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ABSTRACT

The propane oxidative dehydrogenation (ODH) reaction has been considered as an alternative
method for propene production owing to its exothermic nature, which renders it environmentally
friendly. The use of alkaline promoters for supported V catalysts can increase propene selectivity
and partially inhibit the formation of CO and CO2. Our goal was to evaluate the promoting effect of K
and Na and the support effect using gibbsite as precursor for the propane ODH reaction. Catalysts
were prepared via co-impregnation of V and alkali metals on a previously prepared alumina support
and were characterized using N2 adsorption-desorption, X-ray diffraction, temperature-programmed
reduction, and isopropanol decomposition tests to evaluate their acid-base properties. The activity of
the synthesized catalysts for the propane ODH reaction was evaluated at the O2:CzHs:He molar
ratios of 5:2:4, 6:1:4, and 4:3:4. The addition of alkali metals to the V catalysts increased propane
conversion and propene selectivity; moreover, both parameters increased with increasing molar
fraction of O: in the reactants. K doping increased the propene selectivity of the doped catalysts,
because it inhibited a large fraction of catalytic surface acidic sites. A high molar fraction of Oz in the
reactants facilitated the regeneration of the catalyst, whereas a high reoxidation rate improved
catalytic activity and propene selectivity.
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1. INTRODUCTION

Propene is the main chemical for the synthesis of
a wide variety of petrochemical derivatives,
mainly polypropylene, propylene oxide, and
acrylonitrile [1]. The conventional processes for
producing propene are steam cracking, fluid
catalytic  cracking (FCC), and catalytic
dehydrogenation [2-5]. Recently, the conversion
of propane to propene has received increasing
attention because of the limited capacity of the
aforementioned processes to produce propene,
which cannot meet the growing global demands
[5,6]. Oxidative dehydrogenation (ODH) is a
promising alternative process for the synthesis of
propene from propane, which is a low-cost
feedstock. Unlike conventional alkene production
methods, the propane ODH reaction requires
much lower temperatures; moreover, the use of
O:2 as a reactant minimizes the formation of coke
and ensures a long catalyst lifetime.

In addition, as an exothermic reaction, the
propane ODH reaction overcomes the
thermodynamic restrictions of non-oxidative
dehydrogenation owing to the formation of water
at the end of the process. However, because of
the side reactions leading to the formation of
COx, the propene yield of the propane ODH
reaction is not sufficient for industrial production
The olefins product are more reactive than the
corresponding alkanes, and may easily be super-
oxidised into CO2 [6-9]. The design of efficient
catalysts and selection of appropriate reactors
are key factors for the commercial
implementation of the propane ODH reaction and
can increase its propylene yield [5, 9-11].

Several studies have focused on the
development of catalysts with high activity—
selectivity relationships for selective oxidation
reactions. The speciation of vanadium oxide from
the interaction with support oxide has been the
differential for the catalytic performance [12,13].
The versatility in obtaining porous structures with
different alumina transition phases allows the
selection of appropriate supports for active phase
dispersion. Therefore, the methodology and
synthesis conditions of aluminum hydroxide
precursors and subsequent calcination are
crucial for obtaining alumina supports with
specific properties [14-16].

The acid-base and redox properties of catalysts
are important parameters for propene selectivity
control and can be modified via the addition of

alkaline promoters. In particular, the promoter
effect of K on the V20s/Al20s catalysts for the
alkane ODH reaction has been studied [17-21].
The promising improvement in selectivity was
attributed to the modification of acidic sites into
basic sites, although a better understanding of
the role of alkali dopants on the structure and
properties of supported vanadia catalysts is
required [19,20]. It has been reported that the
interaction of K or Na with vanadia led to the
weakening of the terminal V=0 bonds [20,22].

The Mars—van Krevelen (MvK) redox mechanism
has often been referred to as the appropriate
model to describe the alkane ODH reaction over
transition-metal-based catalysts, such as V
[23,24]. This mechanism involves the reduction
of the catalyst by adsorbed alkane with
participation of the lattice oxygen forming olefin
and water. Then, gas-phase oxygen re-oxidizes
the reduced catalytic sites. Chen et al. [25] have
proposed the following mechanistic sequences
for the propane ODH reaction over V-based
catalysts:

) CsHs + O* — Cs3HsO* (adsorption of
propane molecule by interaction with lattice
oxygen (O* in the V=0, V-O-V or V-O-
Support bonds of structures VOx species);

II) CsHsO*+ O*— C3sH7O* + OH* (propane H-
abstraction by neighboring lattice oxygen
(0% (C-H bond cleavage) to produce
propyl radicals (CsH7O*) and OH* groups);

) CsH0* — CsHe + OH* (desorption of
propene by OH* elimination from adsorbed
alkoxide species);

IV) OH* + OH* — H20 + O* + * (recombination
of OH* groups to form partially reduced V
centers (*));

V) O2 + * +* - O* + O* (re-oxidation of
reduced V centers (*) via dissociative
chemisorption of O2).

The changes in the 02:CsHs molar ratio can
affect the re-oxidation rate and, therefore, the
synergistic effect between the V5*/V** species
and, consequently, catalytic performance. A few
studies reported a greater reduction of V cations
with decreasing amount of Oz; however, this did
not observe the same results in terms of propene
selectivity of the catalysts for the propane ODH
reaction [8, 26-28].

