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Abstract: Two different preparation methods, viz. incipient impregnation and mechanical mixing,
have been used to prepare V-based oxygen carriers with different V loadings for chemical looping
oxidative dehydrogenation of propane. The effect of the preparation method, V loading, and reaction
temperature on the performance of these oxygen carriers have been measured and discussed. It was
found that the VOx species can be well distributed on the support when the V loading is low (5 wt.%
and 10 wt.%), but they may become aggregated at higher loadings. For oxygen carriers with a
higher V loading, the oxygen transport capacity of the oxygen carrier, propane conversion and
COx selectivities increase, while the propylene selectivity decreases. With a V-loading of 10 wt.%,
the maximum propylene yield was achieved. The VOx species were better distributed over the
support when applying the impregnation method; however, at higher V loadings the V-based oxygen
carriers prepared by mechanical mixing showed a larger oxygen transport capacity. The oxygen
carriers prepared by impregnation showed a better performance for the oxidative dehydrogenation
of propane (ODHP) and re-oxidation reactions compared to oxygen carriers prepared by mechanical
mixing. Higher reaction temperatures are favorable for the re-oxidation reaction, but unfavorable for
the propylene production.

Keywords: chemical looping; oxidative dehydrogenation of propane; V-based oxygen carrier;
loading; preparation method

1. Introduction

Propylene is one of the most important intermediate chemicals and is used for the
production of many important materials, such as polypropylene, propylene oxide and acry-
lonitrile [1]. Because of the rapid increase in the demand for propylene-derived products,
global propylene demand keeps growing in recent years. Nowadays, the development of
the shale gas industry has increased the availability of low-cost propane, which makes the
production of propylene from propane more and more attractive [2]. The predominant pro-
cess for propylene production from propane is the catalytic dehydrogenation of propane,
by which propane is directly dehydrogenated in the presence of a catalyst at relatively high
temperatures. However, the main reaction of this process is a typical endothermic reaction,
which makes this process carbon and energy intensive [3]. Moreover, the thermodynamic
equilibrium limitation of the main reaction limits the maximum propylene yield [4]. In
addition, at high temperatures, undesired cracking side reactions will be very difficult to
avoid, which leads to rapid coke formation, thereby deactivating the catalyst [5]. These
inherent disadvantages limit the performance of the catalytic dehydrogenation of propane.

The oxidative dehydrogenation of propane (ODHP) for the production of propylene
has been explored to replace the catalytic dehydrogenation of propane [6]. In this process
propane and gaseous oxygen are co-fed to a catalyst, where the gaseous oxygen is used to
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combust the hydrogen by-product, which removes the equilibrium limitation and renders
the overall process exothermic (∆H = −139.95 kJ/mol at 400 ◦C):

C3H8 +
1
2

O2 → C3H6 + H2O (1)

In recent decades, a lot of research has been focused on ODHP for the development of
a suitable catalyst, the investigation of the reaction mechanism and the intensification of
the process [6]. High propane conversions (>30%) with satisfying propylene selectivities
(>75%) have been reported in the literature; for example, with a vanadium-doped porous
silica catalyst a propane conversion of 64% with a propylene selectivity of about 90% has
been achieved [7–9]. Although these propane conversions and propylene selectivities are
very promising, the traditional ODHP still has some inevitable disadvantages, particularly
related to the safety issues associated with the formation of potentially explosive mixtures
when co-feeding propane and gaseous oxygen due to the high flammability of the propane,
and the high operation and investment costs for the air separation unit for the production
of pure oxygen [10]. In addition, the separation of products from the product stream from
a traditional ODHP reactor is intricate and energy extensive [10,11]. Because of the strong
oxidizing property of gaseous oxygen, many of the shortcomings of traditional ODHP are
inevitable. In order to remedy some of these shortcomings, it has been explored whether
CO2 and N2O as weaker oxidants can replace the gaseous oxygen to partially oxidize
propane to propylene [12,13]. However, these oxidants have their own limitations, such as
their high prize as feedstock, and downstream separation.

