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The oxidative dehydrogenation of ethane using Pt/α-Al2O3 and
various bimetallic catalysts operating at ∼1000◦C and very short
contact times is examined with H2 addition to the feed. When H2

is added with a Pt catalyst, the ethylene selectivity rises from 65 to
72% but ethane conversion drops from 70 to 52%. However, using
a Pt–Sn/α-Al2O3 catalyst, the C2H4 selectivity increases from 70 to
greater than 85%, while the conversion remains∼70%. The process
also produces approximately as much H2 as is added to the feed.
Effects of other metal promoters, sphere bed and fibermat supports,
preheat, pressure, nitrogen dilution, and flow rate are examined in
an effort to further elucidate the mechanism. Deactivation of the Pt–
Sn catalyst is examined, and a simple method of regenerating the
activity on-line is demonstrated. Possible mechanisms to explain
high selectivities to ethylene are discussed. Although the process
can be regarded as a simple two-step reaction sequence with the
exothermic oxidation of hydrogen or ethane driving the endother-
mic dehydrogenation of ethane to ethylene, the exact contributions
of heterogeneous or gas-phase reactions and their spatial variations
within the catalyst are yet to be determined. c© 2000 Academic Press
1. INTRODUCTION

Ethylene finds widespread use in the chemical industry
in the production of many chemicals (1, 2). Although there
has been considerable research in alternative processes
for ethylene synthesis (3–9), it is now produced almost
exclusively by homogeneous pyrolysis, known as steam
cracking.

Steam cracking is known to have several shortcomings
(10, 11). It is a highly endothermic process, requires long
residence times, produces significant amounts of emissions
such as NOx because of flames in the furnace, and requires
periodic shutdowns of the reactor because of coking of the
reactor walls. Typically steam cracking of ethane is run at
∼850◦C with a residence time of 1 s and gives ∼85% ethy-
lene selectivity on a C-atom basis at ∼60% ethane conver-
sion. Thus far, this performance is better than any alternate
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process to manufacture ethylene from ethane. Hence, de-
spite the above limitations, steam cracking has been the
process of choice for olefin synthesis for many years.

Several years ago we showed that the oxidative dehydro-
genation of ethane over a Pt catalyst can achieve ∼65%
ethylene selectivity at 70% conversion (12). Of the 35% of
ethane that does not form ethylene,∼25% oxidizes to form
CO and CO2, ∼5% forms CH4, and ∼5% forms higher hy-
drocarbons such as C3H6 and C3H8. This process typically
runs autothermally at around 1000◦C and 5-ms residence
time. The overall reaction is exothermic and no carbon
buildup was experimentally observed over many days of
operation. We also showed that use of Pt–Sn catalysts rather
than Pt alone gave a slightly higher selectivity of∼70% (13).

We have recently shown that addition of large amounts of
hydrogen to the ethane–oxygen feed mixture gives a large
increase in selectivity to ethylene (14). This occurs because
O2 reacts with the H2 to produce H2O instead of reacting
with C2H6 to produce CO and CO2. H2O formation is highly
exothermic and releases a large amount of heat, facilitating
the endothermic dehydrogenation reaction of C2H6 to C2H4

and H2. While H2 addition using a Pt/Al2O3 catalyst caused
the C2H4 selectivity to rise from 65% to slightly above 70%,
H2 addition using a Pt–Sn/Al2O3 catalyst caused the C2H4

selectivity to rise from 70 to 85% while the C2H6 conver-
sion remained at ∼70% (14, 15). Since these selectivities
and conversions are at least comparable to those obtained
by thermal pyrolysis, this partial oxidation process appears
to compete successfully with steam cracking for ethylene
production.

We have also shown recently that >80% selectivity to
ethylene with H2 addition can be achieved with Pt alone by
adding Pt directly to the hot alumina foam from an aqueous
solution in a syringe (21), rather than by conventional wet
impregnation of a Pt salt. This on-line process deposits Pt
only near the front face of the alumina foam, rather than
uniformly through the catalyst, and this leads to higher
ethylene and less COx, although the conversion is lower
than on Pt–Sn. These results are summarized in Table 1,
which compares ethane conversion, temperatures, and
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selectivities to various products for Pt, Pt–Sn, and on-line
Pt, both with and without H2 added.

