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Abstract

Producing metal oxide catalysts with nanometer crystal sizes offers an attractive means of controlling catalytic behavior in
oxidation reactions. In this work, the catalytic behavior of MgO nanocrystal-supported vanadium was compared to that of vanadium
on conventionally prepared MgO. It was found that nanocrystals gave higher butene selectivity for weight loadings of 5, 15, a
producing less CO, ethylene, and propylene. Both types of catalysts were characterized using nitrogen adsorption, Raman sp
XRD, TEM, and XANES to determine the structure of vanadium on the magnesium oxide surface. The catalyst surface structure
be similar on both types of catalysts, with a magnesium orthovanadate phase supported on a MgO phase. It is hypothesized that t
nature of the support, specifically acid/base properties, was responsible for the differences noted in catalytic behavior, though diff
the domain size of Mg3(VO4)2 could also play a role.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Manipulating catalytic material dimensions at the na
meter scale presents a fascinating avenue for producing
active and selective catalysts. Within the last 10 years a n
ber of authors have synthesized metal oxides with cry
sizes of 1–10 mm for use as catalytic materials. Tsch
and Ying used inert gas condensation to prepare more a
nanoscale CeO2 for the reduction of SO2 by CO [1]. Pho-
tocatalytic oxidation on nanoscale TiO2 has been reporte
by a number of authors [2–4]. Palmqvist and co-work
have prepared nanoscale doped and undoped CeO2 for use
as catalysts for the total oxidation of methane [5] and the
duction of SO2 by CO [6]. Yoo reported on the use of oxid
nanoparticles for selective gas-phase oxidation ofp-xylene
and oxidative dehydrogenation of alkanes [7]. Pak and
workers studied vanadium supported on MgO nanoc
tals for propane oxidative dehydrogenation [8], while Ch
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nokov and co-workers used similar catalysts for butane
idative dehydrogenation [9].

Most of these studies focused on environmental ap
cations, where the primary purpose of the nanoscale m
oxide was to store and transport oxygen. It is clear fr
the literature that nanoscale metal oxides can be hi
active in these applications. It is less clear whether th
materials can act asselective oxidation catalysts, wher
an intermediate oxidation product is desired. Pak and
workers reported that V/MgO nanocrystals provided h
reaction rates in propane oxidative dehydrogenation,
did not extensively explore selectivity differences betwe
nanocrystals and microcrystals. Yoo suggested thatp-xylene
oxidation and oxidative dehydrogenation of lower alka
could occur selectivity on nanosized supported metal
metal oxides prepared through CVD, but did not mak
comparison with conventional materials. Chesnokov fo
that vanadium supported on MgO nanocrystals was
tive and selective in butane oxidative dehydrogenation,
made no comparison with vanadium supported on con
tional MgO.

To understand whether metal oxide nanocrystals h
unique properties for selective oxidation, it is critical

http://www.elsevier.com/locate/jcat
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compare their performance with conventional metal
ides. In particular, selectivity differences are importan
show whether modifying the crystal size changes the
face chemistry rather than just leading to higher surface
eas. This work focuses on whether metal oxide nanocry
have unique catalytic properties for oxidative dehydroge
tion of butane. Catalytic results for vanadium supported
MgO nanocrystals prepared using a modified sol–gel
thesis and on MgO prepared using a conventional techn
are compared. The surface structure of vanadium in t
two catalysts is also studied in an attempt to rationalize
catalytic differences.

2. Experimental

2.1. Preparation of V/MgO catalysts

For V/MgO nanocrystals, MgO was synthesized thro
an aerogel method [10] using a bench-top autoclave
Model 4843. In a two-necked 500 mL flask, 5 g of ma
nesium ribbons (Alfa Aesar, 99.8% purity) was reacted w
200 mL of methanol under nitrogen. The Mg/methanol m
ture was magnetically stirred 2 h or until no Mg shavin
were visible. The resultant solution was a 1 M solution
Mg(OCH3)2. Hydrolysis of this solution was achieved b
mixing with 200 mL of toluene and then slowly adding 4 m
of distilled water with a syringe. This mixture was stirr
overnight, forming a magnesium hydroxide gel. Next the
was dehydrated through hypercritical drying in an autocla
The gel was placed in the autoclave, and the autoclave
pressurized to 100 psi with nitrogen. Over a 4-h period,
solution was heated from room temperature to 265◦C, which
resulted in a pressure of 800 psi. This procedure produc
fine, white magnesium hydroxide powder. This powder w
calcined at 500◦C under vacuum overnight.

