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ARTICLE INFO ABSTRACT

Keywords: Zirconia supported vanadium oxide (vanadia) and chromium oxide (chromia) catalysts of 1-3 wt% of V or Cr
ODH of propane were prepared, characterized, and tested for the oxidative dehydrogenation (ODH) of propane (C3Hg) with Oy
0,-ODH

and CO3. Characterization results reveal that 2.5% metal loading is in slight excess of monolayer loadings for this

\C/g;;ng Zr0O,, which has a surface area of 48 m2.g~'. The reaction results reveal that supported vanadia catalysts are
Chromia better for O,-ODH and supported chromia catalyst are better for CO2-ODH at a reaction temperature of 550 °C.

Furthermore, the CsHg conversion and propene (CsHe) yield increases with loading and the highest conversion
and yield are also achieved at 2.5% metal loading. With higher loadings the conversion and yield decreases,
clearly indicating that the surface metal oxide species are more active than their crystalline counterparts. As the
contact time increases, for inlet stoichiometric ratios of the reactants for the two reactions, C3Hg/CO2 = 1 and
C3Hg/O2 = 2, C3Hg conversion and C3Hg yield both monotonically increase and appear to approach a constant
value; however, the difference between C3Hg conversion and C3Hg yield also increases. The CsHg selectivity
during O2-ODH (~30%) is much lower than C3Hg selectivity during CO2-ODH (86-94%). Furthermore, during
CO,-ODH of propane the conversions of C3Hg and COy are similar, and it appears that under the operating
conditions used, the dry reforming of propane does not occur. Overall, the CO-ODH of propane reaction at
550 °C using stoichiometric ratios of C3Hg/CO; over ZrO, supported chromia catalyst provides a better C3Hg
yield and selectivity, with an additional advantage of converting COx.

Zirconia support

1. Introduction In addition to using Oy as the oxidant for the ODH of propane re-
action, referred to here as O2-ODH, CO3, N3O, and other oxidants have

Propene continues to be an important intermediate and an essential also been used [6]. Considering the interest in the utilizing CO,, the

chemical in the manufacturing sectors, with several uses [1] The de- CO,-ODH reaction has been receiving much attention [1,7-9]. The

mand for propene is increasing rapidly but its supply, through conven- stoichiometry and standard heat of reaction for O,-ODH and CO,-ODH

tional processes, appears to have stagnated over the years [2,3]. In are given below:

literature, some alternative processes have been proposed and are being .

implemented and others are being examined for their feasibility [1]. C3Hg +0.50,~C3He + H,0 AH,, = —188 kJ /mol O, — ODH @))
The dehydrogenation of propane (DH) is one of the alternative

processes that has been implemented [4]. Though the DH reaction ap- C3Hs + COy—C3Hg + H,0 + CO AH;, = +164 kJ /mol CO, — ODH  (2)

pears most appealing, it is hampered by high energy requirements due to During normal operating conditions, these reactions are accompa-

the reaction endothermicity. Further, coke formation that occurs during nied by several side reactions, such as the formation of CO and CO, by

DH leads to rapid catalyst deactivation. Oxidative dehydrogenation of  fyrther oxidation during O,-ODH, reverse water gas shift reaction, and

propane (ODH), using O, has been proposed to overcome some of the dry reforming during CO,-ODH [8].

hurdles faced by the direct dehydrogenation reaction [5]. However, the Supported vanadia and chromia catalysts are often used as catalysts

ODH process has its own drawbacks. for the DH, O,-ODH, and CO,-ODH reactions [10]. For O,-ODH of
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propane, supported vanadia catalysts have been extensively studied
[11], and supported chromia catalysts are one of the commercial cata-
lysts for the DH of propane [12]. Thus, it would be interesting to
compare the supported vanadia and chromia catalysts in the same study
for the ODH of propane reaction using Oy and CO as the oxidants.