In this study, our goal was to evaluate the
promoting effect of K and Na as additive to
increase propene selectivity of the propane ODH



reaction. The differential of this study was the
evaluation of the effect of the interaction of alkali
metals with V and transition alumina support that
was prepared from gibbsite as precursor.
Generally, the V-based catalysts reported in the
others research papers [13,20] were prepared by
impregnation of vanadium on a commercial y-
Al2O3 support. We also proposed to evaluate the
change of the O:2/propane molar ratio of the
reaction mixture, modifying molar flow rates of
reagents.

2. MATERIALS AND METHODS
2.1 Synthesis

The aluminum hydroxide precursor was prepared
using a precipitation method via the continuous
injection of CO: at a flow rate of 48 mLmin-! into
a solution of NaAlO4 (3.3 M), which was placed
in a batch reactor at 348 K under mechanical
stirring until the pH was approximately 10.8. The
obtained precipitate was washed with distilled
water, dried, and calcined at 873 K for 5 h to
obtain the alumina support, which was denoted
as Al20z (G). To synthesize alumina-supported V
catalysts, the support was subjected to wet
impregnation with excess solvent (water). Half-
monolayer impregnation of 4 VV atoms per square
nanometer of alumina was performed by mixing
a NH4VOs solution heated to 343 K and powder
carrier in a vacuum rotary evaporator. Thereafter,
the residual powder was dried and calcined at
723 K for 5 h, and the prepared catalyst was
denoted as 4V-Al (G). The alkali-metal-doped
catalysts were prepared via the co-impregnation
of V (half monolayer) and alkali metals (x = 0.5
and 1.0 Na or K atoms per square nanometer of
support) on alumina. The doped catalysts were
synthesized according to the aforementioned
method using a mixture of NaOH or KOH
aqueous solutions and NHsVOs for co-
impregnation. The prepared catalysts were
denoted as 4V-xNa-Al (G) and 4V-xK-Al (G).

2.2 Physicochemical Characterization

The specific surface areas and pore volume
(Brunauer—-Emmett-Teller method) and pore
volume distribution (Barrett—Joyner—Halenda
method) were determined using Nz adsorption—
desorption isotherms, which were obtained at 77
K using a Belsorp-mini-ll instrument. The
samples were pretreated in situ under vacuum
and were subsequently heated at 473 K for 2 h.

X-ray diffraction (XRD) analyses were performed
using a PANalytical Empyrean instrument with
Cu Ka radiation (A = 0,1544 nm) at a power of 30
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kV, current of 20 mA, and goniometer angular
velocity of 0.02%s in the 26 range of 10-80°.

Temperature programmed reduction (TPR)
experiments  were performed using a
Quantachrome, ChemBET-3000 system

equipped with a thermal conductivity detector
(TCD). Samples (0.05 g) were dried in situ at 473
K for 2 h under a He flow. Next, the solids were
cooled to room temperature and reduced at 1173
K (temperature ramp of 10 K min't) with a 5%
H2/N2 mixture (flow rate of 30 mLmin-1).

Isopropanol decomposition tests were performed
at atmospheric pressure in a fixed-bed
borosilicate glass reactor to evaluate the acid-
base surface properties of the samples. The
reactor was fed with isopropanol (99.7%), which
was injected using a Thermo Separation
Products P100 pump at a flow rate of 0.02
cm®min?! and was diluted with a He and N:
mixture at a flow rate of 37.5 cm®mint. The
effluent gases were analyzed on line using a
Varian 3380 chromatograph equipped with a
TCD and a Poropak-Q column (4.5 m). The
reaction was evaluated in the temperature range
of 373-573 K using 150 mg of catalysts and the
residence time (W/Fa0) of 6.3 ghmoll. The
conversion of isopropanol (Xisop), product
selectivity (Sj), specific reaction rate (SRR), and
the specific rate of product formation (SRP) were
calculated as follows:

Zjzjnj

Xisop(%) = =i x 100 )

(%) = Y
S; (%) o, x 100 4
SRR = Xisop(%)xpisop (5)

- W xSy
and

SRP _ Sj(%)xSRR (6)

g
where nisop is the number of moles of

unconverted isopropanol in the product stream,
n; is the number of moles of gaseous carbon in
product “j”, zjis the number of carbon atoms in
gaseous carbon-containing product “j”, Fao is the
reactor outflow of isopropanol, W is the catalyst

weight, and Sg is the specific surface area.
2.3 Catalytic Test

The catalytic activity of the prepared catalyst
samples for the propane ODH reaction was
tested at atmospheric pressure at a range
temperature of 573-773 K in a fixed-bed quartz



microreactor (Fig. 1). The thermocouple placed
inside the catalyst (0.15 g) was used to measure
and control the temperatures and mass flow
controller was used to control the gas flow (Oz,
He and propane). The O2:CsHs:He molar ratios
were 5:2:4, 6:1:4, and 4:3:4 and the total flow
rate was 48 ml.mint. The molar fraction of He
and the total flow rate was maintained constant
to determine the effect of the O2:C3Hs molar ratio
on the catalytic activity of the catalyst samples.
The concentrations of unconverted propane and
products were analyzed on line using a Varian
450 chromatograph equipped with a TCD using
two 1/8" diameter columns. The stationary
phases consisted of HS-N (80/100) and MS-13X
(45/60).

The performance of the catalysts was assessed
using the conversion of propane (Xcsns), product
selectivity (Si), and propene yield (Ycsns), which
can be calculated as follows:

Xizin

Xcang(%) = Torovanet iz 100 @)

Si(%) = 5 x 100 @®
and

Yeane(%) = Xc3ns(%) x Scare (%) o

100

where nNprpane 1S the number of moles of
unconverted propane in the product stream, n; is
the moles of gaseous carbon in the product “”
and z; is the number of carbon atoms in the
gaseous carbon-containing product “i". These
equations were considered suitable for
evaluating the performance of the catalysts
because they provide accurate results, which
depend on the reaction products measured using
TCD analysis [29].

