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Abstract

Niobium- and pyridine-exchanged salts of phosphomolybdic (NbPMo12Pyr) and phosphovanadomolybdic acids, NbPMo12Pyr and
NbPMo11VPyr, respectively, were investigated as precursors to materials that catalyze the oxidative dehydrogenation of ethane t
and acetic acid at atmospheric pressure. The effects of feed composition, steam flow, temperature, and precursor composition on cata
and selectivity are presented for both ethane and ethylene oxidation. The productivity of ethylene and acetic acid from ethane using th
materials formed from these precursors exceeds those reported in the literature for Mo–V–Nb–Ox systems under atmospheric or elevated press
Also, the production of acetic acid from ethylene is greater than that observed from Mo–V–Nb–Ox systems. Water is found to aid in desorpti
of acetic acid, thereby limiting deep oxidation to carbon oxides. Addition of vanadium reduces catalytic activity and selectivity to both
and acetic acid, whereas niobium is essential for the formation of acetic acid from ethane. Other metals, such as titanium, tantalum,
antimony, iron, and gallium, do not provide the same beneficial effect as niobium. A balance of niobium and protonated pyridine in th
precursor is required to produce an active catalyst by thermal treatment in nonoxidizing environments. Molybdenum and niobium are
essary for the creation of the active site for ethane activation, and niobium is directly involved in the transformation of ethylene to ac
A reaction scheme is proposed for the production of acetic acid from ethane over the catalytic materials.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Acetic acid is one of the world’s most important chemi
products. Its primary use is in the production of acetate
ters that are further processed to films, textiles, paints, d
artificial fibers, and glues. In 1997, worldwide production
acetic acid was 5.4 million tons[1]. As evidenced from the
recent major expansion of acetic acid production capa
in China, the demand for acetic acid continues to rise.
dominant manufacturing process for acetic acid, which u
an iodide-promoted rhodium catalyst to very efficiently c
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bonylate methanol, was pioneered by Monsanto in 1968[2].
This process has several disadvantages, however. Althoug
growing use of iodide-promoted iridium and ruthenium c
alysts partially alleviates the high cost associated with u
the rhodium catalyst, the process requires very-high-purity
bon monoxide to avoid deactivation. The gas phase oxida
of ethylene to acetic acid over a palladium-based catalyst
recently reported by Showa Denko[1]. Ethylene, produced
mainly by high-temperature dehydrogenation, is relatively
pensive.

Thorsteinson and co-workers were able to selectively
alyze the production of ethylene from ethane over a mix
metal oxide of molybdenum, vanadium, and niobium at
mospheric pressure and moderate temperatures[3]. It was later
discovered that acetic acid could be synthesized in high y
directly from ethane over the same catalyst at 2.1 MPa[4].
Production of acetic acid from ethane at atmospheric pres
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has also been demonstrated[5]. Doping with palladium greatly
increased acetic acid production at elevated pressure at th
pense of ethylene production; this was explained by the con
utive reaction of ethylene over a palladium-based Wacker-
active center[6]. Other mixed oxide systems, such as VOx [7],
VPO [7], and Mo–V–Nb–Te–Ox [8,9], have also exhibited se
lective ethane oxidation catalysis. A more complete summ
of catalysts capable of ethane oxidation to ethylene and a
acid can be found elsewhere[10]. All reported mixed-meta
oxide catalysts capable of producing acetic acid from eth
contain vanadium.

Heteropolyanions, with their easily manipulated acid a
redox properties, are well suited for use in the study of alk
activation[11–19]. Indeed, heteropolyanions have received s
nificant attention for selective alkane activation reactions[17,
18,20–28], including the reaction of ethane to ethylene a
acetic acid[24,25,29–33]. Ueda et al. showed that a pyridin
exchanged molybdovanadophosphate that was partially
duced during thermal treatment was active and selective
the oxidation of propane to acrylic and acetic acids[32]. Li and
Ueda demonstrated that pyridine-exchanged phosphomoly
acid could selectively oxidize isobutane to methacrylic acid
ethane to acetic acid[33]. Davis and co-workers investigate
the use of niobium- and pyridine-exchanged phosphovan
molybdic and phosphomolybdic acids for the selective ox
tion of propane andn-butane[20–22]. This group also provided
an example showing that these catalysts are active for the s
tive oxidation of ethane to ethylene and acetic acid[20]. In this
paper, the reaction of ethane to ethylene and acetic acid
phosphovanadomolybdic and phosphomolybdic acids is s
ied in detail.

2. Experimental

2.1. Catalyst preparation

2.1.1. MxPMo12Pyr (M = Nb, Mo, V, Ti, Ta, Zr)
The preparation of niobium- and pyridine-exchanged ph

phomolybdic acids was adapted from methods presente
Holles et al.[20]. Phosphomolybdic acid (H3PMo12O40) was
obtained from Aldrich and used without further purificatio
Exchange with molybdenum, niobium, titanium, tantalum, a
zirconium was performed in the oxalate form as descri
previously [20]. Exchange with vanadium was accomplish
by substitution of a vanadyl oxalate (GFS Chemicals) s
tion (0.06 g vanadyl oxalate/g water) for niobium oxalate
in the above procedures. Synthesized materials are abb
ated as MxPMo12Pyr, where M is the exchange metal a
x denotes the ratio of the metal M to phosphorus (Keg
unit). Nb0.6PMo12Pyr denotes niobium and pyridine exchang
H3PMo12O40 with Nb/P= 0.6.

2.1.2. NbxPMo11VPyr
Phosphovanadomolybdic acid (H4PMo11VO40) was ob-

tained from Pred Materials or synthesized according to
method described by Tsigdinos and Hallada[34]. Niobium
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exchange was performed by first transforming niobium p
tachloride into niobium oxalate. Niobium pentachloride 5.0
(Alfa Aesar; 99.999% packed under argon) was loaded in
three-necked round-bottomed flask in a nitrogen atmosp
glove box and transferred to a Schlenk line. Then 41.3 mL
water was added dropwise via an addition funnel with stirri
Hydrogen chloride vapors were neutralized with a sodium
droxide bubbler. The solution was basified (pH= 12) by drop-
wise addition of 12.5 mL ammonium hydroxide (J.T. Bak
28.0–30.0%). The white precipitate was dried by aspira
overnight and dissolved into a prepared solution of 4.60 g ox
acid (Aldrich, 99+%) in 86.96 g of water until the precipitat
was completely dissolved.