Supported vanadia and chromia catalysts are a part of the more
general class of catalysts referred to as supported metal oxides. Sup-
ported metal oxide catalysts are formed when one metal oxide species is
present as an overlayer on a high surface area oxide support [13]. By
characterizing these catalysts using several techniques, it has been
established that molecularly dispersed surface metal oxide species are
present when the loading is below monolayer amounts. Above mono-
layer amounts bulk or crystalline phases exist along with molecularly
dispersed species. With further increase in metal oxide loading, it would
be reasonable to speculate that the fraction of molecularly dispersed
species decreases and bulk phase increases. Thus, for supported vanadia
and chromia species, molecularly dispersed V4Oy and Cry,0,, are present
below monolayer coverages [14], and above monolayer coverages, VoOs
and CryO3 are the bulk phases present along with the molecularly
dispersed species.

Often the molecularly dispersed metal oxide species are found to be
the more active phase [15]. To identify the presence of molecularly
dispersed species characterization of the catalyst is required. Raman
spectroscopy is one of the primary characterization techniques used to
identify monolayer coverages, the presence of molecularly dispersed
metal oxide species, and other important structural transformations in
different environments [16]. Other characterization techniques also
provide insights into the nature of the molecularly dispersed metal oxide
species in different environments [17].

The oxide support on which the molecularly dispersed phase exists
also plays a very important role in the propane conversion and propene
yield of supported metal oxide catalyst. Amongst the various oxide
supports used to form the supported metal oxide, ZrO, supported cata-
lysts are very active for the O»-ODH [11] and CO,-ODH [18] of propane
reaction. However, studies that compare ZrO, supported vanadia and
chromia catalysts for the O,-ODH and CO,-ODH reactions under similar
conditions are, to the best of our knowledge, missing. Using Al,O3 as a
support, the O5-ODH reaction at 380 °C with C3Hg/O5/He = 9/3/38
revealed that the turnover over frequency of propene formation
(TOFc3pe) of vanadia was greater than that for chromia for
sub-monolayer catalysts [19]. In contrast, for the CO,-ODH reaction at
550 °C with C3Hg/O4/No = 1/3/4, the TOF3y¢ for chromia is more than
that for vanadia [20]. These studies were carried out under different
operating conditions and a proper comparison between the supported
vanadia and chromia catalyst for the two ODH of CgHg reactions is
difficult to establish. Further, these studies were carried out on Al,03
supported catalysts and not the more active ZrO, supported catalysts.

The present work compares the performance of the ZrO, supported
vanadia and chromia catalysts for the O2-ODH and CO,-ODH of propane
reactions. The two supported metal oxide catalysts, of loadings that
range from below monolayer coverage to an excess of monolayer
coverage, are synthesized. Monolayer coverages are identified by
Raman spectroscopy and the catalysts are further characterized by: (i)
No-adsorption for surface area determination, (ii) temperature pro-
grammed reduction (TPR) using Ha (H2-TPR) to determine the reduc-
ibility and H/M ratio (M = V or Cr) and (iii) X-ray photoelectron
spectroscopy to determine the oxidation states of vanadium and chro-
mium. A sub-monolayer catalyst of the supported vanadia and sup-
ported chromia are tested for Oo-ODH and CO»-ODH with stoichiometric
ratios of C3Hg and the oxidant at 550 °C. The more active supported
metal oxide catalyst for each ODH reaction is chosen for further studies.
Based on the more active supported metal oxide catalyst for each reac-
tion, the effect of metal oxide loading on the reactivity of the corre-
sponding ODH reaction is examined. After identifying the optimum
loading, the effect of contact time is analyzed using the same inlet partial
pressures of C3Hg and O3 or CO,, and the highest conversion and yield
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for each reaction is determined. Finally, the difference between the two
reaction-catalyst systems will be discussed and the system that provides
the best propene yield is identified.

2. Experimental
2.1. Catalyst synthesis

The supported vanadia and chromia catalysts were prepared using
the incipient wetness impregnation (IWI) method using ZrO; (Saint
Gobain) as the support. The precursor used for vanadia was ammonium
meta vanadate (NH4VO3) (Loba Chemie) + oxalic acid and, for chro-
mium, the precursor was chromium nitrate nonahydrate (Cr
(NO3)3.9 Hy0)) (Fluka). Initially, ZrO, was pretreated with an incipient
volume of solvent, HoO or HyO+Oxalic acid, depending on the specific
precursor used in the process, and then dried overnight in an oven at
around 110°C. The dried ZrO; support was calcined, in a step-wise
manner at 250 °C for 2 h, 350 °C for 2 h, and finally at 450 °C for 4 h.
This pretreated ZrO, was used to synthesize the supported catalysts. A
precursor solution (precalculated precursor amount + incipient volume
of Ho0 or H,O+Oxalic acid) was made corresponding to the metal oxide
loading and mixed with the pretreated ZrO,, forming a paste. This paste
was kept in an oven for 12 h at 110 °C and then crushed into powder
form. The powder was calcined using the heat treatment protocol for the
support. The prepared catalyst was kept in an airtight bottle. The cata-
lysts were referred to as xMZr, where x = metal loading, M = V or Cr,
and Zr = ZrOs.

