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Mixed oxide catalysts, containing molybdenum and vanadium (MoV) together with another 
transition metal oxide (Ti, Cr, Mn, Fe, Co, Ni, Nb, Ta, or Ce), are active as low as 200°C 
for the oxydehydrogenation of ethane to ethylene. A material composed of oxides of composition 
Moo.slVo.81Nbo.~s appears to be optimum for the reaction. The better MoV catalysts are 
characterized by a broad X-ray diffraction band near 4.0 d. The presence of niobium stabilizes 
the catalyst structure against oxidation and reduction and permits a very strongly oxidized or 
reduced catalyst to be returned more readily to its original state. The oxydehydrogenation of 
ethane may involve formation of a surface ethoxide intermediate, since ethanol gives a mixture 
of both ethane and ethylene with the catalyst in the absence of oxygen. At superatmospheric 
pressures, acetic acid appears as a product of the subsequent oxidat,ion of ethylene. The kinetics 
of the process are described. The reaction rates to acetic acid and carbon oxides were found to be 
dependent on the ethylene concentrat,ion but independent of ethane. The catalysts are the 
basis of a very efficient process for the production of ethylene and acetic acid from ethane. 
Higher hydrocarbons are nearly completely burned. 

INTRODUCTION 

The catalytic oxidative dehydrogenation 
of hydrocarbons has become of major in- 
dustrial importance only in the last decade 
(I). Highly selective processes for the pro- 
duction of butadiene (2), isoprene (2, S), 
and acrolein (4) from mono-olefins have 
been developed. Oxidative dehydrogenation 
of paraffin hydrocarbons has not been so 
successful (5). The selectivity to olefins is 
generally poor because of the low reactivity 
of the paraffin as compared to the olefin 
product. The reaction is most successful 
with paraffins above C-3. Numerous 

1 To whom communications should be addressed. 

processes for the producGon of butenes 
have been described (6). Ethane is more 
refractory t’han butane, and its catalytic 
conversion to ethylene has generally proved 
inefficient. An exception is when a halogen 
or halogen compound is added to the feed. 
Then ethylene can be produced efficiently 
(‘?‘), but not economically due to the ex- 
pense attendant upon loss and recovery of 
the halogen material and due to the severe 
corrosion of equipment encountered. 

We now report an efficient oxidative 
dehydrogenntion of ethane, not requiring 
halogen, and utilizing catalysts that are so 
active that significant conversion to ethyl- 
ene is obtained at a temperature of 200°C. 
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These catalysts consist of a mixture of the 
oxides of molybdenum and vanadium 
(MoV) with a variety of third metals (8). 

Among the most effective catalysts found 
were an unsupported material having the 
atomic composition Moo.~aVo,d%.m 
and a material with t,hc composition 
Moo.slVo.31Nbo.os when supported on a- 
alumina. With the latter matcriul, a 
selectivity to ethylene of S3% at, 25% 
conversion of ethane has btcn obtained 
at 340°C and atmospheric pressure, with a 
feed of 9.0% ethane, 6oj, oxygen, and 55y0 
nitrogen. At higher pressures acetic acid 
appeared as a product of the subsequent 
oxidation of ethylene init’ially formed. At 
20.4 atm, 325”C, a gas hourly space 
velocity (GHSV) of 6800, and an ethanc/ 
oxygen feed ratio of 19, a combined srlcc- 
tivity to ethylene plus acetic acid of 91.3y0 
was obtained at’ a molar ratio of (C?H4/ 
CHsCOOH) of -2.5. 

Catalgst Preparation 

Catalysts were prepared in either the 
neat or supported form. Reprcsentativc 
preparations of each are described : 

A material comprising oxides of the com- 
posit’ion Mo0.61V0.31Nb0.08 supported on 
a-alumina was prcpa,red as follows: am- 
monium m-vanadate (15.9 g, 0.136 g-atom 
of V) and ammonium paramolybdate (48.1 
cr 0.272 g-atom of MO) were dissolved in 
G15 liter of water while stirring at 8595°C 
in a stainless-stckel, steam-jacketed evapo- 
rating dish. To tho resulting solution was 
added niobium oxalate solution (Kawrcki 
Berylco Chemical Co.) (31.0 g, 0.034 g- 
atom of Nb). While heating and stirring, 
145 g of a-alumina (Norton Co., No. 5218 
4 X 8 mesh, irregularly shaped) were added 
to the mixture. This was followed by evapo- 
ration with stirring. Further drying was 
carried out at a t’emperaturc of 120°C for a 
period of 16 hr. The dried material was 

then transferred to a wire-screen tray and 
calcined in an electric furnace for 4 hr at 
400°C in ambient air. The amount of 
material deposited on the support, calcu- 
lated from its weight increase, was 19.77& 
The calculnt,cd weight gain for adherence 
to the support of all of the metal oxides in 
t)hcir highest oxidat,ion stat’es is 28%. 

An unsupport’ed material composed of 
oxides of Moo.,sVo.lsNbo.og was prepared as 
follows : ammonium m-vanadate (40.9 g, 
0.350 g-atom of V) was dissolved in 1.0 liter 
of water while stirring at S5-95°C in a 
stainless-steel, steam-jacketed evaporating 
dish. To the resulting solution was added 
159.2 g of niobium oxalete solution (0.175 
g-atom of Nb) diluted with 100 ml of water 
and 247 g of ammonium paramolybdate 
(1.399 g-at’om of MO) dissolved in SO0 ml 
of water. This mixture was heated and dried 
by evaporation with stirring. Further dry- 
ing was carried out at a temperature of 
120°C for a period of 16 hr. The dried 
matcrid was broken into 4 X &mesh 
pieces, transferred to a wire-screen tray, 
and calcincd in an electric furnace for 4 hr 
at 400°C in ambient air. 

During these preparations the niobium 
oxalate was hydrolyzed, and the vanadium 
(V) was partially reduced by the released 
oxalic acid, giving blue solutions (9). The 
subsequent chemistry is doubtless very 
complex, involving the formation of 
oligomeric anionic spccics in the acid 
solutions (IO). 