Short-contact-time, high-temperature reactors are of
course not new in the chemical industry in that Pt-gauze
catalysts have been used for the production of HCN and ni-
tric oxide by oxidation reactions for many decades (16, 17).
However, there are few other industrial reactors operating
at a residence time less than 0.1 s.

In this paper we attempt to elucidate the mechanism re-
sponsible for this behavior by examining quantitatively the
effects of preheat, pressure, residence time, dilution, and
different catalyst support materials and geometries. We also
examine minor products in detail because these may give
information about the mechanism, particularly on the role
of homogeneous reaction steps.

2. EXPERIMENTAL

Catalysts were prepared by dripping an aqueous solu-
tion of hexachloroplatinic acid and other metal salts onto
the support. The support typically consisted of a 92%
α-alumina monolith with ∼0.5-mm pore diameter or 45
pores per inch (ppi), an 18-mm external diameter, and a
10-mm length. The surface area was∼0.1 m2/g and no wash-
coat was used. To examine support effects, we also used
alumina spheres and ceramic fibermats as supports.

After the platinum solution was dripped uniformly over
the support, it was allowed to dry under atmospheric condi-
tions and the salt was decomposed by heating in a furnace
at 100◦C for 1 h and 600◦C for 2 h. To prepare bimetallic
catalysts, the platinum was deposited on the support as de-
scribed above and then another aqueous metal salt solution
was dripped on the Pt-coated monolith and dried overnight.
It was then heated in the furnace at 100◦C for 1 h and 700◦C
for 2 h. Changes in loading or in procedures had only a small
effect on the performance.

The catalyst was placed between two blank alumina
monoliths which act as radiation shields, sealed with alu-
mina cloth, and placed in an 18-mm-diameter quartz reac-
tor. Reaction gases flowing through calibrated electronic
mass flow controllers were premixed and passed through
the tube at superficial velocities of 0.5 to 5 m/s. The reactor
operated autothermally at ∼1000◦C and the heat from the
exothermic reaction was sufficient to maintain this temper-
ature. External heat was required only to ignite the reaction
and was provided by a Bunsen burner flame placed directly
on the tube. At about 200◦C, the catalytic reaction ignited
and the temperature rapidly rose up to reaction tempera-
ture. Then the burner was removed and the reaction zone
was insulated to achieve adiabatic conditions.

Product gases were analyzed using an HP 5890 gas chro-
matograph with a 0.3-m-long Haysep D packed column and

a TCD detector. Nitrogen (30%) was used as a calibration
standard since it is an inert in the reaction. We analyzed
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up to C4 species, and C, H, and O balances always closed
within 5%.

3. RESULTS

3.1. H2 Addition

Pt and Pt–Sn catalysts were prepared on α-Al2O3 sup-
ports as described in the above section. For results shown
in Fig. 1, the weight loading of Pt was∼1% on both catalysts
with a typical initial ratio of Sn to Pt of ∼3/1 by weight on
the Pt–Sn catalyst. The C2H6/O2 ratio was maintained at 2/1,
while the total flow rate was held at 5 SLPM correspond-
ing to a superficial velocity (gases at room temperature)
of ∼0.4 m/s. The outlet pressure was 1.2 atm and nitrogen
dilution was 30%. H2 was added in appropriate amounts
holding other flow rates constant so that the total flow rate
increased and nitrogen dilution decreased with H2 addition.

As shown in Fig. 1, on adding H2 to the Pt catalyst the
ethylene selectivity rose from 65 to 70%, but the ethane con-
version dropped from 70 to∼50%. Oxygen was always com-
pletely converted (>99%). Using the Pt–Sn catalyst, the
ethylene selectivity rose from 70 to >85% and the conver-
sion remained ∼70%. CO and CO2 selectivities decreased
with hydrogen addition, and the decrease was larger on
Pt–Sn than on Pt. Pt–Sn also produced less CH4, C3H6,
C3H8, and C4H10, but produced more C2H2 and C4H8 than
on Pt.