2.2. Catalyst characterization

2.2.1. Surface area

The specific surface area of the prepared catalyst samples was
measured using Autosorb iQ TPX equipment (Quantachrome, USA). It
used the multi-point BET method to analyze N, adsorption data at
-196°C.

2.2.2. Raman spectroscopy

The Raman spectra of the samples were collected using an Acton
Spectra Pro 2500i (Princeton Instrument, USA) instrument. The instru-
ment operated with a 532 nm diode-pumped solid-state laser (DPSSL),
which delivered 40 mW power at 50% strength. The objective lenses
used were 20X and 50X. The spectra were captured under ambient
conditions using 20 scans of 2 s each. Since the sample was stationary,
there is a possibility of laser-induced heating to occur [21].

2.2.3. X-ray photoelectron spectroscopy (XPS)

The XPS spectra of some fresh and spent catalyst samples were ob-
tained. According to their binding energies, the oxidation states were
identified. A NEXSA (Thermoscientific, USA) instrument equipped with
an AlKa source for the monochromatic laser was used as the X-ray
source. The spectra were obtained at ultra-high vacuum with base
pressure 3*10° mbar and at room temperature. The obtained spectra
were referenced according to the adventitious carbon peak position at
284.8 eV to avoid charging error. Though the samples were exposed to
ambient conditions for a very short time, we have assumed that XPS
characterization of the spent catalyst is representative of the catalyst
under reaction conditions based on the observations of previous studies
[22,23]. To identify the oxidation state, the peaks were deconvoluted by
Origin 15 software, following the standard procedures.

2.2.4. Temperature programmed reduction using Hy (Hz TPR)

The H,-TPR profile was obtained for all the prepared catalysts and
the ZrO, support by loading 60 mg of sample in a U-tube quartz reactor
of an AMI 200 (Altamira, USA) set-up. Before reduction, the sample was
degassed in an inert argon (Ar) environment at 350 °C for 0.5h. A
temperature of 350 °C was achieved by a ramp rate of 10 °C/min. After
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degassing, the sample was cooled to 40°C in the same Ar environment.
Thereafter, the reduction was started by using a 10% Ha-Ar mixture
flowing at 1.8 L.h ™! flow. After stabilizing the flow, the temperature of
the catalyst bed was raised to 900°C at a ramp rate of 10 °C/min and
maintained at 900 °C for 1 h. The reactor effluent was analyzed using a
thermal conductivity detector (TCD), which provided the change in Hy
concentration with temperature. Quantitative determination of the
amount of Hy consumed, Hop-uptake in mol Hz.gm’l, was achieved by
using pulse calibration of known amounts of the 10% Ha-Ar mixture.

2.3. Reactivity studies

The prepared catalysts were investigated for the two ODH of propane
reactions using a downflow quartz-tube packed-bed reactor. This quartz
reactor was placed in a vertical tubular furnace. To assess the temper-
ature of the catalyst bed, a thermocouple was positioned slightly above
it. This thermocouple was connected to a PID controller to maintain the
catalyst bed at the desired temperatures. Just before the reaction, the
catalysts were calcined in situ at 550 °C with oxygen flowing at a rate of
2.4 L.h7%, for 1 h. Subsequently, the reaction line was purged with N
for 0.5 h with a constant flow rate of 2.4 L.h ! to remove traces of ox-
ygen. The ODH reactions were performed at the same temperature and
atmospheric pressure. The reactant mixture of CgHg and O/CO; was fed
in stoichiometric ratios as given by reactions (1) and (2). The partial
pressure of propane was kept at 0.075 atm and N, was used as an inert.
The total flow rate was maintained at 1.8 L.h™}, except for contact time
studies. The exit gas stream was normalized with an independent
external stream of CH, flowing at a rate of 0.12 L.h ™. The reactor exit
gas stream was passed through a condenser to remove any traces of
moisture and its composition was analyzed by a gas chromatograph (GC,
NUCON 5765). The GC was equipped with a TCD and an FID. The FID
was connected to a HySepQ column and the TCD to a Carbosphere
column. The peak areas of all the components were detected and used to
calculate conversions, yields, and selectivity after using the corre-
sponding calibration factors. The conversions (X¢,n, and Xco,), yields
(Ye,n, and Y¢o), propene selectivity (Sc,n, ), and turnover frequency of
propane (TOFg,n,) and propene (TOFc,y, ) are defined below.