A number of factors affected the rcsult’ant 
catalytic activity of the MoVNb materials : 
(i) Catalyst surface area and activity were 
found to depend on the digestion time, 
i.e., the time taken to evaporate the solu- 
tion to dryness. Materials allowed to digest 
for relatively long periods of time (ea. 30 
min) before drying at 120°C underwent 
part& growth with loss in surface area. 
The X-ray diffraction patterns of materials 
digested for long periods and subsequently 
dried and calcined at 400°C revealed 
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narrower reflections, indicating larger 
crystallites, than the corresponding un- 
digested materials. Infrared spectra, how- 
ever, showed no discernable differences, 
and the X-ray fluorescence spectra showed 
no compositional differences. (ii) Calcina- 
tion at ca. 400°C was found to be optimum 
for conversion and efficiency. At 500°C 
considerable sintering occurred as shown 
by the lower surface areas, leading to lower 
ethane conversions. Calcination at 300°C 
resulted in materials having very low 
efficiencies. (iii) Calcination in air provided 
the most efficient materials. By contrast, 
calcining in nitrogen provided materials of 
lower efficiencies, probably due to reduction 
by residual ammonia. Neat materials, when 
dried as small (8 X 12 mesh) pieces gave 
a more efficient catalyst after calcination 
than the same material when dried in a 
large mass and subsequently broken into 
8 X 12 mesh. This may be a result of 
excessive reduction occurring in the larger 
mass during drying. 

Catalyst Characterization 

X-ray diffraction (xrd) patterns were 
determined using plaques of the compressed 
powdered oxides in a Philips instrument 
equipped with wide-angle goniometer and 
using CuKa! radiation. The x-ray photo- 
electron spectra (xps) were determined on 
a Hewlett-Packard instrument. 

Thermogravimetric analysis was per- 
formed using a Cahn electrobalance 
equipped with a glass vacuum enclosure 
and having “hang-down tubes” enclosing 
the sample pan. The sample was heated in 
a vertical split-tube furnace at a preset 
rate, while passing nitrogen or air over 
the sample. 

Differential thermal analysis was per- 
formed in a Model 900 DuPont instrument 
equipped with 1200°C high-temperature 
cell and platinum sample and reference 
crucibles. 

Catalyst Testing and E’valuatio>L 

Initial catalyst screening of a variety of 
metal oxides and metal oxide combinations 
was done in a pulse microreactor described 
elsewhere (8). In these tests, 2-ml samples 
of feed gas containing 6.5% oxygen, 8.0% 
ethane, by volume in nitrogen were injected 
into a stream of 60 ml/min of helium gas 
which was passing continually through the 
catalyst and the close-coupled gas chro- 
matograph. Catalysts were screened for 
activity by following the composition of 
the produced pulses as the temperature 
was increased from 180 to 450°C. Analysis 
of the product mixture was carried out on 
a 305 X 0.32-cm stainless-steel column 
packed with Poropak R. Following sample 
injection the column was heated at a rate 
of lO”C/min starting at 30°C. Carbon 
monoxide was not separated from the air 
and so was not detected. This lead to 
exaggeration of the catalyst selectivity 
when carbon monoxide was a product. 

Tubular reactor. Oxides of MoVNb were 
tested under continuous flow conditions in 
a tubular reactor at 1 atm total pressure 
with a feed gas composition of 9.0% C2Hs, 
6.0% 02, 85% Nz, and a GHSV of 340 hr-‘. 
Catalyst activity was determined at various 
temperatures. The reactor consisted of a 
straight 1.27-cm-i.d. stainless-steel tube 
heated by means of a molten salt bath of 
ca. 30.5-cm depth. A 0.32-cm-o.d. thermo- 
couple sleeve ran the length of the center 
of the reactor tube and catalyst bed. The 
catalyst temperature profile was obtained 
by sliding the thermocouple in the sleeve. 
Catalyst, ca. 26 ml, was placed in the tube 
so that the top of the catalyst bed was ca. 
10 cm below the surface of the heat 
transfer salt. The catalyst bed was 12.7- 
14.0 cm in length. The zone above the 
catalyst bed was filled with glass beads to 
serve as a preheater. The gaseous effluent 
from the reactor was passed through a 
condenser and trap at 0°C. Gas and liquid 
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TABLE 1 

Activity and Selectivity of Molybdenum Catalysts 

Mixed oxide compositions Temperature (“C) Selectivity (‘j&) Temperature (“C) Selectivity (%) 
for initial to CzH, for 10% con- t,o CzH, 

activity, To at l’. version, Tlo at TIN 

Moo.7rVo.1sNbo.op 215 100 286 100 
Moo.T~VO.~~~~.ODM~~.~~ 215 100 295 100 
Mo0.aoV0.1rTao.o~Feo.03Si~.00 220 100 289 100 
Moo.laV0.1~Nbo.orsMno.ocs 243 100 300 100 
Moo. 83Vo. ~oWo.osMno. 16 <255 100 295 100 
Mo~.?~V~.~?Tio.oeNbo.rM~lo.o, 260 84 400 d0 
Moo.~oVo.,,Nbo.ooCuo.o4~ 260 9.5 330 78 
Moo.~oVO.UT~O.~QM~~.OU 309 85 385 63 
Mo0.70V0.1~Tao.o-$eo.o~ 310 100 418 97 
Mo0.bh.s 320 100 550-600 35 
Moo.erNbo.~~Wo.os~Ino.ls 328 -100 400 10 
Mo0.~V0.d?eo.o5 370 100 435 87 
Moo.75W0.25 388 100 650 78 
Moo.sTio.2 390 100 600 65 
Moo.73Nbo.18Wo.o~ -400 - 524 67 
Mol.0 418 100 600 88 
M00.99V0.09 444 NlOO 562 59 
Moo.B~Bi~.osTio.o~Mn~.t~Sio.~~ 460 100 505 100 
Moo.7sWo.J’bo.a 474 >80 588 72 
Moo.aV0.a 500 100 540 loo 
Moo.~~VO.I?M~~. 17 502 100 505 100 
Moo.sNbo.2 516 100 634 74 

products obtained were analyzed as de- 
scribed below. 

Continuous stirred tank reactor (CSTR). 
The reactor used in the super-atmospheric 
pressure study was a bottom-agitated 
“Magnedrive” aut’oclave with a centrally 
positioned catalyst basket and a side 
product effluent line (Autoclave Engineers) 
(11). A variable-speed, magnetically driven 
fan continuously recirculated the reaction 
mixt,ure through t’hc catalyst bed. The 
catalyst consisted of 131 g (150 ml) of 
neat, mixed oxides of the composition 
Mo0.~7VD.19Nb0.04 in the form of irregular 
pieces of 0.64-cm average diameter. Two 
thermocouples measured the inlet and 
outlet gas temperatures. The ethane-CO, 
mixtures were combined with oxygen before 
being introduced into the reactor. Liquids, 
when fed, were pumped into the reactor 
through the same feed line after the gases 
were mixed. Condensable liquid products 

were collected in a series of cold traps at 
0 and -78°C. 