It is evident that Pt–Sn is considerably superior to Pt for
the oxidative dehydrogenation of ethane. It gives greater
selectivity to C2H4 and less selectivity to CO, CO2, and CH4,
with or without H2 addition. It also results in a much higher
ethane conversion.

Figure 2 compares the moles of hydrogen produced with
the moles of hydrogen fed to the reactor per mole of oxy-
gen. While the amount of H2 produced depends strongly on
conditions, with a Pt catalyst more H2 is produced than is
fed up to H2/O2∼ 2. On Pt–Sn, more H2 is produced than
is fed up to H2/O2∼ 1.3. Hence gas separation and recycle
should provide sufficient H2 at least up to H2/O2∼ 2 with
Pt and H2O2∼ 1.3 with Pt–Sn.

We have reproduced these results using several catalysts.
All of them give the same trends as described above. For
Pt, the selectivity and conversion increase by ∼1–2% on
decreasing the Pt loading from 5 to 1%. For Pt–Sn, the
selectivity and conversion increase on increasing the Sn/Pt
ratio to ∼3 but the performance does not improve with
further Sn addition beyond this ratio.

3.2. Minor Products

In Table 1 are shown the typical selectivities and ethane
conversion obtained with uniformly impregnated Pt (left),

Pt–Sn (center), and on-line Pt (21) (right), with the last
prepared by deposition from solution directly onto the
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FIG. 1. Comparison of Pt and Pt–Sn catalysts. Selectivity and conversion are plotted as a function of the H2/O2 ratio. Pt–Sn produces higher C2H4
and lesser CO, CO2, and CH4, and gives greater conversion.

hot foam monolith. Shown are typical selectivities with
C2H6/O2/H2= 2/1/0 (no H2 added) and 2/1/2 (with H2

added). The on-line Pt catalyst gives a significantly higher
ethylene selectivity than uniformly loaded Pt, but the
ethane conversion is higher with Pt–Sn than with on-line Pt.

FIG. 2. Comparison of the amount of H2 fed to that produced using
Pt and Pt–Sn. For H /O < 2 (Pt) and 1.25 (Pt–Sn), the reaction produces
2 2

more H2 than that in the feed.
It is seen that CO and CO2 fall with H2 addition, while
CH4 remains nearly the same for all catalysts. All other
olefins and alkanes up to the C4 species have less than 2%
selectivities, and species above C4 have less than 1% selec-
tivities.

TABLE 1

Experimental Selectivities

Pt Pt–Sn On-line Pt

C2H6/O2/H2 2/1/0 2/1/2 2/1/0 2/1/2 2/1/0 2/1/2
T (◦C) 905 910 943 959 — —
XC2H6 (%) 69.6 62.0 72.0 72.8 65.3 63.2
Selectivitiy (%)

C2H4 64.3 72.1 68.5 82.7 65.1 79.2
Total olefins 66.7 74.4 70.9 85.5 66.9 81.3
CO 18.5 12.3 16.6 5.2 21.0 10.0
CO2 6.5 1.2 5.9 0.4 5.8 0.6
CO+CO2 25.0 13.5 22.5 5.6 26.8 10.6
CH4 5.0 7.6 4.3 5.9 3.6 5.0
C2H2 0.3 0.2 1.3 2.0 0.3 0.4
C3H6 1.7 1.8 1.1 1.2 1.2 1.4
C3H8 1.1 1.4 0.5 0.5 0.7 0.8
C4H8 0.7 0.5 1.3 1.6 0.6 0.7
C4H10 1.1 1.7 0.3 0.3 1.0 1.3
C2H4O 0.7 1.0 0.2 0.2 0.6 0.6

CH3CHO 0.1 0.2 0.0 0.0 0.1 0.0
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FIG. 3. Effect of addition of Sn and Ag to Pt. Samples were∼2% Pt and 4 wt% Sn and Ag. Both Pt–Sn and Pt–Ag give better ethylene selectivity
t
and ethane conversion than pure Pt catalyst although addition of Ag is no

The Pt–Sn catalysts give 30% less propylene and 50%
less propane than Pt, with or without H2 added. Butylene
is higher with Pt–Sn, while butane is considerably lower.
Acetylene goes from 0.2% with Pt to 2% with Pt–Sn.