For V/MgO microcrystals, commercially purchased Mg
(Aldrich, 99+ % purity) was modified to give a higher su
face area [10]. Several grams of CM MgO was boiled
500 mL of distilled water overnight while being stirred. A
ter cooling, the solution was filtered. A paste of magnes
hydroxide was recovered and dried in an oven at 120◦C for
2 h and then gradually heated to 500◦C under vacuum an
left at that temperature overnight.

Supported vanadium nanocrystals and microcrystals w
prepared using the same procedure, with the only differe
being the MgO starting material. Freshly obtained MgO w
impregnated with a solution of V(acac)3 in THF overnight at
ambient temperature with enough V(acac)3 to produce sam
ples with 5, 15, and 25 wt% vanadium oxide (V2O5). After
filtration, the slurry was washed with pure, dry THF until t
filtrate was colorless. The recovered solid was then he
to 500◦C under a flow of air and calcined at the same te
perature overnight. For nanocrystals, the calcinations w
done under vacuum, while for microcrystals it was do
at atmospheric pressure. The resulting V/MgO powder
then pelletized in a small hydraulic press at 225 N, crus
and sieved between 20 and 40 mesh sieves (420–850
V/MgO nanocrystals prepared using the aerogel method
be referred to as AP V/MgO, while V/MgO synthesiz
using conventionally prepared MgO will be referred to
CP V/MgO. Weight percents discussed in this paper refe
the values calculated from the mass of the support and
vanadium salt used in preparation. No direct measurem
of the V2O5 weight percent was made.

2.2. Catalyst characterization

Surface area measurements were conducted usi
Quantachrome NOVA 1200 instrument. Approximately 0
of catalyst was degassed at 150◦C for 45 min. Seven-poin
BET surface areas were found from the nitrogen adsorp
isotherms.

X-ray powder diffraction was carried out in a Scint
XDS 2000 spectrometer. Cu-Kα radiation was the ligh
source with applied voltage of 40 KV and current of 40 m
Two theta angles ranged from 20 to 85◦ with a speed of 2◦
per minute. The crystallite size was calculated using
Scherrer equation.

TEM experiments were conducted by Dan Boyle at
Kansas State University Microscopy and Image Proc
ing Facility using a Philips CM 100 TEM. Ground V/Mg
powder was collected onto a carbon-coated copper grid
analysis.

Raman spectra were collected in a Nicolet Nexus
FTIR spectrometer with an FT-Raman attachment. The s
tra were recorded using 1024 scans at 4 cm−1 resolution
using a Germanium detector. One of the spectra (15 w
CP V/MgO) had a strong increasing background that
scured the relevant peaks. For this sample, a multisplin
was used to eliminate the background.

X-ray absorption spectra were collected on the BESS
CAT station 12-BM-B at the Advanced Photon Source. T
monochromator, equipped with Si (111) crystals, was c
brated by setting the inflection point of the first derivat
from the V K edge to 5465 eV. Flourescence data w
collected using a Lytle detector. Energy resolution was
proximately 1 eV. All reported spectra represent the ave
of three trials. Repeat trials were in excellent agreement
one another. Preedge peak positions differed by no m
than 0.2 eV, while the edge and the 1s→ 4p transition
energies differed by no more than 0.4 eV. XANES spe
were analyzed by first fitting the preedge baseline wit
least-squares fit and then subtracting the baseline from
spectrum. The near-edge data were normalized by divi
by the height of the linear portion of the absorption spect
∼100 eV above the absorption edge.

2.3. Catalytic activity testing

Experiments to test the catalytic activity of all samp
were performed in an 11-mm i.d. quartz tube reactor pla
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inside a cylindrical furnace. One gram of catalyst was pla
between plugs of quartz wool. Two type K thermocoup
were placed at the front and back of the catalyst bed. S
high conversions were achieved in most experiments, the
was not completely isothermal. The temperature differe
was less than 10◦C between the front and the back in
experiments. The inlet temperature is used as the rea
temperature.

