over V-Ni-O catalyst.

Fig. 15 shows the lTHNMR spectrum of the reaction mixture over
V-Ni-O catalyst just as an example. This spectrum can be broken
down and displayed more clearly in Fig. 16, as follows:
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Fig . 16. 'H-NMR Spectrum of methane as a singlet.
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Fig.17.H-NMR spectrum of propane as (triplet of triplets)

Fig. 16 and Fig 17. show 1H NMR spectra of methane and pro-
pane samples. The singlet signal (in Fig. 16) situated at 0.62 ppm is
assigned to protons in methane, which indicates an occurrence (hy-
drogenolysis of propane), while the triplet of triplets peak (in Fig.
17) which observed in the range (1.17-1.20 ppm) is assigned to
propane.
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Fig. 18. 'H-NMR spectrum of propane and propene
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Fig. 19. 1H-NMR spectrum of propene as a doublet of doublets as multiplets
and doublets, respectively.

Table 4

Fig. 18 and Fig. 19 show H NMR spectra of propane and pro-
pene samples. The multiplet signals (in Fig. 18) located in the range
(1.5-1.6 ppm) are assigned to protons in propane, and the doublets
peak (in Fig. 18) observed at 1.9 ppm is assigned to propene, while
Fig. 19 shows 1H-NMR spectrum of propene as a doublet of dou-
blets which observed at 4.5 ppm.
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Fig. 20. 'H-NMR spectrum of ethylene as a singlet.
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Fig. 21. 'H-NMR spectrum of propene as a multiplet.

Fig. 20 and Fig. 21 show 'H NMR spectra of ethylene and pro-
pene samples (oxidative dehydrogenation of propane). The singlet
signal (in Fig. 20) situated at 4.92 ppm is assigned to protons in
ethylene, while multiplet peaks (in Fig. 21) observed at 5.25 ppm is
assigned to propene.

3.6. Gas Chromatographic analysis data of the oxidation of pro-
pane over the vanadium catalysts.

Table 4 shows the gas chromatographic analysis data for the
oxidation of propane over the vanadium catalysts. The most active
catalysts in the conversion of propane were V20s-Ni-O/ y- Al203
(97.5%), V20s-Ni- Mg-0/ y- Al203 (78.6%), V20s- Mg-0/ y- Al203
(78.3%), V-Ni- Mg-0 (76.4%), V-Mg-0 (79.31%%), and V-Ni-O
(48%). At temperature (600 °C) and differ flow rate (1:1, 2:1 (O2:
propane).

Oxidation of propane over the vanadium catalysts at reaction temperature 500°C, 600°C and calcination temperature at 600°C exceptions VOx/ y- Al.03 was calcined at 500°C.

Catalysts Reaction | V-Ni-O | V-Ni-Mg-O V205-Ni-0/y- V205-Ni-Mg-0/ y- | V-Mg-O | Vz0s/y-Al20s | VOs/ - AlOs V205 -Mg-0/ y-
temperature 600°C 600°C Al,03 500°C Al,03 500°C 600°C 500°C 500°C Al,03 600°C
~ .
% Conversion of 48% 76.40% 97.5% 78.6% 79.31% 13% 13% 78.3%
propane
0 i -
% c°“";r1§‘°" (to 0% 1.9% 76.09% 11.4% 3.06% 3% 2% 3.02%
- -
% Conversionof | 5, 26.6% 3.94% 24.82% 26.6% 10% 11% 23.56%
propene
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When comparing the results presented in Table 4 it can be
clearly seen that the most selective catalysts in oxidative dehydro-
genation of propane to propene are V-Mg-O (conv. 26.6%), V-Ni-
Mg-0 (conv. 26.5%) at 600°C, and V20s-Ni- Mg-0/ y-Al203(conv.
24.8%) at 500°C where the latter catalyst is considered the best be-
cause it gives the same conversion but at a lower temperature. The
reason for this is probably due to the nature of these catalysts
where (MgO and NiO), basic oxides are selective towards alkenes
production propene (Murgia et al., 2004). This is because these cat-
alysts contain VO4 tetrahedral units (orthovanadate) which are
known to be active for the oxidative dehydrogenation reactions
(Mattos et al., 2002). Since propane molecule which is activated

Table 5

The selectivity of all vanadium catalysts used in the oxidation of propane.