In order to overcome the shortcomings of these propylene production technologies,
a new propylene production route has been proposed, viz., chemical looping oxidative
dehydrogenation of propane (CL-ODHP), which can address the disadvantages [14]. In CL-
ODHP, the active phase of an oxygen carrier donates its lattice oxygen to convert propane
to propylene and water, during which the active phase of the oxygen carrier is reduced.
Subsequently, the reduced oxygen carrier will be transferred to the air reactor, where the
missing lattice oxygen of the active phase is re-supplied by the air. After, the re-oxidized
oxygen carrier is transported back to the ODHP reactor, completing the chemical loop.
Thus, the oxygen can be transported from the air reactor to the ODHP reactor by repeated
reduction and oxidation of the oxygen carrier. The reactions in the two reactors can be
represented as follows:

C3H8 + MOx → C3H6 + MOx−1 + H2O (ODHP reactor, endothermic) (2)

MOx−1 +
1
2

O2 →MOx (Air reactor, exothermic) (3)

The process of CL-ODHP has several inherent advantages over other propylene pro-
duction technologies: (a) decrease in the dehydrogenation and downstream separation
energy consumption by oxidation of the hydrogen; (b) reduction in investment and oper-
ating costs by eliminating air separation units; (c) reduction/circumvention of explosion
hazards of propane; (d) increase in operability and temperature control by carrying out the
reactions in the absence of gaseous oxygen [15,16]; (e) reduction of CO2 and NOx emissions
by indirect flameless combustion of hydrogen [17].

As a chemical looping application, the development of a suitable oxygen carrier is
of paramount importance for CL-ODHP. However, compared to the catalysts used in
traditional ODHP and the oxygen carriers for other chemical looping applications, the
development of oxygen carriers for the CL-ODHP process has received much less attention.
For the development of oxygen carriers for the CL-ODHP process, the development of
catalysts for the traditional ODHP process and oxygen carriers for other chemical looping
applications can serve as a reference, and a short overview is given below.

Supported catalysts and oxygen carriers have proven their good performance in
traditional ODHP and chemical looping technologies [18,19]. As the V-based supported
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catalyst combines a good catalytic activity with environmental-friendly properties, it has
been widely used in research into traditional ODHP [20,21]. Ovsitser et al. prepared a
supported V-based catalyst, which showed stable performance and satisfying propylene
yield under oxygen-lean conditions [8]. Hu et al. prepared a novel supported V-based
catalyst for the oxidative dehydrogenation of propane by loading the VOx to porous silica
materials, and this catalyst showed a superior propane conversion and stable propylene
selectivity [7]. In chemical looping technologies, the supported oxygen carriers also showed
good reactivity and stability. Jose et al. reported a supported Ni-based oxygen carrier for
low temperature chemical looping applications, and this oxygen carrier showed promising
behavior and sufficient reaction kinetics [22]. Wang et al. used mechanical mixing to
prepare the Cu-based oxygen carrier for chemical looping air separation, where the support
was used to effectively prevent agglomeration of the oxygen carrier particles, and this
oxygen carrier exhibited a high reactivity and stability during multi-cycle tests [23]. For
supported catalysts and oxygen carriers, commonly used supports include SiO2, Al2O3,
TiO2, ZrO2, and MgO [6,18]. Among these oxygen carriers, Al2O3 is the most commonly
used support because of its good pore structure, large specific surface area, suitable surface
properties, excellent thermal stability and mechanical strength [18,24].

The common preparation methods for supported oxygen carriers include impregna-
tion, sol-gel and mechanical mixing [25–28]. It has been demonstrated that the preparation
method can have a great influence on the final physical and chemical properties, like
specific surface area, pore structure and size, oxygen transport capacity, active phase dis-
tribution, and reaction reactivity [25]. Therefore, it is necessary to understand the effect
of different preparation methods on the physical and chemical properties for a novel oxy-
gen carrier and determine the best preparation method. Besides the preparation method,
the active phase loading on the support has a big impact on the physical and chemical
properties of the supported oxygen carriers [29,30]. Too high or too low loadings will be
unfavorable for the performance of the oxygen carrier. At low loadings, the mechanical
strength and the oxygen storage capacity of the oxygen carrier limit their effective use for
chemical looping applications [24,30], whereas at high loadings, significant agglomeration
of the active phase can occur which tends to promote undesired side reactions, thereby
decreasing the selectivity of the target product [30]. In addition, high loadings of the active
phase could reduce the thermal stability and oxygen storage capacity of the oxygen carrier
in comparison to the optimal loading [23,30,31]. Therefore, it is important to determine
the optimal active phase loading for optimal performance of a specific oxygen carrier.
Although superior catalytic performance of VOx species in the catalysts for the traditional
ODHP process have been reported, the reactivity performance of VOx species as the active
phase of oxygen carriers for CL-ODHP remains to be studied.