Butane (99.0%) and oxygen (grade 4.4) were obtai
from Linweld. Nitrogen (97.0+ %) was obtained from Air-
gas. All gases were used without further purification. G
flow rates were regulated by mass flow controllers (Unit
struments Inc. Model 7300). Products were analyzed usi
gas chromatograph (SRI 8610) equipped with MolSieve
and HaySep D columns and flame ionization and ther
conductivity detectors. Products detected include oxyg
carbon monoxide, carbon dioxide, methane, ethane, e
ene, propane, propylene,n-butane, butene, and pentane. T
gas chromatograph was unable to resolve isomers of bu
so the total butene selectivity (1-butene+ 2-butene) is re-
ported. Butadiene was not detected under any condi
Water was not analyzed; instead, the moles of water
duced were determined from the oxygen balance. Repo
selectivities are molar selectivities.

Total gas flow was 0.5 standard liters per minute (SLP
with 88% nitrogen dilution and a fuel/O2 ratio equal to one
half. Reaction temperature was 500◦C and reaction pressur
was 2 psig. Nitrogen was flowed to start while the inlet te
perature was raised to its reaction value. Fuel and oxy
were then added to the gas flow to initiate reaction. Their
dition to the gas flow was responsible for a slight drop of
inlet temperature, and 20 min were necessary to let the
perature go back up to the desired reaction value. Sam
of gas flow were then analyzed every 50 min for 10 to 12
For CP V/MgO samples, an activation period was noted.
ported results for CP V/MgO catalysts represent steady-
results, achieved after 8 h.

To assess the possible contribution of homogene
chemistry, reaction was carried out as described abov
the absence of catalysts. Fuel and oxygen conversions
less than 1% in these experiments, indicating a neglig
contribution of homogeneous chemistry.

Carbon and hydrogen mass balances closed within 1
most within 5%. Multiple trials for each catalyst were co
ducted to estimate the error in the measurements an
determine whether catalyst activation was important. In g
eral, repeat trials had butane conversions within 5% w
major product selectivities agreed within 3%. In additio
two samples each for 15% V/MgO nanocrystals and
crocrystals were run to estimate the experimental dif
ences between different samples. The standard devia
of these repeat trials were used to estimate the 95% c
dence intervals for the measured conversions and sele
ties.
,

e

,

s

3. Results

3.1. Surface area analysis

The surface areas of 5, 15, and 25 wt% V/MgO cataly
for both the AP and CP MgO supports are shown in Tabl
As shown in this table, surface area generally decrease
the vanadium loading is increased, with the exception
V2O5 weight loading of 15% for the CP V/MgO, which
slightly higher than that at 5 wt%. These results agree qu
tatively with previous researchers who found the surface
decreased with weight loading for V/MgO catalysts prepa
from NH4VO3 [11,12] and OV (OtBu)3 [8].

3.2. X-ray diffraction

X-ray diffraction results for nanocrystals (Fig. 1A) an
microcrystals (Fig. 1B) as functions of vanadium weight p
cent are shown in Fig. 1. Irrespective of which crystal s
was studied or what the weight loading of vanadium w
the only detectable peaks are at 43 and 62◦. These peaks
are characteristic of MgO. There may be some features
tween 30 and 40◦, corresponding to magnesium orthovan
date [9,13,14], but these features are not distinct enoug
analysis. This suggests that if vanadium-containing ph
are present, they are small and poorly crystalline. This i
agreement with Chaar and co-workers [11] and Pak and
workers [8] who did not detect clear vanadium-contain
peaks for V2O5 weight loadings below 30%, although Che
nokov and co-workers detected peaks at 35.5 and 38◦ for
their V/MgO catalysts prepared using a similar procedur
this work [9].

The diffraction peaks for AP V/MgO are broader th
those for CP V/MgO, confirming that the crystal size
smaller for these materials. Using the peak width at 43◦, the
crystal sizes of the different catalysts were estimated and
reported in Table 1. The crystal size for AP V/MgO increa
from 3.9 to 5.2 nm as the weight loading increases from
to 15 wt%. There is no clear trend in crystal size for the
crocrystals, as crystal size at 15% is smaller than 5% w
25% is larger than 5%. However, for all weight loadings,
crystal size of CP V/MgO is larger than that for AP V/MgO

3.3. Transmision electron micrographs

Fig. 2 shows the transmission electron micrograph
CP 15% V/MgO at 46,000 times magnification, wh

Table 1
Surface areas and crystal sizes for AP and CP V/MgO

wt% AP V/MgO CP V/MgO

Crystal size Surface area Crystal size Surface a
(nm) (m2/g) (nm) (m2/g)

5 3.9 302.8 8.0 107.3
15 4.7 199.9 6.9 113.4
25 5.2 141.0 8.2 65.9
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Fig. 1. Powder X-ray diffraction patterns for AP V/MgO (A) an
CP V/MgO (B) with different V2O5 weight loadings.