The dominant oxygenate was ethylene oxide (C2H4O),
which was much larger than acetaldehyde (CH3CHO), and
all other oxygenates were <0.2% in any experiments. Pt
gave much more ethylene oxide than Pt–Sn.

The minor products appear to be formed largely through
successive reactions of ethylene: dehydrogenation yield-
ing C2H2, dimerization yielding butylene, disproportiona-
tion yielding propylene, and epoxidation yielding ethylene
oxide.

Any mechanism of this process must account for the ob-
served selectivities of minor products, the differences be-
tween catalysts, and the effects of adding H2.

3.3. Promoters and Supports

We tried various promoters of Pt for this reaction. A de-

tailed investigation of the addition of several metals includ-
as effective as that of Sn.

ing Mg, Ce, La, Ni, Co, and Au to Pt has been discussed by
Yokoyama et al. (13). Figure 3 compares the performance
of Pt and Pt–Sn catalysts with of a Pt–Ag catalyst, which
gave selectivity and conversion better than those of Pt but
lower than those of Pt–Sn. Most of the other promoters
studied gave results lower than those of the Pt catalyst.

We also examined various supports with Pt–Sn and H2 ad-
dition. We previously reported minor differences in selec-
tivities and conversions on changing the support material or
varying the pore size of the Pt/α-Al2O3 monolith from 0.25
to 1 mm (18). Figure 4 compares a Pt–Sn catalyst prepared
on a 45-ppi α-Al2O3 foam monolith with those using fiber-
mat and sphere-bed supports. The sphere bed was 18 mm
in diameter and 10 mm long, and contained nonporous
alumina spheres 3.2 mm in diameter. The fibermat was
18 mm in diameter and∼5 mm wide, and contained densely
packed, nonwoven alumina fibers 12 µm in diameter.

The C2H4, CO, and CO2 selectivities obtained on all
Pt–Sn catalysts were nearly identical. The conversion on the
Pt–Sn monolith was slightly higher than those on the fiber-

mat and sphere bed. Support geometry does not appear to
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FIG. 4. Comparison of Pt–Sn catalysts prepared on monolith, fibermat, and alumina spheres. Although the support geometry is very different,

selectivities and conversion are close on all supports.

play a crucial role in determining catalyst performance as
observed previously (18) and in these experiments. The con-
tact time with these supports was∼5 ms, while the reaction
goes to completion at contact times as short as 0.5 ms (19).
Hickman and Schmidt suggested that the reaction is prob-
ably limited by the adsorption of the reactant gases onto
the catalyst surface and not by external mass transfer or
pore diffusion (20). Hence, the effect of support geometry
should not be very significant.

3.4. Stability

While Pt has a melting point of 1775◦C, Sn melts at
only 230◦C. Since the reaction temperature is ∼1000◦C,
one would expect the Pt–Sn catalyst to be unstable un-
der experimental conditions. We investigated the activity
of Pt–Sn catalyst with time on stream using 2/1/2 and 2/1/0
ethane/oxygen/hydrogen feeds and both α-alumina mono-
lith and fibermat supports. Figure 5 shows C2H4, CO, and
CO selectivity and C H conversion as a function of the
2 2 6

reaction time for the above conditions. Ethylene selectiv-
ity and ethane conversion decreased by a few percent over
24 h, while the selectivity to CO and CO2 increased. As
catalysts lost Sn over time, performance of Pt–Sn moved
toward that of Pt. However, the deactivation rate was very
gradual and the selectivity did not fall below 80% after sev-
eral hours of operation.

Deactivation seemed to be independent of the input feed
composition, and was similar with or without H2 in the feed.
The rate of decrease in the selectivity was much lower than
that in the conversion, and the fibermat lost activity faster
than the monolith, with or without H2. However, metal
loadings were lower on the fibermat and this may have con-
tributed to the more rapid deactivation.