The aim of this work is the investigation of the effect of the active phase loading and
the oxygen carrier preparation method on the performance of V-based oxygen carriers for
CL-ODHP, and to study the effect of reaction temperature on both the oxidative dehydro-
genation reaction of propane and the re-oxidation reaction of the reduced oxygen carrier
for V-based oxygen carriers. Two different commonly applied oxygen carrier preparation
methods, viz. the impregnation method and mechanical mixing method, have been used to
prepare a series of oxygen carriers with different V loadings (5 wt.%, 10 wt.%, 15 wt.% and
20 wt.%). The physical and chemical properties of the thus prepared oxygen carriers were
characterized by state-of-the-art characterization methods, and the reactivity performance
of these oxygen carriers for both propane oxidative dehydrogenation and the re-oxidation
of the reduced oxygen carrier was investigated with a micro fixed bed reactor.

2. Results and Discussions
2.1. Characterization of the Oxygen Carriers

First the prepared oxygen carriers were characterized with N2 adsorption, X-ray
diffraction (XRD) and SEM-EDX (scanning electron microscope and energy dispersive
spectrometry). The determined Brunauer-Emmett-Teller (BET) surface areas of the as-
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prepared oxygen carriers are listed in Table 1. When the V loading is increased from 5 wt.%
to 20 wt.%, the surface areas of the V-based oxygen carriers prepared by impregnation and
mechanical mixing decrease from 30.96 m2/g to 0.46 m2/g and 4.43 m2/g to 0.29 m2/g,
respectively. The decrease in the surface areas with increasing V loadings implies that
the VOx species enter the pore channels of the Al2O3 support or partially destroy the
framework of the support during the high temperature calcination [32,33]. The specific
surface areas of the V-based oxygen carriers prepared by impregnation are larger than
those prepared by mechanical mixing, which indicates a better distribution of the VOx
species over the support when using the impregnation method. When comparing the
surface areas of the V-based oxygen carriers to other supported V-based catalysts reported
in the literature, the surface area is relatively low. However, the measured surface areas are
typical for oxygen carriers used in chemical looping applications [10,34–36]. Typically a
lower surface area can be accepted for oxygen carriers, since the oxygen activity of oxygen
carriers depends more on the internal oxygen transport rate in the grains than the surface
area [10,36].

Table 1. The BET surface area and quantitative results of thermogravimetric (TGA) analysis.

Oxygen Carrier

Brunauer-
Emmett-Teller
(BET) Surface

Area (m2/g)

Reduction
Peak(s)

Temperature
(◦C)

Oxidation
Peak(s)

Temperature
(◦C)

Average Weight
Change (mg)

5V IM 30.96 545.5 373.4 0.3965

10V IM 1.92 615.0 378.4
448.1 0.8155

15V IM 1.54 647.4 394.4
513.4 1.0698

20V IM 0.46
594.4
613.9
642.9

395.4
516.9 1.4469

5V MM 4.43 561.6 409.4 0.3829

10V MM 1.59 622.4 404.4
482.4 0.8103

15V MM 1.04 636.4
651.5

396.1
500.6 1.1899

20V MM 0.29
622.4
647.9
673.4

411.9
528.6 1.5628

Figure 1 shows the XRD patterns of the prepared oxygen carriers with different V
loadings and preparation methods. The patterns of the Al2O3 support and V2O5 are
also shown in Figure 1. The amorphous Al2O3 support shows broad peaks in the XRD
pattern [7], but after vanadium loading the peaks of alumina become sharper, indicating
an increase in the crystallinity. No significant diffraction peaks of VOx species can be
observed when the V loading is low (5 wt.%) indicating that the vanadium oxide species
are dispersed well on the Al2O3 support, or alternatively their grain sizes are small in the
case of low V loading, so that they cannot be detected by XRD [12,37]. When the V loading
increases to 10 wt.%, some small peaks of V2O5 can be seen in the XRD patterns, implying
that the V2O5 starts to become more aggregated on the Al2O3 support. With a further
increase in the V loading, the peaks of the VOx species become more and more pronounced.
For the 15V IM, 15V MM, 20V IM and 20V MM samples, the obvious peaks of V2O5 can
be seen in the patterns, corresponding to the increased aggregation of VOx species on the
Al2O3 support at higher loadings [7]. Meanwhile, the peaks of chemical compounds of
the VOx and Al2O3 support cannot be observed in the XRD patterns of all oxygen carriers
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shown in Figure 1, which indicates that the V2O5 does not react with Al2O3 support during
the preparation with different methods and at different V loading.

Figure 1. The X-ray diffraction (XRD) patterns of V-based oxygen carriers with different V loadings, Al2O3 support and
prepared V2O5: (a) Impregnation method; (b) Mechanical mixing method.