Fig. 3 shows the TEM micrograph for AP 15% V/Mg
at 130,000 times magnification. Fig. 4 is a more magni
view (245,000 times) of AP V/MgO. The micrographs sh
large differences in morphology between the two samp
The CP sample has large hexagonal MgO platelets. T
are a number of darkened needle-like features on top o
hexagonal platelets. The darkness indicates the presen
vanadium due to its greater electron density than ma
sium. The AP samples, on the other hand, are comp
of numerous small (<10 mm) features. These appear
be individual nanometer-sized crystallites. Again, the da
features indicate the present of vanadium. The edges o
nanocrystals appear to be quite rough, in contrast to
many smooth edges apparent on the CP V/MgO sample

The crystal size distribution for AP 15% V/MgO was e
timated from the transmission electron micrograph by m
suring the sizes of 100 of the nanometer-sized featu
Fig. 5 shows the distribution of crystal sizes. The cry
size distribution is skewed to the right, with the maxim
frequency occurring between 4 and 6 nm. Nearly 50%
all crystallites are in this range This is in agreement w
f

.

Fig. 2. Transmission electron micrograph of 15 wt% CP V/Mg
4600 times magnification.

Fig. 3. Transmission electron micrograph of 15 wt% AP V/Mg
130,000 times magnification.

the average crystal size calculated by XRD peak broa
ing. However, 25% of all crystals have sizes between 6
8 nm and 21% have sizes in excess of 8 nm. Since the a
crystal lattice could not be distinguished in the TEM mic
graph, it is not clear whether these features actually repre
one or many crystallites.

It was not possible to calculate the crystal size distri
tion for CP V/MgO since individual crystallites could n
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Fig. 4. Transmission electron micrograph of 15 wt% AP V/Mg
450,000 times magnification.

Fig. 5. Histogram of crystal size on 15 wt% AP V/MgO obtained by m
suring the crystal sizes of 100 crystallites in Fig. 4.

be discerned. However, a high-resolution TEM microgra
of CP MgO reported in the literature [10] was used to
timate the crystal size distribution of CP MgO. The Mg
aggregates were made up of stacked platelets, similar to
seen in Fig. 3. Measuring dimensions for 10 representa
crystallites, it was found that the thickness of each plat
averaged 7.6 nm with a standard deviation of 2.2 nm
the length of the crystallite terrace averaged 13.6 nm wi
standard deviation of 3.1 nm.

3.4. Raman spectroscopy

Fig. 6A shows the Raman spectra for AP V/MgO w
weight loadings of 5, 10, 15, 20, and 25%. For 5% vanadi
t

Fig. 6. Raman spectra for AP V/MgO (A) and CP V/MgO (B) with differe
V2O5 weight loadings.

there are two peaks: a broad peak at just over 400 cm−1,
and one at∼825 cm−1. The same peaks are apparent
the weight loading increases to 10 and 15%, although
are not very sharp. In addition, there is a broad feature
low intensity between 900 and 950 cm−1. For 20% V/MgO,
there is a broad peak between 800 and 1000 cm−1, with no
clear peak at 825 cm−1 as for the lower weight loadings
Around 400 cm−1 there is a broad feature with low inte
sity. For the highest two weight loadings, there are sh
peaks around 860 cm−1, and shoulders that extend beyo
900 cm−1. In the lower part of the spectra, these two sa
ples have broad features at just under 400 cm−1, with small
peaks at∼360 cm−1 on top of the broad feature. Previo
studies have suggested that peaks at 380, 825, and 860−1

result from V–O bonds stretches in magnesium orthova
date (Mg3(VO4)2) [8,15,16]. Therefore, the Raman resu
for the nanocrystals suggest that at all loadings, magne
orthovanadate is present, and that the amount of ma
sium orthovanadate increases with weight loading. Pe
at 902 and 950 cm−1 have been attributed to pyrovanad
(Mg2(V2O7)) [14,16]. There is no evidence for magnesiu
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Fig. 7. XANES spectra for AP V/MgO (A), CP V/MgO (B), and V2O5 and
NH4VO3 (C).