Analyses 

The reactor inlet and outlet gases were 
analyzed for 02, Nz, and CO on a 305 
X 0.32-cm column of 5A Linde molecular 
sieves (14/30 mesh) at 95”C, and for 
(02, Nz, CO together), COZ, ethylene, 
ethane, and Hz0 on a 427 X 0.32-cm 
column of Poropak Q (SO/l00 mesh) at 
95°C. The liquid product was analyzed for 
H&I, ethanol, acetaldehyde, acetic acid, 
and other components by mass spectrom- 
ctry. Only traces of acetylene (<l ppm) 
were detected in the exit gas using a 
MoVNb catalyst at 329”C, 1 atm, with a 
feed of 90% CzHs, 10% 0,. 

H ESUI,TS 

Table 1 gives the results of testing 
various oxide compositions for activity in 
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the conversion of ethane to ethylene. The 
materials are ranked according to the tem- 
perature, To, at which oxydehydrogenation 
activity first appeared, and the selectivity, 
So, at this temperature. The selectivity at 
10% ethane conversion, SIO, is also given 
at the temperature, Tlo, required for this. 

The results in Table 1 show that the most 
active oxydehydrogenation catalysts are 
oxides of molybdenum, vanadium, and 
another metal niobium, titanium, tantalum, 
or combinations of them. Two-component 
molybdenum-vanadium compositions are 
much less active, but still very efficient 
catalysts. Less active catalysts result where 
tungsten replaces vanadium or molyb- 
denum. Addition of iron or copper promotes 
increased burning and lower ethylene 
selectivity. 

On t,he basis of these results, further 
work was directed to molybdenum- 
vanadium compositions and those contain- 
ing a third component, especially niobium, 
because of that element’s outstanding 
ability to increase catalyst activity. 

Tubular reactor test data for various 
cr-alumina-supported molybdenum and 
vanadium oxide (MoV) compositions, with 

TABLE 2 

Activities of Selected Compositions Containing 
Oxides of Molybdenum, Vanadium, and a Third 
Metala 

Composition Percentage of Conversion 
oxides on (efficiency) 
support at 400°C (%) 

Moo.c,Vo.aNbci.os 19.7 
Moo.nVo.wSbo.rs 13.8 
MOO.EJVO.NT~O. 14 28.4 
Mo~~Vo.aoTao.~~ 23.4 
Mo~.~~VO. laTio.ae 30.4 
Moo.30VO.&i0.~2 Neat 
Moo.~7V0.29Sb0.14 23.0 
Moo.srVo.a&‘eo.o4 27.0 
Moo.o~Vo.aoWo.o~ 26.0 
M00.62v0.~0sn0.08 23.1 
Moo.slVo.dso.os 28.4 

50 (68) 
23 (75) 
18 (77) 
25 (69) 
15 (55) 
14 (51) 
11 (44) 
9 (45) 
7 (61) 
7 (52) 
Trace 

= Tubular reactor (see Experimental section). 

FIG. 1. MoVNb composition diagram showing 
ethane conversion contours at 400°C. Area within 
the small closed loop is of highest activity. 

a third-component metal oxide, are given 
in Table 2. Again the most active and 
selective were found to be the niobium- 
containing compositions. Figure 1 is a 
composition diagram for the three- 
component MoVNb oxide system showing 
ethane conversion contours at a 1-atm 
reaction pressure in the tubular reactor for 
supported catalysts containing ca. 152057c 
oxides of MoVNb. A diagram of ethylene 
yield contours is identical to Fig. 1, with 
the highest yield (3075) occurring at the 
same optimum composition. Under these 
conditions the optimum compositional area 
is located within a small molybdenum-rich 
region, Moo.61-o.ssVo.31-o.z7Nb~.~. The com- 
positional limits were found to be somewhat 
broader for the neat (unsupported) mate- 
rials, i.e., Mo~.~~-0.77V0.~~-0.~9Nbo.~-o.o~. 

Results of ethane oxydehydrogenation 
for two-component MoV compositions 
made in various ways are given in Table 3. 
None of these was as selective at equivalent 
ethane conversions as the niobium-contain- 
ing compositions. Materials with the 
general composition, Moo.~6Vo.~sNbo.osXo.os, 
where X is a first-row transition metal were 
also tested in an attempt to obtain in- 
creased catalytic activity and/or ,efficiency 
over that of the unmodified material. The 
results (Table 4) showed all of the mate- 
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TABLE 3 

Activities of Two-Component MoV Catalysts” 

Catalyst Percentage of Conversion 
composition oxides on (efficiency) at 

support 400°C (yg 

Moo. soVo.sob 22.9 13 (33) 
Moo.49Vo.s~” 25.8 16 (23) 
Moo.7oV0.m~ 18.5 22 (47) 
MO0.67V0.33C 22.1 9 (43) 
Moo.rsVo.~~ 25.8 3 (50) 
Mo0.67VO.33C 25.Q 9 (43) @37OT 
Mo~~e7V0.33~ 25.9 7 (47) 
M00.70V0.30b 27.0 10 (37) 
Moo.soVo.zoC NeaL 2 (87) @3OO”C 
Moo,saVo.20C Neat 2 (63) 
Moo.toVo.& Neat 19 (18) 

a Tubular reactor (see Experiment,al section). 
b Normal preparation fol supported catalyst. 
c Oxalic acid equivalent to V added. 
d Calcined at 500°C. 
e Made from MoOa and VZO~ m HCl. 

rials were less active and some less efficient 
than the unmodified version. Compositions 
supported on silica gel were quite active 
but inefficient. 

Reaction Studies at Superatmospheric 
Pressures 

Experiments were carried out in a CSTR 
using the unsupported catalyst Mo0.73 
Vo.rsNbo.os at 20.4 atm, 275-325”C, 6800 
GHSV, and reactor inlet conditions 95% 
C$,H,, 5% Oz. A fraction of this catalyst was 
analyzed as : MO, 55.59 wta/o; V, 7.44 wt%, 
by atomic absorption, and as Nb, 2.68 wt,%, 
by flame emission spectromctry, corrc- 
sponding to a molar composit.ion of 
Moo.nVo.&bo.o+ At temperatures above 
ea. 340°C under these conditions and in 
the absence of catalyst, the unselective 
homogeneous oxidation of ethane occurred. 
This was quenched somewhat by the 
presence of catalyst. Below 34O”C, com- 
bined efficiencies to ethylene and acetic 
acid above 90% were obtained (Table 5). 
With the above conditions and catalyst at 
325”C, the rate of production of ethylene 

was 9.55 g-mol liter-’ hr-’ and of acetic 
acid 3.74 g-mol liter-’ hr-‘. The amount 
of ethylene relative to acetic acid produced 
increased with decreasing conversion. The 
product solutions contained ca. 40-4.5 wt% 
acetic acid in water. The highest impurity 
concentration was et,hanol at less than 
0.1 \I@& 