3. RESULTS AND DISCUSSION
3.1 Physicochemical Characterization

The specific surface area (Sser), pore volume
(Vr), and average pore radius (Rp) of the alumina
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support and vanadium-and-alkali-metal-based
catalysts are summarized in Table 1. The
impregnation of vanadium oxide onto the alumina
support caused a decrease in Sger and Vp.
Furthermore, Seer decreased with increasing Na
content. The Sger values of the K-doped catalysts
were lower than that of the undoped catalyst;
however, the Seer values of both K-doped
catalysts were similar. In general, the Sger values
of the alkali-metal-doped catalysts were slightly
lower than those of that of the undoped catalysts.
This was attributed to the preparation procedure
and, in particular, to the low amounts of dopants
used [20,21].

The Vp distribution curves of the catalysts are
presented in Fig. 2. The radius of most pores of
the alumina-supported V catalysts was between
1 and 4 nm (Fig. 2(b)-(d)). The Al203 (G) catalyst
support exhibited a shoulder that extended to 10
nm radius pores (Fig. 2(a)) which was eliminated
after the impregnation of vanadium oxide and
alkali metals. This was attributed to vanadium
oxide and alkali metal species promoting the
collapse of small pores in pure alumina during
calcination.

The XRD profiles of the support and catalysts are
illustrated in Fig. 3. The alumina precursor
presented monoclinic aluminum  hydroxide
(gibbsite) structure (ICDD 00-033-0018), and its
XRD profile presented very narrow and defined
peaks at 18.31° and 20.37° owing to its highly
crystalline structure; other peaks with lower
intensity were also observed. Upon calcination at
873 K, the gibbsite precursor formed y-Al2Os
(ICDD 04-0880, 26 = 37.74°, 39.57°, 42.91°,
45.68°, and 67.68°), which presented low
crystallinity. The XRD profiles of the catalysts
impregnated with vanadium oxide and alkali
metals did not include any peaks related to bulk
compounds. This indicated a good dispersion of
surface vanadium species; however, the
formation of V-associated nanoparticles could
not be ruled out because of the limitations of the
XRD analysis [30,31].

Table 1. Specific area (Sger), pore volume (Vp), and average pore radius (Rp) of catalysts

Support/ Catalysts Sger (M?gY) Ve (cmig™?) Rp (Nm)
Al,03 (G) 197 0.31 2.35
4V-Al (G) 105 0.22 2.74
4V-0.5Na-Al (G) 104 0.21 2.41
4V-1.0Na-Al (G) 96 0.19 2.41
4V-0.5K-Al (G) 98 0.20 2.74
4V-1.0K-Al (G) 100 0.20 2.41
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Fig. 3. X-ray diffractograms of catalyst samples. The O and M peaks represent gibbsite and
x-Al03 phases, respectively

The TPR profiles of the catalysts are illustrated in
Fig. 4. The undoped V catalyst presented a
single reduction peak (787 K) which
corresponded to the reduction of V20s to VsOaus.
The addition of alkali metals shifted this peak to
higher temperatures (785-819 K), which
indicated a decrease in reducibility. The stronger
interactions between the acidic V sites and basic
alkalis can hinder V reduction [21]. But, the
reduction temperature of the 4V-0.5Na-Al (G)
catalyst (785 K) was similar to that of the
undoped catalyst (787 K), this may be associated
with a lower dispersion of sodium ions during
their impregnation, not inhibiting active sites. The
reduction temperature of the 4V-1.0Na-Al (G)
catalyst was the highest of all catalyst samples,
and the reduction temperatures of the 4V-0.5 K-
Al (G) and 4V-1.0K-Al (G) catalysts were similar.
This suggested that catalyst reducibility did not
change significantly with increasing K content.
Conversely, Cortez et al. [20] reported that the
maximum Hz consumption temperature of K-
doped V:20s/Al20s catalysts increased with K
loading irrespective of the preparation method.
Lemonidou et al. (2000) [21] analyzed the effect
of alkali metals (Li, Na, and K) on the reducibility

of V species and reported that reduction
temperature did not depend on the nature of
alkali metal used for doping. The morphological
properties of the support material, content of
impurities, and method used to prepare vanadia
to affect V reducibility [32].

The SRR and SRP values for the decomposition
of isopropanol at 553 and 573 K are summarized
in Tables 2 and 3, respectively. The formation of
propene via isopropanol dehydration requires the
presence of Lewis or Brgnsted acid sites,
whereas the formation of acetone via isopropanol
dehydrogenation occurs at basic or redox sites
[33,34]. The catalytic activity and production of
propene increased significantly when V was
added to the alumina support. The high propene
SRP and onset of acetone formation indicated
the strong acid and redox character of V species.
In contrast, the addition of alkali metals
decreased the SRR and propene SRP; moreover
SRR and propene SRP decreased with
increasing alkali metal content of the catalysts.
The inhibition of acid sites by K exceeded that of
Na at the same Na and K content because the
ionic radius of K* is higher than that of Na*. The



production of acetone, which depended on the
availability of basic sites, was higher for the
doped catalysts. However, the change in basicity
with increasing alkali metal content of the
catalysts was insignificant and the inhibition of
acidic sites was more noticeable. Cortez et al.
(2003) [20] reported that a fraction of acid sites
was converted into basic sites with increasing K
content. This observation was supported by the
progressive decrease in dimethyl ether formation
(acid sites) with increasing K loading followed by
an increase in CO:z production (basic sites)
during methanol chemisorption and its
temperature-programmed surface reaction.