Aliquots of the resulting clear niobium oxalate solution we
added dropwise to solutions of 1 g PMo11V/1.5 g water and
stirred for 2 h at room temperature. The solutions were t
heated with stirring to 80◦C until all of the water was evapo
rated. The resulting green solids were pulverized and slurrie
water (1 g solid/6 g water). A seven-fold molar excess of py
dine solution (0.1 g pyridine/1 g water) was added dropwise
form a light-green precipitate. The solutions were stirred for
at room temperature before being dried at 80◦C. The materi-
als are abbreviated as MxPMo11VPyr, similar to those prepare
from H3PMo12O40.

2.1.3. PMMo11Pyr (M = Fe, Ga, Sb, Nb)
Polyatom substitution of phosphomolybdic acid was p

formed according to known methods for the cations niobiu
iron, and antimony[20,24,30,35]. Substitution with gallium
was adapted from the procedures for iron and antimony,
cause both antimony and iron substitutions are performed
ions in oxidation state three. A solution of 5.0 g H3PMo12O40

in 28 mL of water was basified to pH= 4.4 with lithium car-
bonate (Aldrich; 99+%) to form the lacunary Keggin struc
ture PMo11O39

7−. Then 1 molar equivalent of iron(III) nitrat
hydrate (Aldrich; 98%), gallium(III) nitrate hydrate (Aldrich
99.9%), potassium antimonyl tartrate hemihydrate (Ac
99%), or niobium oxalate (H.C. Starck; 20.5 wt% niobium) w
quickly added. The solutions were then stirred at room t
perature for 2 h before being filtered to remove any insolu
products. Pyridine (0.230 g) was added until a yellow prec
tate (blue for antimony substitution) was formed. A large exc
of pyridinium chloride (8–9 g) was then added to the solut
to increase yield. The solids were separated by centrifuga
and washed in three 100 mL aliquots of water.

2.1.4. MxP[Fe, Ga, Sb, Nb]Mo11Pyr (M = V, Nb, Sb)
Polyatom substitution was performed as described ab

However, before the addition of pyridine and pyridinium ch
ride, a solution of vanadyl oxalate (0.023 g/L g of water), nio-
bium oxalate (0.065 g/L g of water), or potassium antimony
tartrate hemihydrate (0.50 g/L g of water) was added to achiev
the desired ratio of exchange metal to Keggin unit. The s
tion was stirred for 1 h at room temperature to achieve a clo
green slurry. Pyridine and pyridinium chloride were then ad
as described above.
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2.1.5. Nb0.68PW11VPyr
Synthesis of niobium-exchanged phosphotungstic acid

performed as described previously[15,36]. Sodium metavana
date (0.764 g; Fluka; 98%) was dissolved in 12.53 g of
ter to obtain a clear solution. The metavanadate solution
added to a clear solution of 0.887 g sodium hydrogen p
phate (Aldrich; anhydrous) dissolved in 12.50 g of water
acidified with 0.65 mL of sulfuric acid (J.T. Baker; 95–99%
The clear reddish-brown solution was stirred for 20 min at ro
temperature. After the dropwise addition of 22.690 g of sod
tungstate dihydrate (Aldrich; 99%) dissolved in 20.99 g of w
ter over 50 min, the solution was acidified with sulfuric acid
pH 1.47 and refluxed for 2 h before being cooled to room t
perature and extracted with ether. The orange-red lower p
was set aside. The middle phase was acidified with 100 m
50 vol% water–50 vol% sulfuric acid before being re-extrac
with 200 mL of ether. The orange-red lower phase was set a
and the middle phase was separated twice more with 100
of ether, retaining the orange-red bottom phases. The ora
red phases were combined, and residual ether was rem
overnight by an air stream, followed by room-temperature v
uum treatment for 1 day. The yield was 16 g of light-oran
solid. The structure was verified by X-ray diffraction,31P nu-
clear magnetic resonance in D2O (major peak at−13.915 ppm
of PW11VO40; very minor peaks at−13.407 and−14.292 ppm
of PW10V2O40 and PW12O40, respectively), and Fourier tran
form infrared spectroscopy [νas(P–O) 1069 and 1095 cm−1,
νas(W–O) 966 and∼980 cm−1 shoulder,νas(W–O–W) 887 and
806 cm−1]. Niobium and pyridine exchange were performed
described previously.

2.2. Reactivity studies

Experiments were performed in a BTRS Jr. single-pass v
cal reactor system (Autoclave Engineers) with a 1/2-inch stain-
less steel reactor tube. Reactive flows consisted of an org
either ethane (Matheson, 99.9%), ethylene (Matheson, 99.
or ethanol (Aaper Alcohol, 100%), mixed with oxygen (A
Liquide, 99.5%), 5% argon in helium (Air Liquide, 99.999%
and steam. Steam was fed as liquid water via a syringe p
and vaporized at 150◦C by a mixing assembly. When ethan
was used as the organic feed, it was pumped into the
tem with water. Empirical flow rates were 4:2:4:5 mL/min
organic:oxygen:argon/helium:steam. Total pressure was
mospheric. Standard reaction temperature was 380◦C. The
reactor cabinet and transfer lines were heated to 150◦C.

Ethane was oxidized over 0.6 g of catalyst sieved to
60 mesh and dispersed in 1 mL of silicon carbide (16 me
Abrasives Unlimited), resulting in a catalyst bed volume
1.6 mL. Ethylene and ethanol were oxidized over 0.3 g of
alyst diluted to 0.8 mL with silicon carbide. Feeding react
mixtures over a silicon carbide blank at reaction tempera
produced no oxidation activity for butane, propane, etha
ethane and ethylene, ethylene, or ethanol feeds. Blank c
tions resulted in no measurable ethanol dehydration. Cata
were activated in situ under 300 mL/min of helium by ramping
from 30 to 420◦C over 5 h and holding at 420◦C for 8 h (ethyl-
s
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ene, ethanol) or 10 h (ethane), followed by a 0.67-K/min ramp
to the reaction temperature. Thermal treatment at 420◦C is re-
quired for the removal of pyridine and reduction of the cata
precursor to its active state[21].