Oxidation Kinetics 

Empirical expressions were derived for 
the rate of ethane oxidation and ethylene, 
acetic acid, and carbon oxides formation as 
functions of temperature (275 to 325°C) 
and the partial pressures of ethane (4-20 

atm), ethylene (0.1-1.0 atm), oxygen 
(0.03-0.36 atm), carbon dioxide (0.003-0.3s 
atm), carbon monoxide (0.0001-0.70 atm), 
and water (O.l&O.S3 atm). Sixteen experi- 
ments comprising a 27-3 fractional factorial 
designed set were carried out. To this data 
set were added three centerpoint replicates 
and experiments with added acetic acid 
(up to 0.18 atm) and water (up to 2.0 atm), 
and at high oxygen concentrations (up to 
0.84 atm). The rates of production of 
ethylene, acetic acid, carbon monoxide and 
carbon dioxide are represented by the 
expressions given below. Only integral and 
half-integral powers of product and reactant 
pressures and poisoning terms were per- 

TABLE 4 

Act,ivity Data for Catalysts, 
Moo.soVo.zsNbo.osXo.osa 

x Percentage of Conversion 
oxides on (efficiency) 
supports at 300°C (%) 

- 19.7 12 (91) 
Mn 25.4 4 (97) 
co 26.3 6 (94) 
Ni 26.4 5 (93) 
Ce 28.0 Q (84) 
Fe 23.0 8 (82) 
CU 25.1 6 (79) 
Cr 24.2 2 (87) 

(1 Tubular reactor (see Experimental section). 
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mitted. Langmuir-Hinshelwood poisoning poisoning terms. Rates are given in gram- 
terms were incorporated into the expres- moles (product) per gram (ca.talyst) per 
sions for the C&H4 and CO rates. No tem- hour. Partial pressures are in atmospheres, 
perature dependence was included in the and temperature is in degrees Kelvin. 

- 1.730 X 103e-5625/TPC,H,P0, 
%2H& = 

(1 + 2.286Pc,~, + 14.63PoJ; ; 
[Xmu,t = 0.821 2 

3.29 X 104e-66321TPC1H,POZPH20 
%OAC = __~ 

(1 + 1.843Pc,~, + 4.215Po, + 1.465Pn,o); ’ 
[Xmult = 0.78-J 

1.755 X lO”e- 152fOITPC2&P02 
rco = - -0 

(1 + 0.3119Pc,~~ + 6.83Pc,~,)~ 
I CXn1uIt = 0.801 

2.396 X 105e-g31a1TPC2H4P02j 
rco2 = 

(1 + 3.787Pc,~,)~ __ ’ 
cx nnllt = 0.511 

E*FI4 = --czH( - rHOAC - rCO+ - rCO?‘. 

For ethane consumption and acetic acid 
and carbon monoxide production, about 
80% of the variability in the experimental 
rate data is accounted for by the empirical 
rate expressions. The fit is not as good for 
carbon dioxide; that equation accounts for 
only 51y0 of the variability in the data. 

Ethylene production from ethane appears 
strongly inhibited by ethylene. The acetic 
acid and carbon oxide rates depend on 
ethylene and oxygen partial pressures, 
suggesting that they are formed by a 

2 The variable X,,u is defined a.~ follows : 

C [ri(obs) - ri(calc)12 

X mu1t = 1 - 
C [ri (obs) - rC (avg) I”’ 

where ri(calc) is the rat,e calculated from a model 
derived from a least-squares fit to the observed rates, 
ri (obs). The sum in the denominator represents the 
total variability present in the experimental data; 
i.e., the sum of squares of the deviations of the 
observed rates about a mean, ri(avg). The sum in 
the numerator represents the residual sum of squares 
of the deviation of the observed rates from the rat,es 
calculated from t,he model. Xmult represents the 
fraction of the original variability in the data 
accounted for by the model. A perfect fit would be 
implied by an Xmun of I. 

reaction sequence in which ethane is first 
dehydrogenated to ethylene and ethylene 
is then oxidized further. The acetic acid 
rate is also dependent on the partial 
pressure of water. There is no evidence for 
oxidation of CO to CO2 over this catalyst, 
and the evidence for further oxidation of 
acetic acid is ambiguous. 

When ethanol was passed over the fresh 
catalyst, Moo.,3Vo.IsNbo.as, at 350°C and a 
I-atm total pressure without added oxygen 
the products were: ethane, 0.33 mol; 
ethylene, 0.40 mol; acetic acid, 0.1 mol; 
acetaldehyde, 0.15 mol; carbon dioxide, 
0.03 mol; carbon monoxide, 0.01 mol; and 
water, 0.68 mol/mol of ethanol fed. Since 
ethane is a prominent product of this 
reaction, it is concluded that the reduction 
of ethanol and the oxydehydrogenation of 
ethane involves a common intermediate. 
This may be surface ethoxide (&de infra). 

Higher Hydrocarbons 

Passage of propane, 94y0, with oxygen, 
S%, over the composition Moo.6,Vo.25Nbo.os 
at 300°C resulted in consumption of all of 
the oxygen, giving acetic acid, acetalde- 
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TABLE 5 

Ethane Oxidation at 29.4 atm over the Catalyst Moo.rrVo.,,Nbu.o~~ 

Temperature Conversion Efficiency to Efficiency to 
(“C) (75) C& (70) CH&OOH 

m 

275 1.9 69.7 19.1 
300 3.7 70.0 23.5 
325 5.2 65.5 25.8 

a Continuous stirred tank reactor (see Experimental se&on). 

Total 
efficiency 

em 

88.8 
93.5 
91.3 

Cd& 

CH,COOH 

3.7 
3.0 
2.5 

hyde, and carbon oxides as products. r~- recovered and the efficiency of oxydehydro- 
Butene was likewise extensively burned at genation of ethane returned quickly to it’s 
250-300°C. This hyperactivity is presum- previous high value. 
ably due to the presence of a labile allylic 
hydrogen in the olefin, giving a center for Catalyst Characterization 
oxidative attack. 