Figure 2 illustrates the morphologies and element distribution maps of the as-prepared
V-based oxygen carriers investigated by SEM-EDX. For 5V IM and 5V MM, no crystal phase
morphologies of VOx species can be seen on the SEM image of the oxygen carrier particle
surfaces, as well as no rich or lean regions of V and Al in the EDX element distribution
maps, which indicates that the V and Al are distributed well over the particle surface. For
10V IM and 10V MM, a small number of needle-like phase morphologies can be seen on
the particle surface and these are attributed to VOx species [38,39]. This means that VOx
species begin to aggregate on the particle surface when the V loading is at around 10 wt.%.
However, from the element distribution maps, it can be seen that the Al and V are still well
distributed over the particle surface at 10 wt.% V loading. When the V loading increases
to 15 wt.% and 20 wt.%, more needle-like VOx species can be discerned on the oxygen
carrier particle surface, showing that the VOx species become more and more aggregated
on the Al2O3 support at such high loadings. Moreover, at these high V loadings (15 wt.%
and 20 wt.%) distinct regions lean in Al and rich in V can be observed in the element
distribution maps, also indicating aggregation of the VOx species at such high V loadings.
The results of the SEM-EDX are in good correspondence with the XRD results, indicating
that the VOx species is well distributed over the support when the V loading is kept below
10 wt.%.

2.2. Redox Performance of Oxygen Carriers

To determine the effects of different V loadings and preparation methods on the redox
properties of prepared V-based oxygen carriers, the H2-TPR, O2-TPO and isothermal redox
cycles were implemented by the TGA. The results are shown in Figure 3 and Table 1. From
Figure 3a, it can be seen that for 5V IM, 10V IM and 15V IM, there is only one obvious
reduction peak in the H2-TPR patterns. This reduction peak is ascribed to well-dispersed
VOx species [7,32]. When the V loading increases from 5 wt.% to 15 wt.%, the reduction
peak temperature rises from 545.5 ◦C to 647.4 ◦C, which suggests that the well-dispersed
VOx species become increasingly more aggregated on the particle surface thereby retarding
their reduction [40]. For the 20V IM sample, three reduction peaks can be observed,
implying the presence of bulk V2O5 at 20 wt.% V loading, corresponding to the three step
reduction of V2O5: V2O5 → V6O13 → V2O4 → V2O3 [41]. When comparing Figure 3a with
Figure 3c, it can be observed that the reduction peak(s) temperatures of V-based oxygen
carriers prepared by the mechanical mixing method are higher than those prepared by
the impregnation method for each V loading. The results of the H2-TPR further indicate
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that the VOx species can be distributed well when the V loading is relatively low and that
with the impregnation method the VOx species are better distributed on the Al2O3 support
compared to the mechanical mixing method.

Figure 2. Morphologies and element distribution maps of V-based oxygen carriers with different V loadings: (a) Impregna-
tion method; (b) Mechanical mixing method.



Catalysts 2021, 11, 119 7 of 18

Figure 3. H2-TPR and O2-TPO profiles for V-based oxygen carriers with different V loadings: (a) H2-TPR for impregnation
method, (b) O2-TPO for impregnation method, (c) H2-TPR for mechanical mixing method, (d) O2-TPO for mechanical
mixing method.

Figure 3b shows the O2-TPO patterns of different V-based oxygen carriers prepared
by impregnation. As shown in Figure 3b, there is only one oxidation peak for 5V IM, and
when the V loading is increased, the oxidation peak of the reduced V-based oxygen carriers
first becomes wider (for 10V IM) and then separates into two oxidation peaks (for 15V
IM and 20V IM). The two oxidation peaks of V-based oxygen carriers at higher V loading
indicate a multi-step oxidation. In addition, with increasing V loading, the oxidation peaks
of the V-based oxygen carriers shift to higher temperatures. When comparing Figure 3b
with Figure 3d, it can be found that the oxidation peak(s) temperatures of reduced V-based
oxygen carriers prepared by impregnation are somewhat lower than those prepared by
mechanical mixing for each V loading, corresponding to the better distribution of the VOx
species, facilitating their re-oxidation.

Figure 4 shows the results of the isothermal redox cycles for the V-based oxygen
carriers prepared with different V loadings and by different preparation methods. It can be
seen from Figure 4 that the total weight changes of all the prepared oxygen carriers hardly
change over five redox cycles, implying that all the prepared V-based oxygen carriers show
a good redox stability. For the 5V IM and 5V MM, the weight changes are almost identical,
but when the V loading is increased, the difference in the weight changes for the V-based
oxygen carriers prepared by the two different methods become slightly larger. The V-based
oxygen carriers prepared by impregnation show smaller weight changes during the redox
cycles than those prepared by mechanical mixing, from which it can be concluded that the
V-based oxygen carriers prepared by mechanical mixing can donate more lattice oxygen at
high V loadings.
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Figure 4. Isothermal redox cycles profiles for V-based oxygen carriers with different V loadings and preparation methods:
(a) Impregnation method, (b) Mechanical method.