pyrovanadate for 5% V/MgO, but all other catalysts h
features in the range of 900–950 cm−1 that may indicate
the presence of magnesium pyrovanadate. It should be n
that there are no peaks at∼1000 cm−1, where V=O bonds
should exist. This shows that there are no V2O5 crystallites
or isolated tetrahedral vanadyl groups with terminal V=O
bonds, as in the case for vanadium on supports suc
d

s

Al2O3, SiO2, and ZrO2 [17]. These results agree in gene
with the Raman spectroscopy results of Pak and co-wor
who synthesized V/MgO catalysts using MgO nanocrys
and a OV(OtBu) vanadium precursor [8].

Fig. 6B shows the Raman spectra for CP V/MgO w
V2O5 weight loadings of 5, 15, and 25%. There are no
tectable features in the 5 wt% spectrum. The spectrum
the 15 wt% sample shows a broad feature in the regio
350–500 cm−1. There is a large, broad peak between 7
and 980 cm−1. This peak has a shoulder at∼825 cm−1 and
a maximum at∼860 cm−1, indicating the presence of ma
nesium orthovanadate. No clear features can be seen
indicate magnesium pyrovanadate, although the peak
tends into the range where magnesium pyrovanadate p
would appear (950 cm−1). For the 25% V2O5 spectrum,
there are broad peaks at∼400 cm−1 and between 80
and 950 cm−1. These results suggest that there is magnes
orthovanadate present on the 15 and 25% samples, and
sibly magnesium pyrovanadate as well. Again, there ar
peaks that would suggest the presence of groups with V=O
bonds.

3.5. XANES

Fig. 7 shows XANES results for AP V/MgO (Panel A
and CP V/MgO (Panel B) for different weight loadings a
for two reference materials (Panel C), while Table 2 sum
rizes important XANES features for all catalysts and re
ence compounds. In all spectra, there is an intense pre
peak near 5468.4 eV. This peak has been attributed to
dipole forbidden 1s→ 3d transition that is allowed due
mixing of 3d and 4p orbitals and overlap of the vanadi
3d orbitals with the 2p orbitals of neighboring oxygen [1
As the symmetry around vanadium is lowered from octa
dral to square pyramidal to tetrahedral, the molecular c
around vanadium is decreased, leading to greater mixing
overlap of orbitals and a greater intensity for the pree
peak. The preedge peaks of all catalysts have a simila
tensity to that of NH4VO3 and much higher than that o
V2O5, suggesting that VOx groups in all of the V/MgO
catalysts prepared in this work have a tetrahedral geo
try.

Table 2
Summary of XANES results for AP and CP V/MgO catalysts and refere
materials

Sample Preedge Preedge Preedge 1s→ 4p
position (eV) peak height peak width (eV) transitio

NH4VO3 5469.2 0.84 2.1 5491.0
V2O5 5469.8 0.73 2.3 5493.5
5% AP V/MgO 5468.4 0.83 1.7 5487.6
15% AP V/MgO 5468.4 0.80 2.3 5487.2
25% AP V/MgO 5468.4 0.84 2.4 5487.2
5% CP V/MgO 5468.2 0.89 2.0 5486.7
15% CP V/MgO 5468.2 0.91 2.2 5487.4
25% CP V/MgO 5468.2 0.93 2.4 5487.3
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The sharpness of the preedge peak has been corre
with the spread of V–O distances [18,19]. Wong et al. fou
that a larger spread of the V–O distances gave bro
preedge peaks in a series of tetrahedral vanadium c
pounds. The 1s–3d core hole Coulomb interaction chan
with bond length, leading to differences in the 1s→ 3d
transition and, therefore, the preedge peak. The peak w
at half the maximum for all catalysts and reference m
terials are reported in Table 2. These widths are accu
within ±0.1 eV. It can be seen that there is a trend
ward increasing peak width with increasing vanadium lo
ing on both AP and CP MgO. The peak widths for AP a
CP V/MgO are similar at weight loadings of 15 and 25
however, the peak width of AP V/MgO is smaller th
that of CP V/MgO. In addition, it can be seen that t
peak widths at half height for all V/MgO catalysts, wi
the exception of 5 wt% AP V/MgO, are similar to that
NH4VO3. This suggests that the spread of V–O bond d
tances is similar to that of NH4VO3, which is known to
have two V–O bonds with length of 0.181 nm and two ot
terminal V–O bonds of 0.166 nm [20]. The changing pe
widths for V/MgO catalysts may reflect a change in
relative amounts of magnesium orthovanadate and ma
sium pyrovanadate. Magnesium pyrovanadate has a ran
V–O bond lengths from 0.163 to 0.182 nm [21], while t
bond lengths for magnesium orthovanadate varies only
tween 0.17 and 0.181 nm [22]. Therefore, the increase o
peak width with vanadium oxide loading may result from
increased amount of magnesium pyrovanadate.