Sulfur Poisoning 

X-ray. Table 6 gives X-ray diffraction 
and specific activity data for MoV composi- 
tions made according to directions in (12) 

Passage of hydrogen sulfide with ethane and (13~). The phase chemistry in the 
and oxygen over the composition Mo,,.,~ molybdenum-vanadium oxide system has 
Vo.lsNbo.og at 300°C resulted in consump- been described (12, 1%). In the presence 
tion of all the oxygen and oxidation of all of excess molybdenum oxide, reduced, 
of the hydrogen sulfide. Subsequently, after vanadium-rich phases appear. Between 
removal of the hydrogen sulfide from the 18.5 and 33 atom% vanadium, the two 
feed, the catalyst activity was complet’ely phases, Mo4V60z5 (I) and MosVeOJo (II), 

TABLE 6 

Materials Tested for Oxydehydrogenation of Ethane to Ethylene0 

Bulk composition Relative intensity at Conversion Surface area Specific 
(efficiency) (BET) activity 

4.00 d 4.06 ii 4.12 zi at 350°C (m*g-‘1 at 350°C 
(%I (percentage 

conversion/ 
m*) 

Mo~.~VO.INAXO~~ Strong Medium Weak 58.0 (65) 11.7 0.169 
(shoulder) 

Moo.,sVo.z~ Strong Medium Weak 2.6 (90) 4.9 0.133 
Moo.toVo,aod Weak Strong Strong 8.0 (50) 7.1 0.059 

(shoulder) 
Moo.~oVo.sad Weak Weak Strong 12.6 (24.5) 10.1 0.053 

(shoulder) (shoulder) 
Moo.nVo. 28 Very weak Weak Very weak 0.6 (86) 3.2 0.010 

0 Tubular reactor (see Experimental section). 
b Normal preparation for supported catalyst. 
c Composition made from NHIMoP~, + VZOS in HCl; precipitated with EtOH. 
d Made from MOO, and V,O, in HCl. 
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FIG. 2. Intensity of X-ray diffraction (xrd) reflection at 4.00 d vs specific activity (percentage 
. . 

conversion m-“) for oxides of composhon Mo~.~~-~.~,V~.~~-~.~, Nba.o-o.m. 

are the principal constituents of the mixed 
oxide, the remaining fraction being ortho- 
rhombic and/or hexagonal MoOo phases. 
This is precisely the optimum compositional 
range for selective ethane oxidation to 
ethylene and acetic acid; i.e., Mo,,.~~-~.~~ 
V0.31-0.19Nb0.m-0.M. I and II arc thought to 
be the principal constituents of commercial 
catalysts used for the oxidation of benzene 
to maleic acid and are interconvertible by 
oxidation-reduction (ld, 1%). The com- 
pound MoaVsOzs (Phase I) has its strongest 
reflection at 4.06 A, and Mo,jV904a (Phase 
II) has its strongest reflection at 4.12 A. 
VzMoOs also has its strongest reflection 
at 4.12 A. Table 6 shows that MoV oxide 
compositions giving strong (but diffuse) 
reflections at 4.00 A have the highest 
specific activities in et.hane oxydehydro- 
genation. Materials having strong X-ray 
lines only at 4.06 or 4.12 A have much 
lower activity. Furthermore, the specific 
activity of 24 MoV-containing catalysts 
was found to be roughly proportional to 
the intensity of their 4.00-A X-ray reflec- 
tion (Fig. 2). The conclusion is that (the 
surfaces of) Phases I and/or II are not the 
most active in the composition, but that 
activity is somehow associated with a 
material giving the 4.00-A reflection. 

Nevertheless, Phases I and II represent 
the thermodynamically controlled equi- 
librium condition of the MoV oxide system 

containing 18.5 to 33 atom% vanadium. 
Since the xrd patterns show only the 4.00-A 
reflection and reflections that can be 
ascribed to orthorhombic and/or hexagonal 
MOOS, it is reasonable to assume that the 
4.00-A reflection arises from vanadium- 
containing material. Furthermore, it is 
probably a precursor (albeit a defective 
one) of Phases I and II and is vanadium- 
rich. 

Figure 3, patterns A-D, shows the X-ray 
powder patterns of the Mo-V-Nb com- 
position obtained after successive reduction 
and oxidation treatment. The X-ray powder 
patterns of the MO-V system obtained after 
the identical series of treatments are shown 
in Figure 4, patterns A-D. Figures 5 and 6 
show, respectively, the sequential changes 
observed in the X-ray powder patterns of 
the Mo-V-Nb and the Mo-V systems 
when subjected successively to oxidation 
and reduction treatments. 

Inspections of these figures reveal the 
following: (i) The diffused peak at 4.00 A 
attributed to a meta-stable, layered defect 
phase appears much more conspicuously in 
the powder pattern of the Mo-V-Nb 
sample (Fig. 3, pattern A) than that of the 
MO-V sample (Fig. 4, pattern A). (ii) The 
“defect phase” of the Mo-V-Nb system is 
much more resistant to the medial reduction 
as well as the medial oxidation treatments. 
(iii) Under reducing conditions (GHg at 
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400 30’ 20’ 

FIG. 3. The xrd patterns of the MoVNb composi- 
tion during the reduction-oxidation cycle: (A) 
initial catalyst; (B) same after reduct,ion for 1 hr 
at 400°C in ethane, 0.75 at,m; (C) same aft,er 
17 hr; (D) same after reoxidation for 1 hr at 300°C 
in oxygen, 0.75 atm. 

400°C), a well-crystallized MO (V)OZ phase 
is eventually formed in both the Mo-V-Nb 
and MO-V systems (Figs. 3 and 4). (iv) 
Under oxidizing conditions (02 at 4OO”C), 
the eventual formation of MOOS and 
VzMoOs was noted for both systems (Figs. 5 
and 6). (v) All of these crystal modification 
processes are readily reversible as shown 
by pattern D in each sequence. Of par- 
ticular interest is the regeneration of the 
4.00-B defect phase when the extensively 
reduced MO-V-Sb system leas subjected to a 
mild oxidation treatment (Fig. 3, patt’ern D). 

We conclude that a MO-V oxide com- 
position, with or without P\‘b, constitut’es 
an extremely efficient intermediary for the 
oxidation process. The presence of Nb 
stabilizes the 4.0-A defect phase, which 
may provide a geometry conducive to a 

FIG. 4. The xrd patterns of the MoV composition 
during the reduction-oxidation cycle. (A)-(D) as 
in Fig. 3. 

h 

c 

40’ 300 200 

FIG. 5. The xrd patterns of the MoVNb composi- 
tion during the oxidation reduction cycle: (A) initial 
catalyst; (B) same after oxidation for 1 hr at, 400°C 
in oxygen, 0.75 atm; (C) same after 17 hr; (D) same 
after reduction for 17 hr at) 400°C in ethane, 0.75 
atm. 

highly selective oxidation. Niobium also 
affects the crystallinity as shown, in Fig. 7, 
by the xrd patterns of two materials made 
in identical ways, but with and without Nb. 
The material lacking the niobium was made 
with an equivalent amount of oxalic acid, 
so that the reducing conditions of the 
preparation were t,he same for each. The 
material, Mo0.80V0.20, gave the pattern with 
the narrower reflections; i.(z., was more 
crystalline. Of particular note is the fact 
that the sharp reflection at 4.07 A for 
M~~.~oVo.zo was broadened to include a 
rather diffuse but st’rong reflection at 
4.00 A, in the niobium-containing material. 
The conclusion is that the presence of 
niobium slows the rate of formation of one 
or both of Phases I and II during catalyst 
preparation. 