Fc u
Xy, (%) = ( |- e ) + 100 ©)
C3Hg,in
F Oul
Xco, (%) = (1 7L> % 100 4)
CO, in
F OUi
Yeun, (%) = (%) *100 ®)
3 H in
Fco.ou
Yeo(%) = (L) %100 (6)
CO,.in
FC"QH@.U“[
= : 1
SC}H6(%) (FC3Hg,in - FC3Hg.UMl * 100 (7)
_ FC;Hﬁ.out
TOFcyn, = (W * Hy — uptake ®

9

TOFC;HS _ (FC3Hx,iVl - FCgHg.aul)

W x Hy, — uptake

Where, F; is the molar flow rate of species i and W is the weight of the
catalyst. Here, W « Hy —uptake is the mols of reducible surface metal
oxide present on the supported metal oxide catalyst.

3 “::ilg:"“‘ + 100, was better than 98% for all samples

during CO2-ODH and better than 99% for O2-ODH. The amount less than
100% was attributed to carbon deposition on the catalyst surface.

The carbon balance
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3. Result and discussion

Fresh and spent catalysts were characterized and their results are
given below.

3.1. Surface area

The specific surface area of all the fresh samples was determined and
tabulated in Table 1 along with the surface area of the ZrO, support,
which was 48 m2.g~. As the metal loading is increased, the surface area
appears to decrease slightly. Similar trends have been observed previ-
ously for ZrO, supported chromia [24], and vanadia [25] catalysts.

3.2. Raman Spectroscopy

All the prepared catalysts were characterized with Raman spectros-
copy. The Raman spectra of calcined xVZr are shown in Fig. 1. A broad
band in the range of 870-1000 cm ™! shows the presence of molecularly
dispersed surface VyOy species. The broadband has been assigned to
polyvanadate species that are present on the surface under ambient
conditions [26]. Furthermore, the absence of sharper peaks at ~990 and
~780 cm ™! suggests that ZrV,07, a bulk compound of ZrO, and V,0Os, is
not formed [27,28]. As the loading increased to 2.5%, distinct Raman
bands at 994 cm™ !, 699 cm ™! and 525 cm™! were detected, which are
associated with the vibrations of crystalline V05 in supported catalysts
[28-30]. The appearance of the Raman bands for crystalline V,05 sug-
gests that the monolayer loading has been exceeded. Thus, the mono-
layer coverage lies between 5.1 and 6.7 V-atoms/nm?, which is close to
the monolayer coverages of ~6.8 V-atoms/nm? suggested previously
[13].

The Raman spectra of calcined xCrZr catalysts are shown in Fig. 2.
The major peaks in the Raman spectra due to the molecularly dispersed
CryOy, species are observed at 870 cm ™! and 1035 cm™*. It appears that
these molecularly dispersed species are partially dehydrated under the
laser beam, as observed previously [31]. These bands correspond to the
surface chromia phase as a molecularly dispersed species [24,32,33]. As
the chromium loading increases above 2%, a new Raman band appears
at 551 cm ™! due to the presence of crystalline CryO3 [24,32,33], sug-
gesting that the monolayer coverage has been exceeded for the 2.5%
loading sample. Similar to the vanadia system, the monolayer coverage
of chromia on this ZrO, support lies between 5.2 and 6.6 Cr-atom,/nm?,
which compares well with the monolayer coverage values of about 5.4
Cr-atom/nm? suggested previously for ZrO,, Al,03, and TiO, supported
chromia catalysts [24,32].