Reactive flows were equilibrated for 1 h off-line befo
being introduced to the catalyst bed and for 1 h over the c
lyst bed before gas sampling. Gaseous products were ana
by on-line gas chromatography–mass spectroscopy (Hew
Packard GCD Plus) equipped with a Plot-Q capillary colum
Oxygenated products were trapped at−78◦C and analyzed
offline by an Agilent high-performance liquid chromatogra
equipped with a Prevail C18 5 µm 250-mm column usin
mobile phase of 1% acetonitrile and 99% 25 mM potass
dihydrogen phosphate solution acidified to pH 2.5 by ort
phosphoric acid. Products were detected by a ultraviolet–vis
diode array detector at 210, 254, or 290 nm. Reactor re
ducibility was established over a series of five distinct eth
oxidation catalysts prepared independently by three diffe
persons. Standard deviation in conversion and space-time
to ethylene or acetic acid was<1%. The standard deviation fo
selectivity data was<2%. Reactivity data were verified at lea
in duplicate, with most data points reproduced in triplicate
greater.

3. Results

3.1. Ethane oxidation

Previous studies have shown that both niobium and pyri
are required for the selective oxidation of propane andn-butane
and that niobium- and pyridine-containing phosphomolyb
acids promote ethane oxidation[20,22]. The effects of cata
lyst precursor composition on ethane oxidation are show
Table 1. Unlike previous studies withn-butane, the pyridine
exchanged PMo12 catalyst is not active for ethane oxidatio
Only when niobium and pyridine are present together in
catalyst precursor is there significant activity toward ethane
idation. The addition of vanadium to the catalyst significan
reduces catalyst activity and the space-time yield to ethy
and acetic acid.

Ethane oxidation results obtained from varying the transi
metal cations and polyatoms of the heteropolyanion precur
are given inTable 2. The cations of Ta, Sb, Zr, and Ti do n
exhibit the beneficial effect of niobium in the catalyst. Furth
more, none of these cations results in a catalyst with signifi

Table 1
Ethane oxidation as a function of catalyst composition at 16:8:16:20 mL/min
(ethane:oxygen:helium:steam), GHSV 2250 h−1

Catalyst
precursor

Conversion (%) Selectivity (%) STYa

C2 O2 COx C2H4 Acetic C2H4 Acetic

PMo12 0.1 0.9 100 0 0 0 0
Nb0.4PMo12 0.3 0.9 39 52.8 8.2 0.002 3.0E–04
PMo12Pyr 0.6 2.8 70 30.5 0 0.002 0
Nb0.4PMo12Pyr 17 71 66 28 6 0.049 0.015
Nb0.4PMo11VPyr 4.6 14 48 40 11 0.018 0.005

a STY is in mmol/(min gcat).
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Table 2
Comparison of ethane oxidation for catalysts with various transition meta
change cations (M), M/P= 0.4, at 16:8:16:20 mL/min (ethane:oxygen:helium
steam), GHSV= 2250 h−1

Catalyst
precursor

Conversion
(%)

Selectivity
(%)

STYa

C2H4 Acetic

C2 O2 COx C2H4 Acetic

TaPMo12Pyr 0.1 0.4 88 9 3.6 1.1× 10−4 1.6E–05
SbPMo11VPyr 0.6 1.0 11 86 3.2 0.012 4.5E–04
ZrPMo12Pyr 0.2 0.6 35 63 1.9 0.001 3.8E–05
TiPMo12Pyr 1.3 6.0 81 18 0.6 0.006 1.9E–04
(VO)0.5PMo11FePyr 0.9 3.3 43 24 33 0.002 3.2E–03
(VO)0.5PMo11GaPyr 0.4 1.5 0 0 100 – 4.6E–03

NbPMo12Pyr 17 71 66 28 6 0.049 0.015
Nb0.5PMo11FePyr 18 67 69 25 6 0.044 9.9E–03
Nb0.5PMo11GaPyr 18 67 65 30 5 0.059 8.6E–03
Nb0.5PMo11SbPyr 9 29 53 40 8 0.034 6.4E–03

a STY is in mmol/(min gcat).

Table 3
Ethane oxidation data for NbxPMo11VPyr at 16:8:16:20 mL/min (ethane:
oxygen:helium:steam), GHSV= 2250 h−1

Nb/P
(x)

Conversion (%) Selectivity (%) STYa

C2 O2 COx C2H4 Acetic C2H4 Acetic

0.04 1.8 6 40 51 9 0.010 0.002
0.2 5.5 18 49 41 11 0.023 0.006
0.4 4.6 14 48 40 11 0.018 0.005
0.68 7.4 24 52 36 12 0.022 0.007
0.85 6.1 22 54 36 11 0.022 0.007
1 7.0 26 60 31 9 0.020 0.006

a STY is in mmol/(min gcat).

activity toward ethane oxidation (maximum conversion of 1.
ethane). These results are in contrast to findings of prev
studies withn-butane where activity was reduced by only a f
tor of two with substitution of Nb for cations of Ti, Mo, Cr, Z
or V [20]. Likewise, polyatom substitution with Fe, Ga, and
is not able to produce an active catalyst in the absence o
(Table 2).