3.2 Catalytic Test

Table 4 and Fig. 5 illustrate the performance of
the undoped and alkali-metal-doped V catalysts
for the propane ODH reaction at the O2:CsHs:He
molar ratio of 5:2:4. The highest propene yields
were observed at the beginning of the
experiments (573 K) for all catalysts. Initially,
catalytic  activity decreased at  higher
temperatures for all catalysts except for the
undoped one. The catalytic deactivation can be
associated with the onset of coke deposition
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owing to the start of the combustion process [8].
After, the doped catalysts becomes more
markedly active with the formation of CO and
CO2 by-products, in which the combustion
process is more thermodynamically favorable at
higher temperatures , i.e, the olefins are more
susceptible to undergo complete oxidation to
form COx [9].

The combustion of propene over the 4V-Al (G)
catalyst started instantaneously (573 K),
indicating that 4V-Al (G) was very active.
Conversely, the production of COx over the
alkali-metal-doped catalysts started at high
temperatures (643-658 K). This can be attributed
to the alkali metal ions blocking the strong acid
and nonselective sites, which favored the olefins
combustion reaction [21]. This effect was more
significant for the 4V-1.0K-Al (G) (658 K) catalyst
because the ion radius of K* being larger than
that of Na*. The higher inhibition of these sites by
K was confirmed by the lowest propene
production during the isopropanol decomposition
reaction to evaluate their acid-base properties;
the propene production require the presence of
acid sites [33,34].

4V-1.0Na-Al(G)

Ho consumption (u.a.)

4V-1.0K-AI(G)
796 K
4V-0.5K-Al(G) i

799.5K

785 K

T T T T
400 500 600

T ¥ T ¥ T
700 800 900

1000

Temperature (K)

Fig. 4. Temperature programmed reduction curve of the catalysts

Table 2. Specific reaction rate (SRR) and specific rate of product formation (SRP) of the
support and catalysts at 553 K

Support/ Catalysts

SRR (umolm2min?) SRP (umolm2min)

Propene Acetone
Al203 (G) 1.75 1.63 0.01
4V-Al (G) 27.63 23.03 4.21
4V-0.5Na-Al (G) 21.33 15.37 5.85
4V-1.0Na-Al (G) 15.80 9.64 5.72
4V-0.5K-Al (G) 16.61 10.61 5.96
4V-1.0K-Al (G) 14.08 7.99 5.89
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Table 3. Specific reaction rate (SRR) and specific rate of product formation (SRP) of the
support and catalysts at 573 K

Support/ Catalysts SRR (umolm2min-) SRP (umolm?min)
Propene Acetone
Al203 (G) 4.63 4.46 0.1
4V-Al (G) 49.14 43.73 5.23
4V-0.5Na-Al (G) 38.50 28.28 10.09
4V-1.0Na-Al (G) 32.57 21.35 10.84
4V-0.5K-Al (G) 36.13 24.78 11.36
4V-1.0K-Al (G) 27.30 16.08 11.15
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Fig. 5. Catalytic activity for the propane oxidative dehydrogenation reaction

Table 4. Catalytic activity for the propane oxidative dehydrogenation reaction

Catalysts Initial propane Initial propene Initial combustion
conversion (%) yield? (%) temperature (K)

4V-Al (G) 315 315 573

4V-0.5Na-Al (G) 40 40 643

4V-1.0Na-Al (G) 44.6 44.6 645

4V-0.5K-Al (G) 46.1 46.1 643

4V-1.0K-Al (G) 49 49 658

aThe highest propene yields were observed at the beginning of the reactions



Conversely, propane conversion over the alkali-
metal-doped catalysts was higher than that over
the wundoped catalyst. The less reducible
character of the doped catalysts, which was
demonstrated using TPR analysis, did not led to
their lower activity for the propane ODH reaction.
Therefore, when the propane ODH reaction was
performed over the alkali-modified catalysts it did
not follow the Mars—van Krevelen mechanism;
moreover, the effect of the dopants on the redox
properties of V was not observed for these
reactions.

Putra el al. [35] studied the promoter effect of Sr
over V-Mo oxide catalysts supported on y-Al2O3
and observed that the presence of Sr enhanced
the propane conversion and propene selectivity.
In Kinetic investigations, they observed that the
Sr-Mo-V catalysts with low reducibility fitted well
Langmuir—Hinshelwood (LH) mechanism, but the
typical mechanism, Mars—-van Krevelen, was
more appropriate for Mo-V-catalyst (higher
reducibility). For LH mechanism, propane and
oxygen are adsorbed on the catalyst surface and
they react to give propene. Therefore, this study
indicated that other reaction models can be
more appropriate for alkali-modified catalysts
with lower reducibility prepared in this work, that
require further detailed kinetic studies.