3.3. XPS data

The XPS scans of freshly calcined catalyst samples of 2.5VZr and
2.5CrZr have been shown in Fig. 1S of supplementary information file.
Both the catalysts were scanned in the range of 2ps /5 and 2p; 2. The XPS
scan of the vanadium catalyst shows that only V> species is present in
the sample since only peaks at 516.85 eV and 524.28 eV for 2p3,2 and
2pi /2 are identified [34]. In the case of chromium catalysts, it shows
both Cr*3 (peak at 515.18 and 523.08 eV) and Cr*® (peaks at 579.08 and
588.68 eV) species are present in the sample [34].

The XPS spectra of spent 2.5VZr (after O,-ODH) and 2.5CrZr (after
CO,-ODH) catalysts are shown in Fig. 25 of supplementary information
file. The spectra show that in the spent 2.5VZr catalyst two types of
species are present, V*> and V'3, The full-width at half maximum
(FWHM) of the V> were similar in the fresh and spent 2.5VZr catalyst.
In contrast, the spent 2.5CrZr catalyst shows the presence of Cr™> only.
However, the FWHM of the Cr*> species in the fresh and spent catalyst
were different, which may be because we have used a single Cr*> peak
for our analysis. More recent studies have taken into consideration a
main peak and multiple splitting peaks for analysis of the Cr*> peak
[23]. Thus, the oxidation state changes for the two catalysts in the two
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Table 1
Characterization information of ZrO, supported vanadia and chromia catalysts: surface area, Tp,x and H/V ratio.
Catalyst Surface area (mz/g) Tmax (°C) H/V ratio Catalyst Surface area (mz/g) Tmax (°C) H/Cr ratio
Zr0O, 48 - -
1VZr 46 438 2.15 1CrZr 45 295 2.44
2VZr 45 421 2.16 2CrZr 44 298 2.12
2.5VZr 44 430 2.18 2.5CrZr 43 294 2.06
3VZir 43 441 2.12 3CrZr 42 297 1.88
Tmax depends on the support-surface metal oxide interaction [32,35].
A:VO, surface metal oxide * *:V,0, bulk The Tpax of the XVZr and xCrZr samples are also tabulated in Table 1.

Intensity (a.u.)

500 600 700 800 900 1000 1100 1200
Raman shift (cm™)

Fig. 1. Raman spectra of xVZr catalyst showing the presence of molecularly
dispersed vanadia species and the transition from less than monolayer to more
than monolayer coverages.

#:Cr,0, bulk A:CrO_surface metal

2.5CrZr

Intensity (a.u.)

700 800 900 1000 1100 1200

Raman shift (cm™)

T T
500 600
Fig. 2. Raman spectra of xCrZr catalyst showing the presence of molecularly

dispersed chromia species and the transition from less than monolayer to more
than monolayer coverages.

ODH reactions appear different.

3.4. Hx-TPR

All the prepared samples are characterized by Hy-TPR. The temper-
ature at which TCD shows the highest signal is often referred to as Trax-
All the catalysts used in the study showed a single Tp,x, which suggests
that there is a single reduction step of the catalysts and the position of

The Tpax of the xVZr samples are in the range of 421-441 °C, and of the
xCrZr samples are in the range of 294-298 °C. The area under the curve
is related to the Ho-TPR profile showing the Hj uptake by the catalyst.
With this data, the H/V ratios are calculated, and these values are be-
tween 2.18 and 2.12, as given in Table 1. Such H/V ratios suggest a
reduction of V*° to V'3 [17].