Previous studies have shown thatn-butane oxidation is sen
sitive to the Nb/P ratio [20]. Moreover, cation exchange o
the phosphomolybdic acids partially replaces charge-balan
protons associated with the Keggin structure. Some of th
protons will be used to protonate added pyridine to form p
dinium ions. Thus, by adjusting the amount of charge comp
sating ion, it should be possible to fix the acidity of the catal
The results of varying the Nb/P ratio of NbxPMo12Pyr and
NbxPMo11VPyr are presented inTables 3 and 4. The vanadium-
containing catalysts give decreased activity toward ethan
all but the lowest niobium loadings. Selectivity to ethylene
slightly enhanced and selectivity to acetic acid is nearly ide
cal, but the synthesis of both products is reduced when v
dium is present. Without vanadium substitution, convers
reaches a maximum of 17.0% at Nb/P = 0.4, but space-time
yield is maximized at Nb/P= 0.6 (0.053 mmol/(min gcat) eth-
ylene and 0.015 mmol/(min gcat) acetic acid); when vanadium
is present, there is no clear maximum production of ethylen
acetic acid. Selectivity to overoxidation products COx is also
maximized at Nb/P= 0.4 for the vanadium-free catalyst. Wh
-

s

b

g
e

-
.

at

-
a-

r

Table 4
Ethane oxidation data for NbxPMo12Pyr at 16:8:16:20 mL/min (ethane:oxyg-
en:helium:steam), GHSV= 2250 h−1

Nb/P
(x)

Conversion (%) Selectivity (%) STYa

C2 O2 COx C2H4 Acetic C2H4 Acetic

0 0.6 2.8 70 30.5 0 0.002 0
0.04 0.7 2 12 42 46 0.003 0.004
0.2 5.9 17 40 49 11 0.030 0.006
0.4 17.0 71 66 28 6 0.049 0.010
0.6 15.9 58 62 29 9 0.053 0.015
0.8 11.7 40 54 36 10 0.050 0.014
1 10.6 34 49 42 9 0.048 0.011
0.4b 4.7 12.1 30 62 8 0.033 0.004

a STY is in mmol/(min gcat).
b Exchanged with pyridinium chloride rather than pyridine.

Fig. 1. Selectivity versus conversion for NbxPMo11VPyr (filled markers) and
NbxPMo12Pyr (hollow markers); (", !) selectivity to COx , (Q, P) selectivity
to ethylene, (2, 1) selectivity to acetic acid.

pyridinium chloride is used instead of pyridine during catal
synthesis, which should result in a more acidic catalyst,
activity of the catalyst is substantially reduced, whereas the
lectivity to ethylene is substantially enhanced.

Fig. 1 presents an overlay of selectivity versus convers
data from the niobium-loading series experiments. Excep
very low conversion (NbxPMo12Pyr series), the selectivity t
ethylene decreases roughly linearly with increasing convers
whereas the selectivity to deep oxidation products COx in-
creases with increasing conversion for either catalyst se
The selectivity to acetic acid remains roughly constant.
samples in each series appear to lie more or less on a
gle selectivity-conversion curve. The vanadium-substituted
alysts exhibit higher selectivity to overoxidation products Cx
and lower selectivity to ethylene at the same level of conver
as the vanadium-free catalysts at all but very low conversion
appears that substituting vanadium for molybdenum in the K
gin ion both inhibits catalytic activity and shifts the selectiv
toward overoxidation products.

Reactivity data for the SbxPMo11NbPyr and NbxPMo11Sb-
Pyr series are presented inTable 5. At all but the lowest X/P
(X = Sb, Nb) ratio, the selectivity profiles of either cataly
series are very similar, with carbon oxides and ethylene
counting for∼50% and∼45% at all values of X/P, respec-
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The effect of X/P ratio on ethane oxidation for catalysts containing Nb
16:8:16:20 mL/min (ethane:oxygen:helium:steam), GHSV= 2250 h−1

Catalyst
precursor

Conversion (%) Selectivity (%) STYa

C2 O2 COx C2H4 Acetic C2H4 Acetic

Nb0.15PMo11SbPyr 5 16 47 45 8 0.024 4.3E–03
Nb0.5PMo11SbPyr 9 29 53 40 8 0.034 6.4E–03
Nb1.0PMo11SbPyr 2 6 49 49 2 0.011 4.0E–04

Sb0.15PMo11NbPyr 7 26 63 32 5 0.024 4.0E–03
Sb0.5PMo11NbPyr 7 24 53 43 5 0.031 3.5E–03
Sb1.0PMo11NbPyr 3 9 54 43 3 0.012 1.1E–03

Nb0.40PMo12Pyr 17 71 66 28 6 0.049 9.9E–03

a STY is in mmol/(min gcat).

Fig. 2. Space-time yield of ethylene ((Q), X = Sb; (P) X = Nb) and acetic acid
((2) X = Sb; (1) X = Nb).

tively. The profile is easily visualized by plotting space-tim
yield as a function of X/P (Fig. 2). It appears that when nio
bium is present, the production of ethylene and acetic acid
function of the X/P ratio rather than of the Nb/P ratio.

Numerous reports have highlighted the beneficial effec
steam on the oxidation of ethane to acetic acid[5–7,37,38].
These studies suggest the possibility of an optimal steam
a

f

r-

tial pressure for the oxidation of ethane. The effect of ste
in the feed is shown by the data given in rows 1–4 ofTable 6.
Conversion is roughly constant up to a 20-mL/min steam feed
Selectivity to carbon oxides decreases as steam is incre
whereas selectivities to ethylene and acetic acid are enha
The production of both acetic acid and ethylene passes thr
a maximum at a 20-mL/min steam feed due to decreasing co
version. These trends are repeatable at either 2250 or 450−1

(data not shown) gas hourly space velocity.
Comparing rows 3, 7, and 8 ofTable 6shows that the cata

lysts are most active in reducing environments (ethane:oxy
ratios of 2 and 5), but maintain high yields to ethylene a
acetic acid even in mildly oxidizing environments (ethane:
ygen ratio of 0.5). This is consistent with previous studies
propane andn-butane oxidation[20]. Rows 9–11 inTable 6
demonstrate the result of decreasing the reaction temper
from 380 to 340◦C. As expected, conversion decreases w
temperature, but selectivity to ethylene and acetic acid incre
because of less overoxidation to carbon oxides. The space
yield of ethylene is somewhat more sensitive to tempera
than that of ethylene. Extrapolating the data presented in
3, 5, and 6 ofTable 6to zero contact time (Fig. 3), it is apparent
that ethylene and carbon oxides are primary products (53
34% selectivity, respectively), whereas acetic acid is a m
product (7% selectivity).