2.3. Reactivity Performance of Oxygen Carriers
2.3.1. Effect of Loading

Figure 5 shows the ODHP reaction performance at 615 ◦C for V-based oxygen carriers
with different V loadings prepared by impregnation. Figure 5 shows that for the studied V-
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based oxygen carriers the initial propane conversions and COx selectivities are the highest
and decrease with time, while the initial propylene selectivities are initially the lowest
and increase with time. The decrease in the propane conversions and COx selectivities is
mainly due to the consumption of lattice oxygen in the V-based oxygen carriers. Moreover,
at the initial stage of the ODHP reaction, there are non-selective surface oxygen species
on the surface of the V-based oxygen carriers formed by the weakly bounded lattice
oxygen and adsorbed oxygen during the re-oxidation reaction. Those non-selective surface
oxygen species can promote over-oxidation reactions and convert propane and propylene
to COx [42,43]. Those non-selective surface oxygen species will be consumed when reaction
proceeds, thus causing the propylene selectivities to increase with time.

Figure 5. The oxidative dehydrogenation of propane (ODHP) reaction performance for V-based oxygen carriers with
different V loadings by impregnation method at 615 ◦C: (a) Propane conversion, (b) Propylene selectivity, (c) COx selectivity,
(d) propylene yield.

In addition, it can be seen from Figure 5 that the propane conversions increase with
the V loading, while the propylene selectivities decrease and the COx selectivities increase
(see Figure 5b,c). Oxygen carriers with a higher V loading can donate more lattice oxygen
to oxidize propane. The more lattice oxygen that can be used in the ODHP reaction, the
more propane can be converted, and thus the higher propane conversion that can be
reached. However, the lattice oxygen can also promote the over-oxidation of propane and
propylene to form COx. At higher V loadings, the propane is converted more to COx, so
that the propylene selectivity is decreased, and the COx selectivity increased. Concluding,
the optimal propylene yield is achieved with a V loading of approximately 10 wt.% (see
Figure 5d). For the V-based oxygen carriers with different V loadings prepared by the
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mechanical mixing method, the ODHP reactivity performance with V loading and time
show the same tendency as the oxygen carriers prepared by impregnation.

Figure 6 shows the re-oxidation performance at 435 ◦C of the V-based oxygen carriers
with different V loadings prepared by the impregnation method, where the insert picture
shows the average reaction rate when the conversion of the V-based oxygen carrier reaches
0.9. After the complete reduction, the reduced V-based oxygen carriers are exposed to air
for re-oxidation. At the initial stage of the re-oxidation, the outlet oxygen concentrations
of the studied oxygen carriers are all at a low level, implying the rapid adsorption of
oxygen [23]. The initial outlet oxygen concentrations are all near the equilibrium oxygen
concentrations at 615 ◦C, meaning that the reduced V-based oxygen carriers can be easily
and fully re-oxidized by air. Moreover, as the V loading is increased, the amount of oxygen
needed by the reduced oxygen carrier increases while the reaction rate decreases. For
high V loadings, there are more and more aggregated reduced VOx species in the reduced
oxygen carrier, thus requiring more oxygen and more time to fully re-oxidize the reduced
oxygen carrier.

Figure 6. The re-oxidation performance of V-based oxygen carriers with different V loadings prepared
by the impregnation method at 435 ◦C.

2.3.2. Effect of Preparation Method

Figure 7 shows the ODHP reaction performance for 10V IM and 10V MM at 615 ◦C.
At the initial stage of the ODHP reaction, the 10V IM shows a lower propane conversion
(12.82%) and COx selectivity (10.76%) than the 10V MM (25.13% propane conversion and
24.34% COx selectivity), but it also shows a much higher propylene selectivity (40.76%)
than the 10V MM (14.19%). Thus, the 10V IM shows a higher propylene yield (5.01%)
than 10V MM (3.57%). After 60 min, as the lattice oxygen are consumed, the propane
conversions (2.41% for IM and 0.94% for 10V MM) and COx selectivities (3.09% for 10V IM
and 10.93% for 10V MM) of the two oxygen carriers are all lower than at the initial stage,
whereas the propylene selectivities (72.28% for 10V IM and 37.58% for 10V MM) have
increased. At that time, the propane conversion and propylene selectivity of the 10V IM are
higher than the 10V MM, while the COx selectivity is still lower than the 10V MM, which
makes the propylene yield of the 10V IM (1.74%) higher than 10V MM (0.35%). For the
oxygen carriers with other V loadings, the result of the ODHP reaction performance shows
the same trend. Therefore, The V-based oxygen carriers prepared by the impregnation
method outperform those prepared by the mechanical mixing method. Table 2 shows
a comparison of the performance of different V-based oxygen carriers and catalysts; the
single-pass maximum propylene yield is about 5% in this paper, and it can be further
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improved by controlling the reaction conditions and further development of the oxygen
carriers, to suit the industrial process [44–48].