The xCrZr catalysts also show a single-step reduction and the Tpax
ranges from 294 to 298 °C. In contrast to the supported vanadia cata-
lysts, for the xCrZr catalysts, the H/Cr ratio decreases from 2.44 to 1.88
as the metal loading increases. A H/Cr ratio of 3 would suggest a change
in oxidation state from +6 to +3. Assuming the final oxidation state to
be +3, which appears reasonable based on the XPS spectra discussed
above, a value lower than 3 would imply that the initial oxidation state
was not entirely +6. The 2.5CrZr catalyst indeed has CryOs present,
which has chromium in the +3 oxidation state. However, for sub-
monolayer CrZr catalysts oxidation state lower than +6 is not evident.
A previous study dealing with a series of ZrO, supported chromia cat-
alysts revealed that the Ty, ranges from 344 to 368 °C and the H/Cr
ratio decreases with increasing loading [36]. The difference in the Tpax
temperature may be due to the difference in the source of ZrO, and/or
the precursor and synthesis method used in the two studies. Further-
more, for Al,O3, TiO,, SiO2, and SiO2-Al;03 supported chromia cata-
lysts, the Tyax ranged from 388 to 373 °C, 351-342 °C, 445-435 °C and
380-365 °C, and the H/Cr ratio also decreased with an increase in
chromia loading [32].

3.5. Reaction data for ODH of propane

3.5.1. Effect of metal oxide

Initially, sub-monolayer vanadia and chromia catalysts of equal
loading were tested for O, ODH and CO2 ODH at 550 °C and stoichio-
metric ratios of C3Hg/oxidant. The partial pressure of C3Hg was kept
constant at 0.075 atm for comparison.

3.5.1.1. O2 ODH. The reaction results of O,-ODH using 2VZr and 2CrZr
for 2 h time-on-stream (TOS) are shown in Fig. 3. Tabulated values of
the conversions and yields are given in Table 2S of the supplementary
information file. Fig. 3 shows that the conversion of C3Hg and yield of
CsHg gradually declines with TOS for both catalysts; however, the
decline in these two reactivity parameters is small. Further, 2VZr is more
active than 2CrZr for O»-ODH. The difference between the CsHg con-
version and C3Hg yield is the yield of CO+COs. The selectivity of CsHg is
nearly 28% for 2VZr and 30% for 2CrZr. Thus, the xVZr set of catalysts is
used for additional studies on O,-ODH.

3.5.1.2. CO; ODH. The CO5 ODH reaction results with TOS for 2VZr
and 2CrZr are shown in Fig. 4 and Fig. 3S of supplementary information
file. Tabulated values of the conversions and yields are given in Table 3S
of the supplementary information file. Similar to the O,-ODH reaction,
here also the conversions and yields decrease gradually with TOS and
the decrease is small. However, for CO2-ODH the 2CrZr catalyst converts
more C3Hg and produces more C3Hg than 2VZr. The C3Hg selectivity was
found to be 70% for 2VZr and 87% for 2CrZr.

In addition to the CgHg conversion and CsHg yield, the CO,
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550°C 0,-ODH

124
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Fig. 3. C3Hg conversion and C3Hg yield for O,-ODH of propane over 2VZr and
2CrZr as a function of TOS. Reaction conditions: Temperature 550 °C, Total
pressure = 1 atm, W/Fcsugo = 16.59 g.h/mol, Pcsngo = 0.075 atm, Poy o =
0.0375, balance N».

15
550°C CO,-ODH —a—2VZr Con.
—e— 2CrZr Con.
12 — o~ 2VZr Yield
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Fig. 4. C3Hg conversion and C3Hg yield for CO,-ODH of propane over 2VZr and
2CrZr as a function of TOS. Reaction conditions: Temperature 550 °C, Total
pressure = 1 atm, W/F¢3ugo = 16.59 g.h/mol, Pgspgo = 0.075 atm, Pgog o =
PC3H8,0’ balance No.

conversion and CO yield are shown in Fig. 3S of supplementary infor-
mation file. The COy conversion also decreases with TOS and the
decrease appears more rapid than the decrease in C3Hg conversion. In
contrast, the CO yield appears to be more stable with TOS for both
catalysts. Furthermore, the CO; conversion and CO yields are higher for
2CrZr compared to 2VZr. Based on the above observations we use the
xCrZr set of catalysts for addition studies on CO,-ODH.

3.5.2. Effect of metal loading

Metal oxide loading affects the catalytic activity of Oo-ODH and CO»-
ODH reactions [34]. To examine such effects the O,-ODH and CO,-ODH
reactions were carried out over xVZr and xCrZr catalysts, respectively.