3.2. Ethylene oxidation

Ethylene is one possible intermediate of selective ethane
idation [4,39]. The results of varying Keggin ion compositio
with niobium, molybdenum, vanadium, and tungsten are g
in Table 7. Consistent with results for propane andn-butane
[20], the presence of niobium, pyridine, and a transition m
cation is required for significant catalytic activity and, in th
case, production of acetic acid. When these conditions are
both carbon and oxygen conversions are maximized (row
11 inTable 7). Comparing catalysts containing pyridine spec
and transition metal cations reveals that molybdenum is
Table 6
Ethane oxidation under various conditions over NbxPMo12Pyr

Nb/P Flowa

(mL/min)
GHSV

(h−1)

T

(◦C)
Conversion (%) Selectivity (%) STYb

C2 O2 COx C2H4 Acetic C2H4 Acetic

0.6 16:8:31:5 2250 380 14 53 69 27 5 0.039 7.0E–3
0.6 16:8:26:10 2250 380 12 45 66 27 7 0.034 9.1E–3
0.6 16:8:16:20 2250 380 15 55 60 31 8 0.051 1.4E–2
0.6 16:8:6:30 2250 380 9 30 52 36 12 0.033 1.1E–2

0.6 16:8:16:20 4500c 380 6 21 54 40 6 0.058 8.9E–3
0.6 32:16:32:40 9000c 380 3 9 46 46 8 0.058 1.1E–2

0.6 8:16:16:20 2250 380 13 13 68 23 9 0.014 5.4E–3
0.6 20:4:16:20 2250 380 13 97 60 30 10 0.048 1.5E–2

0.4 16:8:16:20 2250 380 18 73 66 28 6 0.049 1.1E–2
0.4 16:8:16:20 2250 360 12 43 54 37 9 0.041 1.0E–2
0.4 16:8:16:20 2250 340 7 22 41 46 13 0.032 8.6E–3

a Ethane:oxygen:helium:steam.
b STY is in mmol/(min gcat).
c 0.3 g catalyst instead of 0.6 g catalyst.
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Fig. 3. Extrapolation of ethane oxidation data to zero contact time
Nb0.6PMo12Pyr at 380◦C; (") selectivity to COx , (Q) selectivity to ethylene,
(2) selectivity to acetic acid.

Table 7
The effect of catalyst composition on ethylene oxidation at 16:8:16:20 mL/min
(ethane:oxygen:helium:steam), GHSV= 2250 h−1

Catalyst
precursor

T

(◦C)
Conversion (%) Selectivity (%) STYa

C2 O2 COx Acetic acetic

PMo12Pyr 380 2 6 60 41 0.010
PMo11VPyr 380 5 18 84 16 0.007
PMo11NbPyr 380 5 19 71 29 0.014
Mo0.68PMo12Pyr 380 2 9 78 22 0.004
(VO)0.68PMo12Pyr 380 3 13 82 18 0.005
Nb0.4PMo12Pyr 380 31 100 75 21 0.059
Nb0.68PMo11VPyr 380 31 100 79 21 0.059
(VO)0.50PMo11NbPyr 380 27 100 79 21 0.058

340 27 100 65 31 0.084
300 27 96 53 44 0.123

Nb0.68PW11VPyr 380 4 22 97 3 0.001

a STY is in mmol/(min gcat).

quired, but is insufficient on its own to affect significant r
activity (compare rows 4 and 11 with rows 6–8 ofTable 7).
Furthermore, niobium does not produce an active catalyst w
molybdenum is not also present. Both niobium and molyb
num must be present for significant activity; the addition
vanadium does not affect reactivity. The catalysts produc
large and increasing amount of acetic acid as the temper
is lowered to 300◦C, because of decreased production of c
bon oxides. Oxygen conversion remains nearly 100% eve
300◦C, whereas carbon conversion does not decrease. Th
dicates that further temperature reduction should reduce ca
oxides while maintaining high activity toward acetic acid. N
ethanol was observed.

Because the amount of transition metal cation may
fect the acidity of the catalyst, studies were conducted to
termine whether an optimal Nb/P ratio exists for ethylen
conversion. To obtain meaningful data, a space-time yiel
4500 h−1 and temperature of 300◦C were used. The resul
ing data, presented inTable 8, show a clear maximum in se
lectivity to acetic acid of 42% at Nb/P = 0.6, with carbon
oxides minimized at 52% selectivity. Conversion rises with
creasing Nb/P ratio, leading to a maximum space-time ace
acid yield of 0.16 mmol/(min gcat) at Nb/P = 0.8. Acrylic
n
-

a
re
-
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n-
on

-
-

f

Table 8
Ethylene oxidation data for NbxPMo12Pyr at 16:8:16:20 mL/min (ethane:
oxygen:helium:steam), GHSV= 4500 h−1 and 300◦C. AcA = acetic acid,
Acr A = acrylic acid, MA= maleic acid

Nb/P Conversion (%) Selectivity (%) STYa

C2H4 O2 COx AcA Acr A MA AcA

0.2 16 66 64 29 3.8 0.9 0.103
0.4 13 53 56 40 2.6 1.0 0.124
0.6 14 58 52 42 4.9 1.3 0.140
0.8 18 75 56 39 4.4 1.1 0.163
1 19 46 64 32 2.5 1.0 0.141

a STY is in mmol/(min gcat).

Table 9
Effect of steam flow on ethylene oxidation at GHSV 4500 h−1 and 300◦C.
AcA = acetic acid, Acr A= acrylic acid, MA= maleic acid

Flow
(mL/min)

Conversion (%) Selectivity (%) STYa

C2H4 O2 COx AcA Acr A MA AcA

16:8:31:5 11 50 68 36 4.7 1.0 0.068
16:8:26:10 14 60 63 32 3.9 1.0 0.105
16:8:16:20 15 61 54 42 2.6 1.3 0.146
16:8:6:30 21 83 57 38 3.3 1.0 0.190

a STY is in mmol/(min gcat).

acid production tends to decrease with increasing Nb/P ratio.
Maleic acid is produced at a relatively constant low level
0.002 mmol/(min gcat), regardless of Nb/P ratio. Unlike Nb/P
studies of ethane oxidation, selectivities to carbon oxides
acetic acid do not track with conversion.