The addition of alkali metals to the V catalysts
increased propene selectivity (Fig. 6), and the 4V-
1.0K-Al (G) catalyst was more selective than the
other alkali-metal-doped catalysts over almost the
entire reaction duration. A significant decrease in
selectivity was observed only after the temperature
reached 684 K for the 4V-1.0K-Al (G) catalyst
owing to the olefin combustion process, which
occurred at higher temperatures. Lemonidou et al.
[21] reported the beneficial effect of alkali metal (Li,
Na, and K) addition to V20s/Al20s catalysts on
propylene selectivity; however, they did not
observe a difference in propene selectivity among
the alkali-metal-doped catalysts. In general, the
more pronounced decrease in acidity with the
addition of K compared with Na was attributed to
the electronic density caused by K* ions in the V-O
groups, that served as active sites, being greater
than that of Na* ions [36]. The most significant
neutralization of the acid sites by K* ions was
confirmed by the greatest decrease in propene
production during the isopropanol decomposition
test. The higher basicity provided better desorption
of propene for the propane ODH reaction and
rendered the olefins less susceptible to undergo
complete oxidation to form CO and CO:
[20].
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In addition to the promoting effect of alkali metals
on the catalytic properties of V catalysts, the
effect of the O2:CsHs molar ratio on catalytic
performance were also evaluated. The most
selective catalyst, 4V-1.0K-Al (G), was evaluated
using the O2:CsHs:He molar ratios of 6:1:4 and
4:3:4; the molar fraction of He and the total flow
rate was maintained constant. The experimental
results are illustrated in Fig. 7. The catalytic
activity of the 4V-1.0K-Al (G) catalyst increased
with  increasing Oz molar fraction, as
demonstrated by the increase in propane
conversion (Fig. 7(a)) and propene yield (Fig.
7(b)). Excess and non-stoichiometric amounts of
non-selective and poorly adsorbed species (Oz,
02, and O) and O in the catalyst has been
reported in the literature to increase catalytic
activity and propene combustion rate [8]. The
increase in propane conversion reported in this
paper can be attributed to the interactions of
propane molecules with a large number of
oxygen active sites restored to the catalytic
structure. On the other hand, the high olefin yield
showed that this oxygen actives were sufficient
to selectively convert propane to propylene, i.e,
higher Oz molar fraction may not have led to an
excess of non-selective O species. In contrast,
the catalytic performance decreased when the
molar fraction of Oz was lower (O2:CsHs:He molar
ratio of 4:3:4); catalytic activity and propene yield
decreased owing to a possible insufficient O
replacement in the catalytic structure. Moreover,
at the O2:CsHs:He molar ratio of 4:3:4, catalyst
deactivation increased with the deposition of
coke on the catalyst surface, which was
confirmed by the blackened appearance of the
catalyst after the propane ODH reaction, in which
Oz plays an important role in eliminating
carbonaceous species [8]. Therefore, the large
amount of O2 minimized coke formation,
increased catalytic activity, and favored propene
formation. It is important to note that the propane
conversion increased at higher temperatures
(773 K) at the different O2:CsHs:He molar ratios;
however, the propene yield decreased owning to
the olefin combustion process to form CO and
CO:..

The propene selectivity curves of the 4V-1.0K-
Al(G) catalyst at different O2:CsHs:He molar
ratios are presented in Fig 8. Propene selectivity
increased with increasing Oz molar fraction that
is in agreement with higher propene yield and
decreased production of CO and CO2. Hgj et al.
(2013) [26] reported different results for the
propane ODH reaction on alumina-supported V
catalysts. The X-ray absorption spectroscopy



results demonstrated the reduction of V5* to V4*
owing to the low concentration of Oz in the
reaction mixture favoring propene selectivity
particularly for oligomerized V species. Gao et al.
(2002) [27] also confirmed the significant effect of
the Cs3Hs:O2 molar ratio on propene selectivity
over the V20s/ZrO: catalyst. The ultraviolet—
visible diffuse reflectance spectroscopy and
Raman spectroscopy analysis results revealed
that a greater fraction of V5" species were
reduced to V4 species with increasing CsHs:O2
molar ratio. However, when an Oz-rich mixture
was used (CsHs:O2 molar ratio of 1:10), propene
selectivity was high, which suggested that olefin
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can be related to propene formation at the V5*
active sites, whereas the reduced V species
(V#*/v3*) can favor COx formation. These
byproducts can be formed via the decomposition
of a small amount of acrolein, the organic
intermediate formed during the activation of the
C-H bonds of propylene in the presence of
reduced vanadia sites [27]. Conversely, Cortez
and Bafares (2002) [28] analyzed the Raman
spectra and catalytic activity of alumina-
supported vanadium oxide during the propane
ODH reaction and reported that the effect of the
02:C3Hs molar ratio on the selectivity—activity
ratio was negligible. In this work, the O2:CzHs:He

production was favored by high-oxidation-state V.= molar ratio of 6:1:4 was the most
species (V°*). The same results were observed suitable for the propene ODH
in this study, in which the reaction mechanism reaction.
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Ermini et al. [18] also doped the alumina-
supported V catalyst with potassium and noted
that addition of K decreased activity, but
increased significantly the propene selectivity.
This result was ascribed to the blocking of acid
sites of the alumina support that converted
propene in organic by-products. Under conditions
of higher propene production, it was reported that
the propene selectivity increased from 16.6%
(13V-Al) to 39.9% (13V-0.5K -Al) at the
respective propane conversion values of 50.2%
and 41% (V205 = 13 wt.%; K20 = 0.5 wt.%).
Lemonidou et al (2000) reported the same trend
with the increase in the propene selectivity of
39.8% (V-Al) to 57.2% (KV-Al) at propane
conversion of 20.3% and 16.9 %, respectively, at

11

773 K (V20s = 4 wt.%; K20/V20s = 0.25). Overall,
alkali metal dopants have been reported to
improve propene selectivity but have been
associated with a decrease in catalytic activity
[18-21]; however, the catalysts prepared in this
study presented opposite behavior. The V-O-—
support bonds have been identified as the active
sites for propane activation [37-40], which
suggested that the presence of alkali metal
additives induced changes in the vanadium
species of the catalysts prepared using gibbsite
as the precursor. Therefore, the changes in the
acid-base properties and active site—support
interactions with the addition of alkali metal ions
indicated that further detailed studies should be
performed to elucidate the promising catalytic



efficiency of alkali-metal-doped V catalysts.
Furthermore, the high propene selectivity at high
propane conversions suggested control over the
strong oxidizing action of Oz, because the olefins
are able to form CO and CO:2 byproducts very
easily [8].