FIG. 6. The xrd patterns of the MoV composition 
during the oxidation-reduction cycle. (A)-(D) as 
in Fig. 5. 
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FIG. 7. The xrd patt,erns showing effect of niobium 
on crystallinity, MoO.~~VO.~~ (upper) vs Moo.~~VO.U 
Nb0.w (lower). 

ESR 

The ESR spectra of MoVNb and MoV 
materials (Fig. 8) showed a single, essen- 
tia.Ily isotropic signal at g = 1.97 which is 
close to that expected from V4+(3d1), 
Nb4+(4d1) or Mo5+(4d1). The unpaired 
electron density was estimated to be 10ls 
spins g-l. The presence of this type of 
signal suggests that the materials, as 
prepared, are slightly reduced relative to 
the metals in their highest oxidation states. 

Most of the MO isotopes possess non- 
magnetic nuclei. The rather large line 
widths of the signals are therefore attrib- 
uted to broadening by the magnetic nuclei 
51V (natural abundance ~100%, I = 3, 
p = 6.14358~). The lack of well-resolved 

Fro. 8. ESR spectra of initial catalyst: (A) 
MoVNb; (B) MoV. 

FIQ. 9. ESR spectra of MoVNb catalyst after 
sequential reduction and oxidation: (A) initial 
catalyst; (B) ethane 1 hr at 120%; (C) ethane 2 hr 
at 300°C; (D) oxygen 1 hr at 400°C; (E) oxygen 
17 hr at 400°C. 

hyperfine structure and the isotropy of the 
signal suggest delocalization of the unpaired 
electrons, however. The signal observed 
with the MoVNb system is narrower 
(AHpp = 150 G) than that of MoV 
(AHpp = 300 G), indicating a more effi- 
cient delocalization process in the former. 

Figure 9, patterns A-E, shows the 
sequential change of the ESR signal ex- 
hibited by a MoVNb sample when it was 
subjected to a reduction-oxidation cycle. 
The signal, after being dramatically reduced 
by reduction, was completely restored to its 
initial level by oxidation. A similar sequen- 
tial change was observed with the MoV 
system. The reduction of the signal after 
the medial reduction trea.tment is attrib- 
uted to a disproportionation reaction of the 
type ; 2M05+ -+ Mo6+ + Mo4+, or to the 
reduction to Mo4+ and lower valent species. 
No ESR signal was observed from 
Mo4+(4d2) ions. The reversible sequence 
shown in Fig. 9 thus can be written as 
follows : 

CzHs/lZO”C C1Hs/300°C 

2 Mo6+ 1 2 MO”+ 1 
O?/400°C 02/3OOT 

Mo6+ + Mo4+ 

When subjected to an extensive reducing 
treatment (&Ha, 0.75 atm, 4OO”C, 17 hr), 
the electrical conductivities of both the 
MoVNb and the MoV composition in- 
creased to such an extent that ESR mea- 
surements were no longer possible. The 
increased electrical conductivity indicates 
removal of a significant amount of oxygen 



I 
t,er with minimum exposure t*o the ambient 

50 240 230 220 210 atmosphere. The xps spectra of the reduced 
MO and the rrduced MoV system thus 
obtained, and those obtained after having 
these samples exposed to t’he ambient 
at.mosphcrc for 7 and 43 hr, respectively, 

I 
50 240 230 220 210 are shown in Fig. 11. The spectral sequence 

BINDING ENERGY IeV) obtained from t’he reduced MoVNb sample 

Fro. 10. The X-ray photoelectron spectra (xps) 
was identical t’o that of the MoV system. 

spectra of MO (3d+, 3d$) and Nb (3dt, 3d+) region: It is thus clearly demonstrated that the 

(a) iuitial MoVNb catalyst; (b) extensively reduced surface of purr MoOz is fairly stable and 
&foVNb catalyst. that the presence of vanadium strongly 

facilitates the rcoxidation of Mo4+ to Mo6+ 

from the material. This is support’cd by the at the surface. The +5 oxidation states are 
TGA, below. The X-ray powder pattern apparently not very stable for MO. This is 
showed that both types of systems are consistent with t,hc disproportionation rcac- 
converted to a MoOz-type mat’erial when tion, 2 MO”+ + Mo4+ + MO”+, proposed to 
subjected to such a treatment. account for the decrease of the ESR signal 

X-ray Photoelectron Spectra (xps) 
due to Mo5+ (Fig. 9, pattern C). 

Compared in Fi,. T 10 are the xps spectra 
of the MO (3d;, 3d+) and Nb (3d;, 3d;) hz4 
region obtained from the initial and the 

i-^ , 

extensively reduced (C2Hs, 0.75 atm, 
4OO”C, 17 hr) MoVNb samples. Two con- 
clusions can be drawn immediately: (i) II, /.I,, I1 

235 230 235 '230 

The intensity of the Nb peaks relative to 
that of MO increases significantly as the 
sample is reduced, indicating the migration 
of Nb toward the surface during the reduc- 
tion. (ii) The valence state of the “surface” 
MO (as revealed by the binding energy) is 
+6 in both the initial and the reduced 
samples (1%). The latter conclusion is 235 230 235 230 
particularly significant as the X-ray powder 
pattern of the reduced sample (Fig. 3, (I) (21 

pattern C) showed that its bulk composi- 
tion is MoOz. The oxidation of the surface 

FIG. 11. The xp spectra, MO (3dt, 3d+), of (1) 

layer by the ambient atmosphere must be 
MOOS and (2) hlo(V)Or. (a) Initial catalyst, (b) 
after 7 hr of exposure to air, (c) after 48 hr of 
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To cxaminc the surface oxidation process, 
fresh samples of the extensively reduced 
MoV and MoVNb compositions were pre- 
pared in a vacuum manifold and placed in 
scaled t,ubcs. The scaled samples were then 
broken and transferred into the spectrome- 

responsible for this difference. exDosure. 
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TABLE 7 

Comparison of the Bulk and the Surface Compoailions of MoVNb Catalysts 

Bulk composition Bulk composit.ion Surface compositiona 

MO V Nb Cvl/CMol CNbl/CMol Cvl/CMol CNbl/CMol 

0.38 0.57 0.05 1.50 0.13 1.44 0.14 
0.62 0.31 0.08 0.50 0.13 0.56 0.13 
0.73 0.18 0.09 0.25 0.13 0.25 0.13 
0.84 0.11 0.05 0.13 0.06 0.26 0.11 
0.84 0.05 0.11 0.06 0.13 0.11 0.18 

a Determined from the area of the xps signals. The uncertainties in the area determinations are i 1070. 