The effect of steam flow on ethylene oxidation was also s
ied; results are given inTable 9. Carbon and oxygen conversio
are increased with steam comprising up to 50% of the feed.
selectivity and production of acetic acid increase with ste
feed, and the selectivity to carbon oxides tends to decrease
steam feed.

3.3. Ethanol oxidation

Selective oxidation of ethane to ethylene and acetic acid
occur through an adsorbed ethoxy intermediate[4,5]. However,
ethanol is observed in only trace amounts during ethane
dation at 200◦C and not at all during ethylene oxidation ov
Nb0.4PMo12Pyr at 240◦C, most likely due to its high reactivity
Ethanol may be easily dehydrated to form ethylene and e
or may be partially oxidized to ethyl acetate, acetaldehyde,
acetic acid or fully oxidized to carbon oxides. The ability of t
heteropolyanion system to catalyze these reactions was
uated by increasing the temperature from 200 to 340◦C; the
results are given inTable 10.

At temperatures below 300◦C, dehydration dominates, e
idenced by the low oxygen conversion and the lack of
nificant amounts of acetic acid. Ethylene and ether are
major products. A dramatic shift in reaction profile occurs
300◦C in which selectivity to acetic acid increases from 1
14%, ethanol conversion rises from 32 to 100%, and oxy
conversion is enhanced from 9 to 71%. Space-time yiel
acetic acid increases by two orders of magnitude, from 0



362 J.M. Galownia et al. / Journal of Catalysis 236 (2005) 356–365
Table 10
Ethanol oxidation over Nb0.6PMo12Pyr at 16:8:16:20 mL/min (ethanol:oxygen:helium:steam), GHSV 4500 h−1. AcetAl = acetaldehyde, EtOAc= ethyl acetate

T

(◦C)
Conversion (%) Selectivity (%) STYa

EtOH O2 COx C2H4 Acetic AcetAl Ether EtOAc C2H4 Acetic

340 100 99 17 68 15 0 0 0 1.56 0.341
300 100 71 9 75 14 1 0 1 1.62 0.303
240 32 9 4 50 1 13 26 6 0.33 0.007
200 7 0 0 26 2 12 60 0 0.04 0.004

a STY is in mmol/(min gcat).

Table 11
Ethanol oxidation as a function of catalyst composition at 16:8:16:20 mL/min (ethane:oxygen:helium:steam), GHSV= 4500 h−1 and 300◦C. AcetAl = acetalde-
hyde, EtOAc= ethyl acetate

Catalyst
precursor

Conversion (%) Selectivity (%) STYa

EtOH O2 COx C2H4 Acetic AcetAl Ether EtOAc C2H4 Acetic

PMo12Pyr 100 9 1 89 1 9 – – 2.06 0.028
PMo11VPyr 73 17 2 52 2 24 17 3 0.89 0.042
PMo11NbPyr 96 65 5 68 16 4 2 4 1.56 0.355
Mo0.68PMo12Pyr 98 9 1 88 1 8 1 – 1.88 0.029
(VO)0.68PMo12Pyr 86 11 – 67 2 20 9 1 1.15 0.038
(Nb)0.68PMo11VPyr 96 38 4 78 9 6 1 1 1.61 0.188
Nb0.6PMo12Pyr 100 71 9 75 14 1 – 1 1.62 0.303

a STY is in mmol/(min gcat).
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to 0.30 mmol/(min gcat). At this temperature, ether productio
is eliminated, ethyl acetate production is decreased, and ca
oxide selectivity increases from 4 to 9%. At 340◦C, acetalde-
hyde and ethyl acetate production are completely elimina
and both ethanol and oxygen conversion are 100%. Carbo
ides remain low, with a selectivity of 17%, whereas ethyle
and acetic acid space-time yields remain high. Thus, un
ethylene oxidation, ethanol oxidation is very selective to
partially oxidized products ethylene and acetic acid. Ethyl
is preferred 5:1 over acetic acid.

The effects of varying catalyst precursor composition
presented inTable 11. In the presence of pyridine, both aci
exchanged and transition metal cation-exchanged forms o
catalysts show very high activity (>70%) toward ethanol, with
ethylene as the major reaction product. However, additio
niobium in the acid form of the catalysts or within a transiti
metal cation-exchanged catalyst increases conversion to n
100%. In addition, only when niobium is present is oxidat
to acetic acid appreciable at the expense of dehydration
other partially oxidized products, indicating that niobium m
aid in the efficient oxidation process of the catalysts. Cont
to the results of ethane and ethylene oxidation, even the
form of the catalyst (PMo11NbPyr) is capable of selective ox
idation and high conversion. In fact, space-time yield to ac
acid for this catalyst (0.36 mmol/(min gcat)) is greater than tha
for any other form of the catalyst examined. With or witho
niobium, the data given inTable 11indicate that adding vana
dium to the catalyst decreases ethanol conversion and enh
acetaldehyde and ether production at the expense of eth
and acetic acid. Both carbon and oxygen conversions are
creased by the presence of vanadium. Thus, similar to et
oxidation, the presence of vanadium is inhibitory to activity a
selectivity.
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4. Discussion

The performance of both NbxPMo11VPyr and NbxPMo12-
Pyr compares favorably to that of other ethane and ethylene
idation catalysts reported in the literature (Table 12). Ethylene
production is one order of magnitude greater than productio
any other ethane oxidation catalyst at atmospheric pressur
cept Mo–V–Te–Nb oxide. However, other than NbxPMo11VPyr
and NbxPMo12Pyr, only VOx /TiO2 is able to produce aceti
acid from ethane at atmospheric pressure. Both Mo–V
and Mo–V–Nb–Pd oxides are able to catalyze the prod
tion of acetic acid from ethane at elevated pressure, but
space-time yield remains one order of magnitude below tha
NbxPMo11VPyr and NbxPMo12Pyr.