3.5.2.1. 0,-ODH over xVZr. The effect of vanadia loading for O,-ODH
reaction is shown in Fig. 5. Tabulated values of the conversions and
yields are given in Table 2S of the supplementary information file. The
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Fig. 5. C3Hg conversion and C3Hg yield for O,-ODH of propane over xVZr
catalysts. Reaction conditions: Temperature 550 °C, Total pressure = 1 atm, W/
Feango = 16.59 gh/mol, Pcang,o = 0.075 atm, Poz2,0 = 0.0375, balance N».

conversion of C3Hg increases with loading from 7.3% and reaches a
maximum of 17.8% for the 2.5VZr catalysts. The same trend is also
observed for the yield of C3Hg and a maximum C3Hg yield of about 4.8%
is observed for the 2.5VZr sample. The increase in C3Hg conversion and
C3Hg yield up to 2.5% loading is consistent with an increase in the
availability of molecularly dispersed species as observed by Raman
spectroscopy. Above 2.5% monolayer loadings were exceeded since
crystalline V,05 was detected, and the conversion and yield decreased.
It is clear that under the present operating conditions, the molecularly
dispersed species are more active than crystalline V,0Os.

3.5.2.2. CO5-ODH over xCrZr. Similar to O,-ODH, the C3Hg conver-
sions, and C3Hg yields increase with chromium loading for the CO,-ODH
reaction and reach a maximum of 2.5%CrZr, as shown in Fig. 6. Tabu-
lated values of the conversions and yields are given in Table 3S of the
supplementary information file. For loadings above 2.5%, the CsHg
conversion and C3Hg yield decreases. The decrease in conversion and
yield above 2.5% loading occurs since monolayer coverage is exceeded,
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Fig. 6. C3Hg conversion and C3Hg yield for CO»-ODH of propane over xCrZr
catalysts. Reaction conditions: Temperature 550 °C, Total pressure = 1 atm, W/
Fesns,o = 16.59 g.h/mol, Pesyg o = 0.075 atm, Pgos o = Pesns,o, balance No.
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as seen by Raman spectroscopy.

The CO; conversions and CO yields for the CO,-ODH reaction using
xCrZr catalysts are shown in Fig. 4S of supplementary information file.
Similar to Fig. 6, the CO5 conversions and CO yields increase up to 2.5%
and then decrease. Furthermore, the conversions of C3Hg and CO, are
similar, which is consistent with the stoichiometry of the CO-ODH re-
action given by reaction (2). Thus, for both the xVZr and xCrZr sets of
catalysts, it is evident that crystalline V205 and Cr,O3 are not as active as
the corresponding molecularly dispersed species, and optimum con-
versions and yields are achieved for near monolayer loadings of vanadia
and chromia.

From the data given in Figs. 5 and 6 the TOFc,y, and TOFc,p, were
calculated based on the Hy-uptake data from Hy TPR and tabulated in
Table 2. The corresponding table for TOFc,y, and TOF¢,u, based on the
total moles of metal is given in Table 1S in the supplementary section.
Similar trends in TOF¢,n, and TOFc,y, are observed in Table 2 and
Table 1S. Analyzing the data in Table 2 reveals that with change in the
loading, no significant effect in the TOF¢,y, and TOFc,y, is observed. It is
evident that per active site the TOFc,p, is slightly higher for O,-ODH
over VZr compared to CO,-ODH over CrZr. However, the TOFc,y, for
CO9-ODH over CrZr is significantly higher than for O,-ODH over VZr.
Thus, under these operating conditions, CO2-ODH over CrZr is more
suitable to produce propene.

3.5.3. Effect of contact time
The effect of contact time on the conversion, yield and selectivity for
the best performing catalysts from section 3.4.1 is then examined.

3.5.3.1. Oz ODH. The effect of increasing the contact time for the O,-
ODH reaction taking place at 550 °C using the 2.5VZrO, catalyst is
shown in Fig. 7. As expected, the conversion of C3Hg increases rapidly.
However, the C3Hg yield appears to increase gradually, and the main
product formed is the undesirable carbon oxides. The C3Hg selectivity of
about 30% is similar for all conversion values of CsHg, with slightly
better selectivity at lower conversion values. Previous studies of sup-
ported vanadia catalysts do show higher CsHg selectivity values [11].
However, these studies were carried out at lower temperatures, where
the formation of the carbon oxide is less facilitated. We have also tested
2.5VZr for O2-ODH at 400 °C using an inlet ratio of C3Hg/O3 =3 and the
selectivity towards C3Hg was about 35%. At these temperatures of about
400 °C the Mars-van Krevelen mechanism occurs [11,37]. However, at
higher temperatures, the presence of V'3, as seen by from the XPS
spectra, may also give rise to the DH of propane. Thus, carrying out the
0,-ODH at higher temperatures is not desirable over VZr catalysts since
the selectivity towards C3gHg are severely compromised.