The alkali metal ions tend to coordinate to
surface V species by altering the V-O bond
[34,41]; moreover, the alkali doping can increase
propene selectivity and activity in propane ODH
reaction, while preventing the transformation
phase, inhibiting sintering and creating basic
centers on the catalyst surface [42]. In this study,
it was demonstrated that the changes in catalytic
performance associated with the addition of alkali
metals were not caused by the formation of bulk
V-K-Al or V-Na-Al compounds. The XRD
profiles of the catalyst samples revealed that the
vanadium oxide species were dispersed and the
total V + K or V + Na coverage was below a
monolayer [20,43]. Therefore, the changes in
acid-base properties and binding strength of the
surface lattice oxygen can be considered the
most relevant factors for selectivity control [9].

4. CONCLUSION

The textural properties of the alumina carrier
synthesized using the precipitation method
favored the uniform dispersion of vanadium
species on the catalyst surface; however, the
formation of possible clusters of V nanoparticles
could not be ruled out because of the limitations
of the XRD analysis. The incorporation of alkali
metal ions and V on the alumina support
improved the propene selectivity of the propane
ODH reaction; in particular, the inhibitory effect of
K* ions on the acid sites were stronger than that
of Na* ions. The addition of alkali metals to the
alumina-supported V catalysts considerably
improved catalytic performance in terms of
propane conversion and propene selectivity. In
this study, the CsHs:O2 molar ratio was an
important factor for selectivity control, since the
high O2 molar fraction could minimize the
formation of coke and favor the propene
formation. Therefore, the 4V-1.0K-Al (G) catalyst
was the most efficient and selective with high
initial conversion of propane of approximately
63% at 573 K at the O2:CsHs:He molar ratio of
6:1:4, suppressing the complete oxidation to CO
and CO2. By comparison, the catalytic
performance of this catalyst was superior to
previously published results in that the
combustion process was predominant [17-21].
Consequently, further studies should be
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conducted to elucidate the interactions of alkali
metals with support materials described in this
paper for a promising catalytic efficiency.

ACKNOWLEDGEMENTS

This study was financed in part by the
Coordenacao de Aperfeicoamento de Pessoal de
Nivel Superior, Brazil (CAPES), Finance Code
001.

COMPETING INTERESTS

Authors have declared that

interests exist.

no competing

REFERENCES
1. Plotkin JS. The Changing Dynamics of
Olefin Supply/Demand. Catal. Today.
2005;106(1-4):10-14.
Avalilable:https://doi.org/10.1016/j.cattod.2
005.07.174

Alotaibi FM, Gonzélez-Cortés S, Alotibi
MF, Xiao T, Al-Megren H, Yang G,
Edwards PP. Enhancing the production of
light olefins from heavy crude oils: Turning
challenges into opportunities. Catal.
Today. 2018;317:86-98.
Available:https://doi.org/10.1016/j.cattod.2
018.02.018

Akah A, Al-Ghrami M. Maximizing
propylene production via FCC technology.
Appl. Petrochem. Res. 2015;5:377-392.
Available:https://doi.org/10.1007/s13203-
015-0104-3

Amghizar |, Vandewalle LA, Van Geem
KM, Marin GB. New Trends in Olefin
Production. Engineering. 2017:3(2):171-
178.
Available:https://doi.org/10.1016/J.ENG.20
17.02.006

Cavani F, Ballarini N, Cericola A. Oxidative
Dehydrogenation of Ethane and Propane:
How far from Commercial Implementation?
Catal. Today. 2007;127(1-4):113-131.
Available:http://doi.org/10.1016/j.cattod.20
07.05.009

Carrero CA, Schloegl R, Wachs IE,
Schomaecker R. Critical Literature Review
of the Kinetics for the Oxidative
Dehydrogenation of Propane over Well-
Defined Supported Vanadium Oxide
Catalysts. ACS Catal. 2014;4(10):3357-
3380.
Available:https://doi.org/10.1021/cs500341
-



10.

11.

12.

13.

14.

Chen K, Shuibo X, Bell AT, Inglesia E.
Structure and Properties of Oxidative

Dehydrogenation Catalysts Based on
MoOs/Al20s. J. Catal. 2001;198(2):232-
242.

Available:https://doi.org/10.1006/jcat.2000.
3125

Mamedov EA, Corberan VC. Oxidative
Dehydrogenation of Lower Alkanes on
Vanadium Oxide-based Catalysts. The
Present State of the Art and Outlooks.
Appl. Catal. A Gen. 1995;127(1-2):1-40.
Available:https://doi.org/10.1016/0926-
860X(95)00056-9

Al-Ghamdi SA, de Lasa HI. Propylene
Production via  Propane  Oxidative
Dehydrogenation over VOxly-Al203
Catalyst. Fuel. 2014;128:120-140.
Available:https://doi.org/10.1016/.fuel.201
4.02.033.