Figure 7. The ODHP reaction performance for 10V IM and 10V MM at 615 ◦C.

Table 2. The comparison of different V-based oxygen carriers/catalysts.

Oxygen
Carrier/Catalysts

Reaction
Temperature

(◦C)

C3H8
Conversion

(%)

C3H6
Selectivity

(%)

C3H6 Yield
(%) TON a Ref.

10V IM 615 12.82 40.76 5.01 3.36 This work
10V MM 615 25.13 14.19 3.57 2.43 This work

10% VOx/γ-Al2O3 550 6.16 60.64 3.74 1.68 [44]
V(1.0)-PEG25 450 1.4 90.0 1.2 0.767 [45]
V-Graphene 500 4.98 92.45 4.60 6.28 [49]

7.5%V/γ-Al2O3 500 25.7 89.3 22.9 13.73 [50]
7.5%V/ZrO2-γ-Al2O3 550 24.8 93.0 22.9 13.80 [50]

a TON = mole of C3H6/mole of active material.

Figure 8 shows the re-oxidation performance of the V-based oxygen carriers with
different preparation methods at 435 ◦C, where the insert picture shows the average
reaction rate when the conversion of V-based oxygen carrier reaches 0.9. One can see
that both V-based oxygen carriers show a low outlet oxygen concentration at the initial
stage, indicating that both can adsorb the oxygen from air easily. After initial stage, the
outlet oxygen concentration of 10V IM can reach 21% quickly, while the 10V MM is slightly
slower. The re-oxidation reaction rate of 10V IM is slightly larger than the 10V MM as can
be discerned from the insert picture in Figure 8.
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Figure 8. The oxidation performance for 10V IM and 10V MM at 435 ◦C.

2.3.3. Effect of Reaction Temperature

Figure 9 shows the ODHP reaction performance of 10V IM and 10V MM at different
reaction temperatures. At 565 ◦C, the initial propane conversions of 10V IM and 10V
MM are 9.60% and 22.10%, respectively. When the reaction temperature is 665 ◦C, the
initial propane conversions of the two V-based oxygen carriers increase to 19.02% and
34.09%, respectively. However, with the increase in reaction temperature, the initial propy-
lene selectivities and COx selectivities of the two V-based oxygen carriers decrease. The
higher reaction rate promotes propane and propylene cracking reactions, which means
more propane is converted to C1, C2 and carbon, and not to propylene, and propylene is
converted to these by-products. Thus, the propane conversions increase with increasing re-
action temperature, but the propylene selectivity decreases. Meanwhile, as the combustion
of propane and propylene are all exothermic reactions, high temperature can prevent the
COx formation, thus the COx selectivities also decrease with the reaction temperature.

Figure 9. The initial ODHP performance for 10V IM and 10V MM at different temperatures (a) 10V IM, (b) 10V MM.

The conversion rate of 10V IM and 10V MM at different reaction temperatures is
depicted in Figure 10, showing that the conversion rate of both V-based oxygen carriers
increase with reaction temperature before the conversion reaches 0.9. The re-oxidation
reaction of the V-based oxygen carrier is a temperature dependent reaction, and the oxygen
concentration of the fed air (21%) is much larger than the equilibrium oxygen concentration
at the studied reaction temperatures, thus the conversion rate of V-based oxygen carriers
increases with increasing reaction temperature. Moreover, it can be observed that the
conversion rates of the 10V IM oxygen carriers are all larger than the 10V MM at the
studied reaction temperatures, but the differences are slight.
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Figure 10. The conversion rate of 10V IM and 10V MM at different reaction temperatures.

3. Materials and Methods

In this section, the preparation methods of the oxygen carriers are described, fol-
lowed by a short description of the characterization techniques and the procedures for the
thermogravimetric analysis and reactivity performance tests.