Both NbxPMo11VPyr and NbxPMo12Pyr are able to ef
fectively oxidize ethane to acetic acid and ethylene at
mospheric pressure. These catalysts are also extremely a
for the production of acetic acid from ethylene. Both ac
ity toward ethane and selectivity to ethylene and acetic
are enhanced when vanadium is absent from the cata
This result is unprecedented for ethane oxidation over mo
denum oxide catalysts. Usually, vanadium not only enhan
selectivity to acetic acid, but also is required for signific
activity [4–6,8,10,38]. This is most likely because vanadiu
is the active site for ethane activation in various molyb
num mixed-oxide systems[6–8,38,40], and in its absence, onl
ethylene can be produced[10,24,25,30]. Although vanadium
has been identified as the active site for ethane oxidatio
many molybdenum mixed-oxide systems, its role as an
tive site is not universally accepted for all systems. In
case of Mo–V–Nb mixed oxides, Mo5+ has been propose
as the activation and oxygen insertion center[3,4,41]. Fur-
thermore, both V4+ and Mo5+ may be responsible for takin
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Table 12
Comparison of ethane and ethylene oxidation catalysts. STY= space-time yield (mmol/(min gcat))

Catalyst Feed T

(◦C)
P

(atm)
Flowa

(mL/min)
Conversion
%C2

Selectivity (%) STYb Reference

C2H4 Acetic C2H4 Acetic

Nb0.6PMo12Pyr C2H6 380 1 16:8:16:20 16 29 9 5.3E–02 1.5E–02 This wo
C2H4 340 1 26 – 29 – 1.8E–01 This wor

Nb0.68PMo11VPyr C2H6 380 1 16:8:16:20 7.4 36 12 2.2E–02 7E–03 This wor

Mo0.73V0.18Nb0.09Ox C2H6 350 1 13.3:8.8:125.2:0 58 65 – 7.9E–03 – [3]
20 6:3.6:14.4:0 32 44 2.5 1.9E–02 1.1E–03 [10]

C2H4 260 20 9:5:10:0 12 – 56 – 1.3E–02 [10]

Mo1V0.25Nb0.12Pd0.0005Ox C2H6 246 14.8 11:2.2:12.4:1.8 4.7 19 62 3.8E–03 1.2E–02 [6]
C2H4 247 5.2 2:24:40:40 99 – 93 – 1.0E–01 [6]

VOx /TiO2 C2H6 250 1 142:8.3:16.7:0 1 18 36 3.5E–03 6.9E–03 [7]

Mo1V0.39Te0.16Nb0.17Ox C2H6 380 1 4.9:1.6:9.8 40 94 – 1.0E–01 – [8]

a C2:O2:inert:steam quoted at standard temperature and pressure.
b STY is in mmol/(min gcat) based on flow rates taken at standard temperature and pressure.
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alkenes formed after initial activation on to their respect
acids[5,42].

The presence of niobium is essential for efficient ethane
tivation to ethylene and acetic acid. Attempts to replace
niobium with V, Fe, Sb, Ga, Zr, Ti, and Ta did not result in act
catalysts. When combined with niobium, Fe, Ga, and Sb w
not able to improve catalytic performance. Previous stu
have shown that the presence of niobium in molybdenum-b
pyridine-exchanged heteropolyanion catalysts vastly impro
the activity and productivity ofn-butane oxidation to malei
acid and of propane oxidation to acrylic acid[20,22]. The ben-
eficial effect of niobium has also been demonstrated in var
other alkane oxidation systems[3,6,40–45]. The presence o
niobium can improve the oxidation of light alkanes by modi
ing catalyst acidity[44], improving site isolation[41], affecting
the distribution or redox centers[44], improving the stability
of the active sites[4], and electronically promoting the activ
sites[45]. Although pyridine exchange of the heteropolyan
in the absence of niobium does allow for maleic acid and acr
acid during butane and propane oxidation[20], respectively,
ethane oxidation in the absence of niobium does not resu
acetic acid, although small amounts of ethylene may be
duced without niobium.

Although niobium is essential to ethane activity and ac
acid production, its beneficial effect is realized only when
catalyst precursor includes pyridine, niobium, and a tra
tion metal cation (which may be niobium). Furthermore,
Nb/P ratio studies show a maximum conversion and ac
acid selectivity with Nb/P ratio and result in a roughly lin
ear selectivity–conversion plot. When antimony is cati
exchanged in niobium-containing catalysts, the same tre
are observed, although depressed by the presence of antim
Taken together, these data suggest that although niobium
sential, the catalysts benefit from a balance of niobium
another factor related to the cation exchange (X/P) ratio.

Because the amount of cation exchanged adjusts the a
able protonation sites for added pyridine, one factor poss
related to the amount of cation exchange may be the acidi
-
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the catalyst precursor and, subsequently, the activated m
ial. Indeed, in Mo–V-based oxides synthesized in the pres
of ammonia, the active site for propane oxidation is belie
to be a combination of molybdenum and vanadium working
conjunction with a nearby acid site left behind during ammo
desorption[46]. When pyridinium chloride was used in pla
of pyridine during catalyst synthesis to produce a more ac
catalyst precursor, the resulting catalytic activity was simila
that of catalysts with low Nb/P ratios.

Niobium is required for significant oxidation of ethylene
acetic acid. Although some acetic acid can be formed from
ylene without the presence of niobium, adding niobium gre
improves the overall conversion and production of acetic a
Furthermore, catalyst activity tends to increase with increa
niobium loading. Selectivity to acetic acid also increases w
increasing niobium loading except for the very highest Nb/P
ratios, where the catalyst’s increased oxidizing ability result
overoxidation to carbon oxides. Niobium(IV), as determined
extended X-ray absorption fine structure experiments[21], thus
appears to be directly involved in the transformation of eth
ene to acetic acid. Other studies have shown that niobium a
is not sufficient to take ethylene on to acetic acid, althoug
is very capable of taking ethylene on to ethanol[47]. When
tungsten was substituted for molybdenum, very little catal
activity was observed, indicating that niobium is not able to
evate the activity of the tungsten-based material as it doe
the molybdenum-based material.