Al-Ghamdi SA, Volpe M, Hossain MM, de
Lasa HI. VOx/c-Al203 catalyst for oxidative
dehydrogenation of ethane to ethylene:
desorption kinetics and catalytic activity.
Appl. Catal. A Gen. 2013;450:120-130.
Available:https://doi.org/10.1016/j.apcata.2
012.10.007

Ayandiran AA, Bakare IA, Binous H, Al-
Ghamdi S, Razzak SA, Hossain MM.
Oxidative dehydrogenation of propane to
propylene over VOx/CaO-y-Al203 using
lattice oxygen. Catal. Sci. Technol.
2016;6:5154-5167.
Available:https://doi.org/10.1039/C6CY000
78A

Blasco T, Nieto JML. Oxidative
Dehydrogenation of Short Chain Alkanes
on Supported Vanadium Oxide Catalysts.
Appl. Catal. A Gen., 1997;157(1-2):117-
142.
Available:https://doi.org/10.1016/S0926-
860X(97)00029-X.

Weckhuysen BM, Keller DE. Chemistry,
Spectroscopy and the Role of Supported
Vanadium Oxides in Heterogeneous
Catalysis. Catal. Today. 2003;78(1-4):25-
46.
Available:https://doi.org/10.1016/S0920-
5861(02)00323-1

Jiao WQ, Yue MB, Wang YM, He M.
Synthesis of Morphology-controlled
Mesoporous Transition Aluminas derived
from the Decomposition of Alumina
Hydrates.  Micropor. Mesopor. Mat.
2012;147(1):167-177.
Available:https://doi.org/10.1016/j.microme
50.2011.06.012

Crivelaro et al.; CSIJ, 30(9): 1-15, 2021; Article no.CSIJ.75559

13

15.

16.

17.

18.

19.

20.

21.

22.

Busca G. The Surface of Transitional
Aluminas: A Critical Review. Catal. Today,
2014;226:2-13.
Available:https://doi.org/10.1016/j.cattod.2
013.08.003

Zhang Z, Pinnavaia T. Mesostructured
Forms of the Transition Phases n- and
XOAI2O3. Angew. Chem. Int. Ed. Eng.
2008;47(39):7501-7504.
Available:https://doi.org/10.1002/anie.2008
02278

Galli A, Lépez Nieto JM, Dejoz A, Vazquez
MI. The effect of potassium on the
selective oxidation of n-butane and ethane
over Al2Os-supported vanadia catalysts.
Catal. Lett. 1995;34:51-58.
Available:https://doi.org/10.1007/BF00808
321

Ermini V, Finocchio E, Sechi S, Busca G,
Rossini S. Propane oxydehydrogenation
over alumina-supported vanadia doped
with manganese and potassium. Appl.
Catal. A Gen. 2000;198(1-2):67-79.
Available:https://doi.org/10.1016/S0926-
860X(99)00499-8

Klisinska A, Haras A, Samso K, Witko M,
Grzybowska, B. Effect of Additives on
Properties of Vanadia-based Catalysts for
Oxidative Dehydrogenation of Propane:
Experimental and Quantum Chemical
Studies. J. Mol. Catal. A Chem.
2004;210(1-2):87-92.
Available:https://doi.org/10.1016/j.molcata.
2003.08.026

Cortez GG, Fierro JLG, Bafiares MA. Role
of Potassium on the Structure and Activity
of Alumina-supported Vanadium Oxide
Catalysts for Propane Oxidative
Dehydrogenation. Catal. Today,
2003;78(1-4):219-228.
Available:https://doi.org/10.1016/S0920-
5861(02)00341-3

Lemonidou AA, Nalbandian L, Vasalos IA.
Oxidative Dehydrogenation of Propane
over Vanadium Oxide based Catalysts.
Effect of Support and Alkali Promoter.
Catal. Today, 2000;61(1-4):333-341.
Available:https://doi.org/10.1016/S0920-
5861(00)00393-X

Grant JT, Love AM, Carlos A, Carrero CA,
Huang F, Panger J, Verel R, Hermans I.
Improved Supported Metal Oxides for the
Oxidative Dehydrogenation of Propane.
Top. Catal. 2016;59:1545-1553.
Available:https://doi.org/10.1007/s11244-
016-0671-2



23.

24,

25,

26.

27.

28.

29.

30.

Chu W, Luo J, Paul S, Liu Y, Khodakov A,
Bordes E. Synthesis and Performance of
Vanadium-based Catalysts for the
Selective Oxidation of Light Alkanes. Catal.
Today. 2017;298:145-157.
Available:https://doi.org/10.1016/j.cattod.2
017.05.004

Redfern PC, Zapol P, Sternberg M, Adiga
SP, Zygmunt SA, Curtiss LA. Quantum
Chemical Study of Mechanisms for
Oxidative Dehydrogenation of Propane on
Vanadium Oxide. J. Phys. Chem. B.
2006;110(16):8363-8371.
Available:https://doi.org/10.1021/jp056228
w

Chen K, Iglesia E, Bell A.T. Kinetic Isotopic
Effects in Oxidative Dehydrogenation of
Propane on Vanadium Oxide Catalysts. J.
Catal. 2000;192:197-203.
Available:https://doi.org/10.1006/jcat.2000.
2832

Hgj M, Jensen AD, Grunwaldt JD.
Structure of Alumina Supported Vanadia
Catalysts for Oxidative Dehydrogenation of
Propane prepared by Flame Spray
Pyrolysis. Appl. Catal. A Gen.
2013;451:207-215.
Available:https://doi.org/10.1016/j.apcata.2
012.09.037

Gao X, Jehng JM, Wachs IE. In Situ UV—
vis—NIR Diffuse Reflectance and Raman
Spectroscopic  Studies of  Propane
Oxidation over ZrO2-Supported Vanadium
Oxide Catalysts. J. Catal. 2002;209(1):43-
50.
Available:https://doi.org/10.1006/jcat.2002.
3635