Surface Profile 

Several fresh MoVNb catalysts of differ- 
ing bulk compositions were examined by 
xps. The areas of the MO (3dg, 3df), 
V (2~4, 2p+), and Nb (3d+, 3df) doublets 
were measured for each sample and at- 
tempts were made to determine the surface 
profile, [V]/[Mo] and [Nb]/[Mo]. 

The intensity of an xps peak depends on 
the cross section for the X-ray photoioniza- 
tion of the particular electron involved and 
the probability of escape of the electron 
from the material without interaction. 
Wagner (14) has measured the relative 
intensities of the strongest xps peaks of 
many elements in the periodic table. In- 
cluded in his tables are the Ti (2~5) and 
MO (3dt) peaks. More recently Scofield (15) 
completed theoret’ical cross section calcu- 
lations for photoionization of the individual 
subshells for all the elements within 2 = 1 
to 101. From the theoretically calculated 
cross sections and the empirically deter- 
mined sensitivities of the Ti (apt) and 
MO (3dg) peaks, the relative sensit’ivities of 
the V (2p+, 2ps), Nb (3d+, 3df), and MO 
(3df, 3di) doublets can be calculated, the 
results being 0.59, 0.87, and 1.00, 
respectively. 

Table 7 lists the MoVNb catalysts 
examined, their bulk compositions, and the 
surface compositions as determined from 
the relative intensities of the xps signals 
corrected by the relative sensitivities above. 

The table reveals clearly that when the 
catalyst contains comparable amounts of 
Group V (V and Nb) and Group VI (MO) 
elements, the surface profile [V]/[Mo] and 
[Nb]/[Mo], is very close to that of the 
bulk. On the other hand, when molybdenum 
is present in excess of the concentrations, 
the Group V elements in the surface layer 
are much higher than those in the bulk. 
In compound semiconductors, impurity 
cations of lower valence than the cations 
of the host lattice are frequently observed 
to diffuse toward the surface or to aggregate 
there. 

TGA 

Figure 12 shows the weight loss of 
Mo0.61V0.31Nb0.08 in ethane at 375°C and 
the regain of weight in oxygen. The weight 
loss is divided into three regions : (i) a very 
rapid loss amounting to about 1% of its 
weight; (ii) a slower loss, roughly linear in 
time, up to 6-7y0 of its weight; and (iii) a 
slowing and final steady state in ethane at 
about 9% weight loss. On reoxidation in 
air, the weight is regained extremely rapidly 
at first, two-thirds of it within a few min- 
utes, followed by a much slower gain con- 
tinuing over many hours. If the reduction 
is limited to the first very rapid stage, 
reoxidation is extremely rapid and 
complete. 

Figure 13 illustrates the dependence of 
the redox cycle upon temperature, which 
was increased at a rate of 8”C/min in these 
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Fro. 12. Thermogravimetry of Mo~.~~V~.~~N~~.~~ 
at, 375’C (a) in ethane and (b) in oxygen. 

experiments. Reduction in ethane starts at 
about 250°C and increases more rapidly at 
higher temperatures. If the extent of cata- 
lyst reduction corresponds to less than 3y0 
weight loss, reoxidation by oxygen is com- 
plete, and the redox cycle can bc repeated. 
The conclusion is that lattice oxygen is very 
labile, and oxygen deep within the bulk can 
participate in reduction and reoxidation at 
the surface. 

DTA 

Differential thermal curves for several 
oxide compositions containing molybdenum 
are shown schematically in Fig. 14. The 
endothermic feature at 795°C present in 
(d), Mo0.8Ti0.2, is due to the melting of 
MOOS (16). Uncombined MoOB is appar- 
ently not present in the other compositions, 
nor is uncombined vanadium pentoxide 

200 xx) 400 500 6cxJ 

Temperature,*C 

FIG. 13. Thermogravimetry of Moo.clVo.alNbo.o,, 
as a function of temperature. (1) First cycle and 
(2) second cycle (a) in ethane and (b) in oxygen. 

(mp, SOO”C). The t,ransition at 760°C 
appearing in (b), Mo~.~V~.~, and as a 
shoulder in (a), Mo0.73V0.18Nb0.09, may be 
due to the phase change of Mo18062(t,ricl.) 
t,o Mo902,(mon.) (16’), or to t’he decomposi- 
tion of a &phase, Mo~-~V~O~.~~, where 
0.06 < z < 0.11 given in Ref. (17) as 
occurring at 765°C. The peak at S15”C in 
(f) may indicate the prescnco of ortho- 
rhombic Mo4011 (16’). 

Endothermic peaks at 610 and 740°C are 
common to MoVNb materials, (a), (b), 
and (f). Their assignment is uncertain, 
especially since a shoulder at 610°C also 
occurs in MnMoO.,, (e). 

1)ISCUSSION 

The principal question to be addressed 
is, “Why is the MoVNb oxide composition 
such an active catalyst for the oxydc- 
hydrogenation of ethane?” Its great activ- 
ity is evident by comparison with chromia 
gel. With chromia gel, conversion of ethane 
to ethylene is only 0.5y0 at 400°C (18), 
while with the oxide catalyst, Mo~.~~V~.~~ 
NbO.09, reaction starts at’ 215°C and reaches 
10% rthane conversion at 286°C. The 
conversion over chromia gel is an 
equilibrium-limit’ed reaction, and the 
oxydehydrogenation is not. However, since 
the two reactions were carried out in 
reactors of similar geometry at similar 
space velocities, the comparison is valid. 

300 400 500 600 700 SOO’C 

FIG. 14. DTA of mixed molybdenum oxide com- 
positions: (a) h400.,,Vo.l,Nb,.m; (b) Moo.~V,,.Z; 
(c) Moo.63V0.1BW0.06Mn0.16; Cd) Moo.o~Tio.n; (e) 
MnMm; (f) Moo.,V,,125NbO.x,5. 
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Molybdenum oxide itself has only a 
slight activity in the reaction (Table 1). 
The addition of vanadium does not increase 
the activity of Moos very much, but addi- 
tions of both vanadium and niobium result 
in a very active (and highly selective) 
catalyst. The freshly made three-component 
catalyst is highly colored and is reduced 
somewhat below the fully oxidized state. 