and adsorbed on the reactive surface oxygen of the isolated tetra-
hedral VO4 units removes a hydrogen atom from the propane mol-
ecule to form an adsorbed propyl radical and a surface OH group
which greatly favors the catalytic activity and selectivity to pro-
pene (Mattos et al., 2002). This is why the incorporation of magne-
sium into vanadium is a very important step because it will im-
prove the oxidative dehydrogenation selectivity (Elkhalifa et al.,
2018). Table 5 shows the selectivity of all vanadium catalysts used
in the oxidation of propane. The most selective catalysts for pro-
pene production were VOX/y-Al203 (84%), V205/ y-Al203 (78%),
V-Ni-Mg-0 (35%), and V-Mg-0 (33%) respectively.

i N Mo V,0s-Ni-0/ y- V,05-Ni- Mg-0/ o V20s/ y- VOy/ y- V,0s -Mg-0/ y-
Catalysts V(Ej‘)o v N(‘O/N;g 0 ALO; V- AL v ("(’,ﬁg) 0 ALOs ALOs ALOs
’ ’ (%) (%) ’ (%) (%) (%)
ls)‘;fgt“'“y to pro- 30.39 34.72 4 31.56 33.47 77.92 84.075 30.06
Selectivity to total 0 248 78 14.54 3.85 22.07 15.92 3.86
oxidation
Selectivity to eth- 275 57.35 0 478 615 0 0 50.73
ylene
Selectivity to me- 42.08 5.42 17.49 6 115 0 0 15.34
thane

4. Conclusion

The oxidative dehydrogenation of propane over vanadium cat-
alysts has been studied. A series of vanadium catalysts were pre-
pared by the adsorption equilibrium method and impregnation
method. All prepared catalysts were characterized through the
XRD, IR spectroscopy, and TEM techniques. The diffraction pat-
terns in the cases of the V-Mg-0, V-Ni-Mg-0, V-Ni-0, V20s5-Ni-O/y-
Al203 are attributed to the presence orthovanadate phase. How-
ever, the diffraction lines become smaller with the incorporation of
Mg in these systems. Moreover, the diffraction patterns of all y-
Al203 containing catalysts, show small diffraction lines at 57° and
88°, which are attributed to the presence of y-Al;03. The results of
IR characterization of V-Mg-0 and V-Ni-O agree with the results of
XRD indicating the presence of the orthovanadate phase. TEM
study showed the particle size of V-Ni-Mg-O was around 46-192
nm. In the V205-Ni-O/ y- Al203 catalyst the particle size was in the
range 14-196 nm, and 16-195 nm in the V-Ni-O catalyst. Structures
of the reaction products were confirmed by tH-NMR which shows
clearly the presence propene (oxidative dehydrogenation) for all
catalysts. In additional, ethylene production through using V-Mg-0,
V-Ni-O, V-Ni-Mg-O V20s-Ni- Mg-O/ y- Al;03 and V205 -Mg-0/ y-
Al203 catalysts, and methane that indicates an occurrence (hydro-
genolysis of propane) through the reaction for all catalysts, with
exception to V20s-Ni-O/ y- Al203 and VOx /y-Al203 catalysts. All va-
nadium catalysts containing Mg in their composition were active in
the oxidation of propane, and selective to propene (oxidative dehy-
drogenation). The maximum observed conversions to propene in
this work were 26.6% and 24.8% were achieved by V-Mg-0, V-Ni-
Mg-0, and V20s- Ni-Mg-0/ y-Al203 catalysts, respectively. The max-
imum observed conversion of propane by total oxidation was 76%
over V20s5-Ni-O/ y- Al203 catalyst prepared by the impregnation
method. The main reason for the total oxidation that was observed
during their reaction reverts to the strong adsorption of propene
on the catalyst surface, while its desorption is difficult. In addition,
the second reason depends on many factors that may affect the cat-
alyst activity and selectivity, such as vanadium content, surface
acidity, reaction temperature, feed composition (ratio of oxygen
gas to propane gas). Finally, among the studied catalysts, VOx/ y-
Al;03 was most selective towards propene (84%), V-Mg-O catalyst
was most selective towards ethylene production (62%), and V-Ni-
0 was most selective in hydrogenolysis (methane production)

(42%). Moreover, V205-Ni-O/y- Al203 catalyst was the most active
catalyst (98% conv).
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