Cortez GG, Bafares MA. A Raman
Spectroscopy Study of Alumina-Supported
Vanadium Oxide Catalyst during Propane
Oxidative Dehydrogenation with Online
Activity Measurement. J. Catal.
2002;209(1):197-201.
Available:https://doi.org/10.1006/jcat.2002.
3600

Rostom S, de Lasa H. Propane Oxidative
Dehydrogenation on Vanadium-Based
Catalysts under Oxygen-Free
Atmospheres. Catalysts. 2020;10(4):418.
Available:https://doi.org/10.3390/catal1004
0418

Wachs IE, Roberts CA. Monitoring surface
metal oxide catalytic active sites with
Raman spectroscopy. Chem. Soc. Rev.
2010;39:5002-5017.
Available:https://doi.org/10.1039/C0CS001
45G

Crivelaro et al.; CSIJ, 30(9): 1-15, 2021; Article no.CSIJ.75559

14

31.

32.

33.

34.

35.

36.

37.

38.

Carrero CA, Keturakis CJ, Orrego A,
Schomécker R, Wachs IE. Anomalous
reactivity of supported V20s nanoparticles
for propane oxidative dehydrogenation:
influence of the vanadium oxide precursor.
Dalton Trans. 2013;42:12644-12653.
Available:https://doi.org/10.1039/C3DT506
11H

Reddy EP, Varma RS. Preparation,
characterization, and activity of Al2Os-
supported V20s catalysts. J. Catal.
2004;221(1):93-101.
Available:https://doi.org/10.1016/j.jcat.200
3.07.011

Heese FP, Dry M, Moller KP. Single stage
synthesis of diisopropyl ether. an
alternative octane enhancer for lead-free
petrol. Catal. Today. 1999;49(1-3):327-
335.
Available:https://doi.org/10.1016/S0920-
5861(98)00440-4

Bedia J, Rosas JM, Vera D, Rodriguez —
Mirasol J, Cordero T. Isopropanol
decomposition on carbon based acid and
basic catalysts. Catal. Today. 2010;158(1-
2), 89-96.
Available:https://doi.org/10.1016/j.cattod.2
010.04.043

Putra MD, Al-Zahrani SM, Abasaeed AE.
Kinetics of oxidehydrogenation of propane
over alumina-supported Sr-V-Mo
catalysts. Catal. Commun. 2012;26 98-
102.

Grzybowska-Swierkosz  B. Effect of
Additives on the Physicochemical and
Catalytic Properties of Oxide Catalysis in
Selective Oxidation Reactions. Top. Catal.
2002;21:35-46.
Available:https://doi.org/10.1023/A:102054
7830167

Routray K, Reddy KRSK, DEO G.
Oxidative dehydrogenation of propane on
V20s5/Al20s  and  V20s/TiOz2  catalysts:
understanding the effect of support by
parameter estimation. Appl. Catal. A Gen.
2004;265(1):103-113.
Available:https://doi.org/10.1016/j.apcata.2
004.01.006

Bandres MA, Martinez-Huerta M, Gao X,
Wachs IE. Fierro, J.L.G. Identification and
roles of the different actives sites in
supported vanadia catalysts by in situ
techniques. Stud. Surf. Sci. Catal.
2000;130:3125-3130.
Available:https://doi.org/10.1016/S0167-
2991(00)80502-9



39.

40.

41.

Martinez-Huerta MV, Gao X, Tian H,

Wachs IE, Fierro JLG. Bafiares, M.A.
Oxidative dehydration of ethane to
ethylene over alumina-supported

vanadium oxidative catalysts: Relationship
between molecular structure and chemical
reactivity. Catal. Today. 2006;118(3-
4):279-287.
Available:https://doi.org/10.1016/j.cattod.2
006.07.034

Tian, H, Ross E, Wachs |.E. Quantitative
determination of the speciation of surface
vanadium oxides and their catalytic
activity. J. Phys. Chem. B.
2006;110(19):9593-9600.
Available:https://doi.org/10.1021/jp055767
y

Klisinska A, Loridant S, Grzybowska B,
Stochal J, Gressela I. Effect of additives on
properties of V20s/SiO2 and V20s/MgO
catalysts: Il. Structure and
physicochemical properties of the catalysts

Crivelaro et al.; CSIJ, 30(9): 1-15, 2021; Article no.CSIJ.75559

42.

43.

and their correlations with oxidative
dehydrogenation of propane and ethane.
Appl. Catal. A Gen. 2006;309(1):17-
27.
Available:https://doi.org/10.1016/j.apcata.2
006.04.040

Watson RB, Ozkan US. K/Mo Catalysts
Supported over Sol-Gel Silica—Titania
Mixed Oxides in the  Oxidative
Dehydrogenation of Propane. J. Catal.
2000:191(1):12-29.
Available:https://doi.org/10.1006/jcat.1999.
2781.

Guerrero-Pérez MO, Fierro, JLG, Vicente
MA, Bafiares MA. Effect of Sb/V Ratio and
of Sb + V Coverage on the Molecular
Structure and Activity of Alumina-
Supported Sb-V-O Catalysts for the
Ammoxidation of Propane to Acrylonitrile.
J. Catal. 2002:206:339-348.
Available:https://doi.org/10.1006/jcat.2001.
3494

© 2021 Crivelaro et al.; This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.

Peer-review history:
The peer review history for this paper can be accessed here:
https://www.sdiarticle4.com/review-history/75559

15


http://creativecommons.org/licenses/by/4.0