For all spectra, there are two peaks after the edge.
first peak, at∼5488 eV, has been assigned to the dipo
allowed transition from 1s to the 4p level [23]. That pe
and the peak at 5505 eV have previously been observed
variety of vanadium compounds [18,24] and supported va
dium catalysts [19,25,26]. For V2O5 crystallites, an addi
tional peak has been found at 5492 eV [24,27]. The abs
of this peak in Fig. 3 suggests that there are no V2O5 crys-
tallites on any of the V/MgO catalysts.

Comparison of the V/MgO catalysts with the referen
materials shows that the preedge peak location and the 1→
4p location are both at lower energies for the V/MgO ca
lysts. Tanaka and co-workers found that the energy for
1s → 4p transition was lower for supported vanadium
alumina and silica than for bulk V2O5 [19]. They attributed
this difference to an unknown surface vanadate. In this w
the lower 1s→ 4p energy likewise indicates a surface va
date other than V2O5, but here it can reasonably be co
cluded that the surface phase is magnesium orthovana
and/or magnesium pyrovanadate.

3.6. Catalytic results

For all trials, oxygen conversion was complete. Fig
shows butane conversion and butene selectivity for AP
CP V/MgO as functions of vanadium weight loading, alo
with the 95% confidence intervals. For AP V/MgO, b
d

-
f

e

Fig. 8. Butane conversion and butene selectivity for AP and CP V/M
with different V2O5 weight loadings.

tane conversion increases as vanadium weight loadin
increased, from 52 to 60%. For CP V/MgO butane conv
sion is 59% at a weight loading of 5%, falls to 53% a
weight loading of 15%, before increasing to 62%. For
three weight loadings, butane conversion is slightly hig
for CP V/MgO than for AP V/MgO, but the difference
within experimental error. For AP V/MgO, butene select
ity increases from 38 to 40% as weight loading is increa
from 5 to 15%, but then decreases to 34%. For CP V/M
butene selectivity increases as weight loading is increa
going from 22% at a weight loading of 5 to 27% at a weig
loading of 25%. At all weight loadings, the butene selec
ity is higher on AP V/MgO than on CP V/MgO, even aft
considering experimental error.

Fig. 9 shows the CO and CO2 selectivities and 95% con
fidence intervals for AP and CP V/MgO as functions
vanadium weight loading. For AP V/MgO CO selectivi

Fig. 9. CO and CO2 selectivities for AP and CP V/MgO with differen
V2O5 weight loadings.
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Table 3
Butane conversion and product selectivities for butane oxidative deh
genation over AP and CP V/MgO

5 wt% 15 wt% 25 wt%

AP CP AP CP AP CP

CH4 0.4 0.7 0.4 0.2 0.5 1.0
CO 20.7 28.7 21.6 26.8 25.2 29.9
C2H6 0.1 0.2 0.1 0.1 0.2 0.2
CO2 31.9 25.7 28.2 31.3 27.3 24.2
C2H4 6.6 16.7 6.8 11.9 8.7 13.1
C3H6 1.5 5.8 1.4 4.1 3.1 4.3
C3H8 0.0 0.0 0.4 0.0 0.0 0.0
C4H8 37.5 21.8 39.7 25.3 34.2 26.5
C5H10 1.3 0.4 1.3 0.5 0.9 0.8
Conversion 52.0 59.5 52.8 53.4 60.0 62.2

Experiments performed at a butane/oxygen ratio of 0.5 over 1 g of cat
for a flow rate of 0.5 SLPM. All reported values are in %.

increases with weight loading from 21 to 25%. CO2 selectiv-
ity, on the other hand, falls from 32 to 27%. For CP V/Mg
CO selectivity falls from 29 to 27% as weight loading
creases from 5 to 15%, and then increases to 30% at a w
loading of 25%. CO2 selectivitiy increases from 26 to 31
before falling to 24%. CO selectivity is higher on CP Mg
than on AP MgO for all weight loadings. CO2 selectivity
is higher for CP V/MgO at a weight loading of 15%, wh
at weight loadings of 5 and 25%, CO2 selectivity is higher
on AP V/MgO. However, results at weight loadings of
and 25% are within experimental error.