3.1. Oxygen Carrier Synthesis
3.1.1. Impregnation Method

Four oxygen carriers with different V loadings were prepared with the impregnation
method (5 wt.%, 10 wt.%, 15 wt.% and 20 wt.% labeled as 5V IM, 10V IM, 15V IM and 20V
IM, respectively). In the incipient wetness impregnation method, the active phase precursor
(ammonium metavanadate, Sigma-Aldrich, ACS reagent, >99%) was first dissolved in
distilled water, and subsequently Al2O3 (Sigma-Aldrich, Zwijndrecht, The Netherland) was
added to the solvent which was uniformly mixed. After that, the water bath mixer was used
to stir the mixture at 80 ◦C to evaporate the water. After most of water was evaporated, the
residue was calcined in the oven under air conditions: first at 450 ◦C for 4 h to decompose
the precursor, and then at 850 ◦C for another 4 h to increase the mechanical strength of the
oxygen carrier. After the calcination, the oxygen carrier precursor was obtained and finally
a mortar, pestle and sieves were used to get the oxygen carrier particles to the desired size
(75~105 µm). The preparation procedure of impregnation method is shown in Figure 11.

Figure 11. The preparation procedure of impregnation method.

3.1.2. Mechanical Mixing Method

Four oxygen carriers with different V loading (5 wt.%, 10 wt.%, 15 wt.% and 20 wt.%,
named 5V MM, 10V MM, 15V MM and 20V MM, respectively) were prepared by mechanical
mixing. In this procedure, ammonium metavanadate (Sigma-Aldrich, Zwijndrecht, The
Netherland, ACS reagent, >99%) was first calcined in air at 450 ◦C for 4 h to obtain the
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crystalline V2O5. Then, a planetary centrifugal mixer (ARE-250, Thinky) was used to
mix V2O5 and Al2O3 uniformly for 30 min. Finally, the mixture was calcined in air with
the same conditions and procedure as for the impregnation method, and oxygen carrier
particles were obtained following the same procedures (grinding and sieving) as for the
impregnation method. The preparation procedure of mechanical mixing method is shown
in Figure 12.

Figure 12. The preparation procedure of mechanical mixing method.

3.2. Surface Area Measurements

A Micromertitics TriStar II was used to measure the surface area of the as-prepared
oxygen carriers at −196 ◦C. Before measurement, all the as-prepared oxygen carriers were
degassed under N2 at 100 ◦C for 4 h. Based on the Brunauer-Emmett-Teller (BET) theory,
the surface areas of oxygen carriers were calculated from the N2 isothermal adsorption.

3.3. XRD Characterization

Powder X-ray Diffraction (XRD) characterizations were performed to identify the
crystal phase in the as-prepared oxygen carriers. The characterizations were performed
with a Rigaku MiniFlex 600 with a Cu-Kα radiation and diffractometer was operated at
40 kV and 15 mA. The scanning range and rate of XRD pattern were 10◦ to 90◦ (2θ) and
0.4◦/min.

3.4. SEM-EDX Analysis

The particle structure and surface morphology of the oxygen carriers was obtained
using a Scanning Electron Microscope on a Phenom Prox. The same system was also
used to obtain the elements distribution of the oxygen carrier using Energy Dispersive
Spectrometry (EDX).

3.5. Thermogravimetric Analysis

The redox properties of the as-prepared oxygen carriers were investigated by H2-TPR,
O2-TPO and isothermal redox cycles using a thermogravimetric analysis (TGA) system.
Before the measurement, 0.05 g of the prepared oxygen carrier was loaded into the cup of
the TGA system. After that, the micro reactor was heated from room temperature to 850 ◦C
with a rate of 10 ◦C/min in air to keep the active sites of the oxygen carrier oxidized and
then cooled down to room temperature. During the TGA experiment, the total gas flows
were all set to 500 mL/min.

For H2-TPR, the micro reactor was heated from room temperature to 700 ◦C with a
10 ◦C/min heating rate under a 10% H2/90% N2 condition and kept at the final temperature
for 30 min to fully reduce the oxygen carrier. Subsequently, the micro reactor was cooled
down to room temperature under a 100% N2 flow. Finally, the micro reactor was re-heated
to 850 ◦C using a 10 ◦C/min heating rate with a 10% air/90% N2 flow which was kept for
another 30 min for the O2-TPO experiment.