3.5.3.2. CO, ODH. The effect of contact time on the conversions and
yields of CO2-ODH using 2.5CrZr is shown in Fig. 8 and Fig. 5S of sup-
plementary information file. In contrast to the O2-ODH results, for CO»-
ODH the conversion increases steadily and appears to approach about
16% C3Hg conversion at high contact times. The C3Hg yield also in-
creases and is always less than the C3Hg conversion values. At high
contact times, a C3Hg yield of 13.7% and selectivity of 86.6% is ach-
ieved. The difference between C3Hg conversion and C3Hg yield appears
to be related to amount of carbon being deposited, which increases with
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an increase in contact time.

With an increase in contact time, the CO5 conversion and CO yield
also monotonically increase and approach values of 16.1% and 17.3%,
as seen in Fig. 5S of supplementary information file. Interestingly, the
CO vyield is greater than CO5 conversions at high contact times. The
excess of CO formed may be due to the reaction of CO5 with surface
carbon, CO»(g) + C(s)—>2CO. The surface carbon being formed from
C3Hg and is not accounted for in the formula for CO yield given in Eq. (6)

Table 2
Turn-over frequency (TOF) values based on Hy-uptake & initial (0.5 h) conversion and yield of C3Hg and C3Hs.
0; — ODH CO, — ODH
Catalyst TOF c3us * 107 TOF ¢35 % 1073 Catalyst TOF ¢35 * 1073 TOF ¢3p6 + 107
1VZr 5.9 1.8 1CrZr 5.6 4.8
2VZr 4.6 1.3 2CrZr 4.1 3.6
2.5VZr 5.7 1.6 2.5CrZr 4.1 3.9
3VZir 4.2 1.2 3CrZr 3.4 3.1
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above. Furthermore, the similar conversion values of C3Hg and COs,
which was also seen above, suggests that the predominant occurrence of
the CO,-ODH reaction rather than the dry reforming of C3Hg, which has
a stoichiometry of C3sHg + 3CO2—6CO + 4H,. The dry reforming of
C3Hg is one of the possible reactions that might occur when CO5 and
C3Hg are used as reactants, as suggested previously [7].

4. Conclusions

In the present study, we were able to successfully compare ZrOy
supported vanadia and chromia catalysts for the O, and CO; assisted
ODH of propane reaction. Monolayer loadings on this ZrO, support were
determined to be between 2 and 2.5 wt%, which corresponds to cover-
ages of 5.1-6.7 V-atoms/nm? and 5.2-6.6 Cr-atoms/nmZ Using sub-
monolayer catalysts, it was established that the molecularly dispersed
vanadia species was more active during O»-ODH and chromia species
was more active for CO2-ODH. However, the propene selectivity during
0,-ODH was low (~30%); whereas, the propene selectivity during CO»-
ODH was higher (~87%). The effect of vanadia loading for O,-ODH and
chromia loading for CO,-ODH revealed that near monolayer coverages
provided the highest propane conversion and propene yield, and that the
molecularly dispersed species were more active than the crystalline
counterparts. Furthermore, the COy conversion and CO yield during
CO»-ODH was also the highest for the near monolayer chromia catalyst.
The conversions of C3He and CO3 were similar during CO2-ODH sug-
gesting the negligible occurrence of the CO;, reforming of propane re-
action. Furthermore, it appears that CO; is also involved with converting
surface carbon to CO. With increase in contact time the O,-ODH and
CO,-ODH reactions revealed an increase in propane conversion. How-
ever, during O5-ODH the propene selectivity was relatively constant and
continued to be low; whereas during CO5-ODH, the propene selectivity
gradually decreased from 86% to 94% due to carbon formation.
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