Table 3 summarizes the catalytic results for all ca
lysts, including selectivities to minor products. In additi
to the trend noted in Figs. 3 and 4, this table shows
CP V/MgO produces more ethylene and propylene t
AP V/MgO.

4. Discussion

4.1. Catalyst structure

The XRD, Raman spectroscopy, XANES, and EXA
results can aid in identifying the catalyst structure of
materials used in this study. Vanadium is likely presen
small, isolated domains as evidenced by a lack of a diff
tion pattern corresponding to vanadium phases. There
evidence that V2O5 crystallites are present on any of the c
alyst samples. The XANES and Raman results sugges
VOx groups have a tetrahedral arrangement. Raman sp
suggest that primarily magnesium orthovanadate is pre
on all catalysts, especially at low loadings. However, th
is likely magnesium pyrovanadate present for catalysts
weight loadings 15% and above, as shown by the broad
at ∼950 cm−1 for AP V/MgO at weight loadings of 15
20, 25%, and 30% and for the CP V/MgO sample with
and 25 wt%.

XANES results provide evidence that increasing wei
loading increases the amount of magnesium pyrovana
t

t
a
t

present, as it was noted that the preedge peak width
creased for both catalysts with weight loading. Increa
width of this peak suggests broadening of the range of b
lengths, which would be expected if the amount of m
nesium pyrovanadate increased. The narrowest width
noted for 5 wt% AP V/MgO, which Raman results sugges
had only magnesium orthovanadate. It is interesting to
that the 5 wt% CP V/MgO had a broader preedge peak w
than the AP V/MgO sample with the same weight lo
ing. This could indicate that pyrovanadate was presen
CP V/MgO at this weight loading while it was not prese
on AP V/MgO, although further proof is necessary to s
stantiate this.

It does not appear that there are significant difference
which the magnesium vanadate phase is present for AP
CP V/MgO, with the possible exception of the weight loa
ing of 5%. For that weight percent, there are no discern
features in the CP V/MgO Raman spectrum, making it
ficult to compare with the AP V/MgO spectrum. Ongoi
analysis of the EXAFS spectra for all catalysts may prov
more insight in the presence of the two magnesium vana
phases for all weight loadings.

4.2. Catalytic differences

Significant catalytic differences were noted between
AP and CP catalysts. At a similar butane conversion,
selectivity to butene was higher on AP V/MgO, wh
CP V/MgO produced more CO, ethylene, and propyle
This was true at all weight loadings.

It is surprising that no butadiene was detected for
of the catalysts, since previous investigators have repo
substantial butadiene selectivities, especially at high con
sions [11,12,28,29]. It should be noted that the differenc
the chromatograph retention times for butadiene and bu
was only about half a minute. While no distinct butadie
peaks were noted, it is possible that small amounts of b
diene may have been obscured by the butene peak. It
not, therefore, be concluded that these catalysts produc
butadiene. Rather, the butene selectivities reported sh
probably be interpreted as the total selectivity to dehyd
genation products, which might include small amounts
butadience.

Previous studies have explained catalytic differen
based on the surface structure of vanadium. Blasco an
workers [29] and others discuss how vanadium suppo
on basic supports generally gives higher oxidative dehy
genation selectivity because of the presence of tetrah
VO4 units rather than acidic and nonselective V2O5 crys-
tallites. Kung [30] proposed that the orthovanadate ph
was more selective to butene than the pyrovanadate p
because the tetrahedral VO4 units were isolated, thereby pr
venting overoxidation of butane. In this work, tetrahed
VO4 groups are clearly present while V2O5 is absent; how
ever, a substantial difference in the percentage of magne
orthovanadate and pyrovanadate between AP and CP
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lysts has not been established. Magnesium orthovana
appears to be the dominant species at all weight load
for both AP and CP V/MgO. Therefore, the catalytic diffe
ences cannot be explained by differing amounts of the b
magnesium vanadate phases.