For isothermal redox cycles, the micro reactor was first heated to 615 ◦C with a
10 ◦C/min heating rate in a 100% N2 flow. Then, the gas flow was switched to 10% H2/90%
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N2 and held for 60 min for the reduction reaction. After that, the temperature of micro
reactor was changed to 435 ◦C under 100% N2 conditions, and subsequently the gas flow
was switched to 100% air flow, which was kept for 60 min for the oxidation reaction. Before
and after the reduction and oxidation reactions, a 100% N2 flow was used to purge the
micro reactor for 5 min.

3.6. Reactivity Performance Test

The reactivity of the prepared oxygen carriers was quantified in a fixed bed reactor
(14 mm outer diameter and 10 mm inner diameter) system. The oxygen carrier (1.0 g) was
loaded in the center of the fixed bed reactor and 16 mesh quartz particles were loaded
up- and downstream of the oxygen carrier bed. The reactor was heated by a temperature-
controlled tube oven and two thermocouples were used to control and measure the tem-
perature in the reactor. The feed gas flow rate for the reactor was controlled by mass flow
controllers, and during these tests the total gas flow rates were all set to 40 mL/min.

For the ODHP reaction, a feed gas consisting of C3H8 and N2 (C3H8/N2 volume ratio
= 1:1) was fed to reactor. For the oxygen carrier re-oxidation reaction, 100% air was fed to
the reactor to re-oxidize the reduced oxygen carrier. Before and after the ODHP reaction
and re-oxidation reaction cycles, a N2 purge was used for 10 min. The exhaust gas was
analyzed by an on-line gas chromatography system (Agilent 490 Micro GC system) with
TCD (Thermal conductivity detector) gas detectors.

For the ODHP reaction, the propane conversion and product selectivity were calcu-
lated as follows:

C3H8 conversion = (C3H8 in − C3H8 out)/C3H8 in × 100% (4)

C3H6 selectivity = C3H6 out/(C3H8 in − C3H8 out) × 100% (5)

COx selectivity = 3 × COx out/(C3H8 in − C3H8 out) × 100% (6)

C3H6 yield = C3H6 out/C3H8 in × 100% (7)

where C3H8 in and C3H8 out are the molar flow rate of propane fed to and exiting from the
reactor, respectively, and C3H6 out and COx out are the propylene and COx molar flow rates
exiting from the reactor.

For the oxygen carrier re-oxidation reaction, the oxygen carrier conversion and con-
version rate of the oxygen carrier are calculated using the following equations:

α =

∫ t
0 (Q

′
out–Qout)dt∫ ttotal

0 (Q ′
out–Qout)dt

(8)

dα/dt = α/t (9)

where Q’out and Qout are the oxygen content in the gas stream leaving the reactor during
the oxygen carrier re-oxidation without reaction and with reaction, respectively (mL/min);
α is the oxygen conversion; t is the reaction time (min); and total is the time for the complete
conversion of the reduced oxygen carrier (min).

4. Conclusions

The influences of different V loadings and preparation methods, viz. impregnation
and mechanical mixing, on the properties and reactivity performance of V-based oxygen
carriers have been investigated for CL-ODHP. It was observed that the surface areas of the
prepared V-based oxygen carriers decrease with increasing V loadings, because the VOx
species enter and block the pore channels of the Al2O3 support during the preparation.
At low V loadings (5 wt.% and 10 wt.%), the VOx species can be distributed well over the
support, but when the V loading is higher than 10 wt.%, the VOx species become more
aggregated. Moreover, it was found that the VOx species on the oxygen carriers prepared
by impregnation are distributed better on the support compared to mechanical mixing.
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All the prepared V-based oxygen carriers showed a stabile redox performance, where the
reduction and oxidation temperatures and oxygen transport capacity increase for oxygen
carriers with a higher V loading. At a high V loading, the oxygen carrier capacity of the
V-based oxygen carriers prepared by the mechanical mixing method is larger than those
prepared by the impregnation method. With increased V loading, the propane conversion
and COx selectivity decrease, while the propylene selectivity increase. The propylene yield
reaches its maximum when the V loading is around 10 wt.%. With higher V loadings,
the amount of oxygen needed by the reduced oxygen carrier for the re-oxidation reaction
increases, while the reaction rate decreases, where the V-based oxygen carriers prepared by
impregnation exhibited a better performance for ODHP and re-oxidation reactions than
oxygen carriers prepared by mechanical mixing. For the re-oxidation reaction, a higher
reaction temperature can promote the oxygen adsorption, but for the ODHP reaction,
the higher reaction temperature promotes the occurrence of undesired reactions, which
decreases the propylene selectivity. Therefore, the V-based oxygen carriers show potential
for CL-ODHP and their reactivity performance can be improved by controlling preparation
method and loading.
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