At this stage, this catalyst exhibits an ESR 
signal, which may be attributed to Mo5+. 
If V4+ contributed greatly, some hyperfine 
structure should be visible, but it is not. 
The ESR signal is not due to Nb4+, since 
Nb-free catalysts still show the color and 
signal. 

The ESR signal disappears on treatment 
with ethane at mild conditions, forming 
equivalent amounts of Mo6+ and Mo4+. 
Ethanol reacts with the fresh catalyst in 
the absence of oxygen to give both ethylene 
and ethane. Ethane reacts with the fresh 
catalyst, either in the absence or presence 
of oxygen, to give ethylene. If added 
oxygen is present, the production of ethyl- 
enc becomes catalytic. These fcaturcs 
suggest the cyclic catalysis mechanism 
(Scheme I). 

0 

SCHEME I 

In this mechanism two adjacent MO”+ 
atoms at the catalyst surface participate. 
Each molybdenum carries at least two 
0x0 ligands (A). With the loss of oxygen 
thermally by roasting or by the partial 
reduction with ammonia or oxalic acid in 

the preparation step, the MO”+ atoms are 
reduced to a MO”+ species (B). This explains 
the color and presence of an ESR signal in 
a fresh (unused) catalyst. The species B 
can now disproportionate to a pentacoordi- 
nate Mo4+ species, (E), and to MO”+, which 
may be coordinately unsaturated (cus). 
This happens by gentle treatment of the 
initial catalyst with ethane, and the ESR 
signal disappears. In the catalytic oxidation, 
ethane reacts with an 0x0 ligand on Mocf 
(cus), giving an ethoxy-hydroxy species 
(C). This is a reasonable expectation since 
molybdates are known to react with hydro- 
carbons to give hydroxylated species (19).3 

The ethoxy species (C) is of a configura- 
tion such that a hydrogen on the methyl 
group could be close to an uncoordinated 
site on molybdenum, thus activating this 
P-hydrogen. Cotton et al. (20) have 
shown a related effect in the compound 
[Et2B(pz)z]Mo(CO)z(s3-allyl), where the 
cY-hydrogen of the axial et’hyl group lies 
only 2.2 A from the molybdenum atom, so 
close indeed that the H-MO bond must 
be regarded as a three-center, two-electron 
bond. This implies activation of the a- 
hydrogen by the geometrical constraint in 
the six-membered ring. In C the ring would 
be five-membered. Due to this activation, 
transfer of the p-hydrogen to molybdenum 
occurs with simultaneous release of 
ethylene. This produces the species D, 
containing an 0x0, hydroxyl, and hydride 
ligand group attached to the same molyb- 
dcnum IV atom. This should be unstable, 
and facile rearrangement to a MO IV 
dihydroxy species should occur. Alternately, 
after activation in C, ethylene could be 
cxpclled in a concerted four-cent’er process 
giving the Mo IV dihydroxy species 
directly. Loss of water from the dihydroxy 

3 The oxidation of but.adiene over titania-molyb- 
dena catalysts is attributed to the 0x0 ligand on 
Moe+, developed by oxidation of MO&+ at the sur- 
face [Akimoto, M., and Echigoya, E., J. Cutal. 29, 

191 (1973)]. Such a molybdenum 0x0 species is 
indicated here. 
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species gives the five-coordinate Mo4+ 
species, E, present, to a smaller degree, in 
the fresh catalyst. 

The production of ethane and ethylene 
from ethanol passed over the fresh catalyst 
without additional oxygen, can be ration- 
alized by involving this spocics, E. Disso- 
ciativc adsorpt)ion of rthanol on E, lrads to 
t#he speciw C directly. C can chithcr dcsorb 
ethane, giving A, or dcsorb cthylcnc, 
giving D. The catalytic oxidation cycle is 
completed by reoxidation of the MO IV 
species E to the molybdenum VI species A. 

Vanadium enters int’o the catalysis in 
the reoxidation of Mo4+ to Mo6+. This is 
subported by the xps results (Fig. 10) 
showing a more facile rcoxidation of MoOz 
containing vanadium than without it. 
Niobium also plays a role in the reoxidation 
process, since in the reduced MoVNb 
composition (Fig. 4) the defect phase 
represented by the xrd feature at 4.0 A is 
more readily restored by oxidation than it 
is in the niobium-free material (Fig. 3). 

The fact that ct,hanol reacts with the 
fresh catalyst to give et’hanc indicates that 
t.he fresh catalyst already contains a 
rcduccd cus species. This lends support to 
the assertion that some reduction cccurs 
in the catalyst preparation, and that some 
five-coordinate Mo4+ is present ewn before 
the catalyst WCS ethanc. 

An alternative hypothesis (Scheme II) 
could involve reaction of cthane with a 
molybdenuq dioxo species (A), forming 
an hydrox$-$lkoxy molybdenum, which 
then decomposes in a conccrtcd process, 
giving water, ethylene, and the molyb- 
denum (IV) 0x0 spc&s (E). 

A 
It 

SCHEME II 

Scheme I or II accounts for the primary 
reaction products with ethane and with 
ethanol, as w-cl1 as the spectra.1 and 
oxidation-reduction propert,ies of the 
molybdenum-containing catalysts. The 
scheme brars some analogy to that sug- 
g&cad for the molybdenum-containing 
oxidases and rcductasw (21) in which the 
reducing property of wductascs is attrib- 
utrd to five-coordinate Mo4+, and the 
oxidizing property of oxidasrs is assigned 
to a MO”+ dioxo species. 

Kinetics of the process. Under super- 
atmospheric pressure acetic acid becomes a 
coproduct of the reaction. The empirical 
rate equation for acetic acid production 
shows a first-order dependence upon the 
partial pressure of ethylene and oxygen, 
but is independent of the ethanc partial 
pressure. Likewise, the expressions for t,he 
production of carbon oxides show inde- 
pcndencc of thr cthanc partial pressure. 
This strongly suggests that t.he primary 
oxydehydrogcnation product of ct,hane is 
ethylene and that acetic acid and carbon 
oxides arc formed by its subsequent oxida- 
tion. The role of water upon the acetic acid 
production rate is informative. The some- 
what reduced state of the fresh catalyst 
implies the presence of bare metal sites, 
which in the presence of water acquire 
Briinsted acid character. Tin-molybdenum 
oxide catalysts for the oxidation of propyl- 
ene to acetone indeed give higher conversion 
in the presence of water. The react’ion 
apparently involves the protonation of 
the olefin giving an isopropoxide species 
(22). The oxidation of ethylene to acetic 
acid may involve an analogous first step, 
giving an ethoxide species, MOH + CzH4 
= MO&H,. Certainly this oxidation of 
ethylene t’o acrtic acid is well-known for 
molybdcnum- and vanadium-containing 
catalysts (22). 
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