This does not mean that catalyst structure could no
responsible for the observed catalytic differences. Bell
Iglesia have attributed activity and selectivity differences
oxidative dehydrogenation to the size of vanadate dom
[31–33]. For vanadium supported on AP MgO, they p
posed that the most active species for propane oxidative
hydrogenation are isolated domains of Mg3(VO4)2 [8]. They
suggested that these species are more selective than is
VO4

2− species and more active than bulk Mg3(VO4)2. It is
possible that the size of the Mg3(VO4)2 domains differs be
tween AP and CP V/MgO catalysts, and this difference
responsible for the observed catalytic trends. The cata
characterization performed in this work is unable to reso
the domain size of Mg3(VO4)2 phases, so there is no ev
dence with which to evaluate this theory.

Another theory is that the chemical nature of the supp
ing MgO is responsible for the catalytic differences betw
AP and CP V/MgO. If MgO plays a role in the oxidativ
dehydrogenation chemistry, then one would expect cata
differences to result when the crystal size of the MgO s
port is changed. Several previous studies have sugge
that MgO does play a role in oxidative dehydrogenati
Gao and co-workers reported higher propylene select
in propane oxidative dehydrogenation for Mg orthovanad
catalysts that contained some MgO than on pure ma
sium orthovanadate [13]. Patel and co-workers found hig
total dehydrogenation selectivity in the oxidative dehyd
genation of butane because of increased butadiene selec
when a catalyst containing both magnesium orthovana
and MgO phases was used instead of a pure magne
orthovanadate phase [34]. Lemonidou and co-workers
ported similar findings in the oxidative dehydrogenation
butane [28]. They proposed a cooperation between the
phases, specifically proposing that the presence of MgO
duced a higher basicity on the surface of the catalyst, al
ing alkenes to desorb easier and increasing olefin sele
ity. This is essentially an argument that the acid/base na
of the catalyst affects oxidative dehydrogenation of alka
[29,35].

It is known that AP MgO has significantly different chem
ical properties than CP MgO. Klabunde and co-workers h
reported higher adsorption rates and capacities for AP M
[10,36]. They have also reported different acid/base p
erties. Infrared spectroscopy studies found that surface
groups of AP MgO were less acidic than OH groups
CP MgO [37]. In addition, more acid gases (SO2 and CO2)
chemisorbed to AP MgO than CP MgO at the same pa
pressure, suggesting a more efficient adsorption of ac
species [10]. This is consistent with the hypothesis th
more basic support can allow desorption of alkenes be
they are oxidized to carbon oxides. It is also interesting
e

-

d

d

y

note that CP V/MgO has higher selectivity to cracking pr
ucts ethylene and propylene. This is also consistent
higher basicity (lower acidity) for AP MgO, since high
acidity is known to increase cracking reactions.

A limited number of experiments were run using A
MgO and CP MgO as catalysts for butane oxidative de
drogenation under the same conditions as used for V/M
catalysts. While both MgO catalysts were not very selec
to butene (selectivities under 3%), it was noted that AP M
gave higher butene and CO2 selectivities than CP MgO
while producing less CO and methane. These results
gest that AP MgO has different catalytic properties th
CP MgO, and therefore the catalytic differences noted
AP V/MgO and CP V/MgO could be due to the unique pro
erties of the supports.

5. Conclusions

Vanadium supported on AP MgO provides very differe
catalytic behavior than vanadium supported on CP MgO
a similar butane conversion, selectivity to butene was hig
on AP V/MgO, while CO, ethylene, and propylene sel
tivities were all lower, irrespective of V2O5 weight loading.
The catalyst surface structure on AP and CP MgO app
to be similar, with an magnesium orthovanadate phase
ported on a MgO phase. At higher weight loadings, mag
sium pyrovanadate may also be present. It is hypothes
that differences in the surface chemistry of AP MgO a
CP MgO are responsible for the catalytic differences, tho
differences in the domain size of Mg3(VO4)2 could also play
a role. Higher basicity of AP MgO may allow faster deso
tion of butene during oxidative dehydrogenation, leading
the higher butene selectivity noted for AP V/MgO.
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