The niobium- and pyridine-exchanged heteropolyanion
tem studied here can form maleic acid from propane through
oxidative dehydrogenation of propane to propylene followed
acid-catalyzed dimerization to C6 branched hydrocarbons, pr
cursors to maleic acid[48]. Thus, the formation of both acryli
acid and maleic acid from ethylene is not altogether surpris
perhaps the result of ethylene dimerization followed by furt
oxidation.

The results from ethylene oxidation, when correlated w
the reduction potentials for heteropolyanion precursors repo
by Song et al., show that the reduction potential of the
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alyst precursors is not correlated with catalytic activity[14].
This finding is not surprising, given that the incorporation
pyridine in the catalyst precursor provides a very powerfu
situ reductant during thermal treatment, reducing 58% of
molybdenum from Mo6+ to Mo5+ and 100% of the niobium
from Nb5+ to Nb4+ [21]. Thus small adjustments to reductio
potential made by position and identity of transition metals
the catalysts are dominated by the reduced nature of the
alytic material after thermal desorption of the pyridine spec
This allows the identity of the metal atoms to control the re
tive properties of the catalytic materials.

Although water is required for the formation of acetic a
from ethane, it is also a product of ethylene production. Du
ethane oxidation over Nb0.6PMo12Pyr, increasing steam flow
increased the selectivities of ethylene and acetic acid; how
activity passed through a maximum at 33% steam feed. A
sible explanation for this effect is competitive adsorption
steam, ethane, ethylene, and acetic acid on the catalyst su
[6,7]. Similar studies performed during ethylene oxidation h
shown that both activity and selectivity to acetic acid incre
with increasing steam feed while carbon oxide productio
decreased. This is consistent with previous results showing
water may aid the desorption of acetic acid from the surfac
mixed-oxide catalysts, thus preventing further oxidation to
bon oxides[7,49].

Extrapolating the results of increasing space velocity d
ing ethane oxidation to zero contact time produces carbon
ides and ethylene as the major products; however, a smal
nonzero) amount of acetic acid is also produced. The resu
ethylene oxidation show that ethylene can also be oxidize
acetic acid in high yield. Thus, although the exact mechan
of reaction cannot be determined, the data suggest a rea
scheme as shown inFig. 4. Ethane can be oxidized directly
ethylene and a small amount of acetic acid with large los
to carbon oxides. Ethylene is collected as a product or fur
oxidized to acetic acid with significant degradation to carb
oxides.

Besides the sequential pathway to acetic acid through
tially formed ethylene, another possible route to ethylene
acetic acid involves an initial ethoxy intermediate yielding e
ylene by β-elimination or acetic acid throughα-elimination
[4,5]. The 5:1 ratio of ethylene to acetic acid at zero con
time during ethane oxidation is nearly identical to the ratio
ethylene to acetic acid obtained during the efficient oxidatio

Fig. 4. Reaction scheme for the production of ethylene and acetic acid ove
tially reduced niobium exchanged phosphomolybdic Keggin type heteropo
ions.
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ethanol, suggesting that an ethoxy intermediate may play a
in the production of ethylene and acetic acid from ethane in
system. Without the presence of niobium during ethanol ox
tion, very little acetic acid is formed, but a significant amo
of ethylene is produced. Thus, if an ethoxy intermediate is
volved, there may be two sites competing for its convers
One site, which does not require niobium, leads to ethyl
The other site, which requires the presence of niobium,
duces acetic acid highly efficiently.

5. Conclusion

Partial reduction of niobium- and pyridine-exchanged s
of phosphomolybdic and phosphovanadomolybdic acids
420◦C forms solids that catalyze the oxidative dehydroge
tion of ethane to ethylene and acetic acid at high yield
atmospheric pressure and moderate temperature under red
conditions. The same catalysts also effectively convert ethy
to acetic acid at high yields under similar conditions. The p
duction of acetic acid from ethane or ethylene over the cata
materials at atmospheric pressure exceeds that reported
literature for Mo–V–Nb–Ox systems at atmospheric or elevat
pressure. Unlike other mixed-metal oxide systems reporte
the literature, vanadium is not required for the formation
acetic acid from ethane. Vanadium-free catalysts are more
tive and selective than vanadium-containing catalysts. Niob
and pyridine are required for significant activity and for the p
duction of acetic acid from ethane. Other metal cations, s
as Ga, Fe, Sb, Zr, Ti, and Ta in either polyatom or excha
positions, are not able to replicate the function of niobium
ethane oxidation. The initial position of the niobium is re
tively unimportant, but the balance of protonated pyridine
niobium present in the catalyst precursor affects catalytic a
ity and selectivity for the oxidation of ethane and ethylene.

Small variations in the reduction potential of the catalyst p
cursors do not correlate with catalytic activity of the activa
materials, because partial reduction of the catalyst precu
during thermal treatment dominates the redox properties o
activated catalyst. The catalysts are most active and sele
under reducing conditions, but are also very active under m
oxidizing conditions. Adding steam to the reactive feed redu
ethane conversion but decreases carbon oxide production
ylene oxidation results demonstrate that adding steam to
feed increases the yield to acetic acid by aiding desorptio
acetic acid from the catalyst surface, thereby preventing its
ther oxidation to carbon oxides.

Although the exact nature of the active site remains
known, results show that ethane activation requires both
bium and molybdenum and a balance of another factor, pos
the catalyst acidity, affected by the transition metal cation
change ratio. Niobium is directly involved in the convers
of ethylene to acetic acid and is required for significant p
duction of acetic acid from ethanol. The data presented in
study implicate at least two pathways to acetic acid, a seque
pathway through initially formed ethylene and a simultane
pathway through an initially formed ethoxy intermediate tha
preferentially transformed to ethylene byβ-H elimination.
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