3.5. On-Line Regeneration

To maximize the production of ethylene, it is crucial to
restore activity by replenishing lost Sn in the catalyst. By
using an inlet feed system consisting of a rubber septum
through which a hypodermic syringe needle is passed and

held closely to the front surface of the catalyst, we are able
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FIG. 5. Time dependence of Pt–Sn catalysts. Selectivity and conversion decrease by a few percent over 24 h on monolith and fibermat supports,
with or without H2. The deactivation rate appears to be higher on the fibermat support.
to add an aqueous solution of SnCl2 to the hot operating
catalyst to restore initial performance (21). After ∼24 h
of operation the C2H4 selectivity had dropped from 85 to
83% and C2H6 conversion had dropped from 70 to 62%
(results in Fig. 5). However, on adding only a few drops
of SnCl2 solution, which corresponded to 10 mg Sn on the
front surface, the selectivity and conversion increased from
83 and 62% to 84 and 67%, respectively. We reproduced this
on-line reactivation experiment multiple times and using
different supports.

We conclude that by continuous or intermittent addi-
tion of aqueous SnCl2 solution, continuous regeneration of
the catalyst should compensate for Sn that is lost from the
Pt–Sn catalyst, and the selectivity and conversion can be
maintained at the initial values obtained on a fresh Pt–Sn
catalyst. This method of regenerating catalysts on-line can
also be used to prepare catalysts with active metal deposited
only on the front surface of the support in extremely small
quantities. Results on such catalysts prepared in situ are

discussed elsewhere (21).
3.6. Preheat and Pressure

Figure 6 shows the effect of preheat on the performance
of a Pt–Sn catalyst. Preheat was applied after the reactant
gases were premixed by wrapping a heating tape over the
section of the quartz reactor preceding the catalyst. The
amount of preheat was varied by changing the current sup-
plied to a Variac connected to the heating tape and the
temperatures were recorded using a chromel–alumel ther-
mocouple. On preheating the reactant gases containing a
2/1/2 ethane/oxygen/hydrogen mixture flowing at 5 SLPM
and 1.2 atm up to 350◦C, C2H4 selectivity decreased from 83
to 80%, but conversion increased much more rapidly from
70 to 85%. This led to an increase in the C2H4 yield from 58
to 65%. Selectivities to CO, CO2, CH4, and C2H2 increased
on preheating the feed.

The effect of pressure on reactor performance using a
2/1/2 feed mixture flowing at 5 SLPM is shown in Fig. 7.
The pressure was varied by adjusting a valve connected in

the exhaust line, prior to flaring the product gases in an
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FIG. 6. Effect of preheat on the performance of a Pt–Sn/α-Al2O3 cata-
lyst at C2H6/O2/H2= 2/1/2. The ethylene selectivity decreases and conver-
sion increases with preheat while the ethylene yield increases by more
than 7% with 350◦C preheat.

incinerator. C2H4 selectivity decreased, C2H6 conversion
increased, and C2H4 yield remained nearly constant on in-
creasing the pressure from 1 to ∼2 atm. Among the mi-
nor products, CO, CO2, and CH4 selectivities increased and
C2H2 selectivity decreased with elevation in pressure.

3.7. Dilution and Flow Rate

Figure 8 shows the effect of nitrogen dilution, under simi-
lar experimental conditions. C2H4 selectivity increased, but
conversion fell rapidly from 75 to 60% on increasing ni-
trogen dilution from 20 to 50%. CO, CO2, CH4, and C2H2

selectivities decreased with increasing dilution. The effect
of increasing nitrogen dilution seemed qualitatively oppo-

site that of preheating the feed gases as described above.
T AL.

Changes in selectivities and conversion with flow rate
are plotted in Fig. 9. Conditions were otherwise identical
to those of earlier experiments. Results seem nearly inde-
pendent of variation in flow rate from 4 to 16 SLPM. C2H4

selectivity and C2H6 conversion dropped slightly with in-
creasing flow rate.

3.8. Catalyst Characterization

We have also characterized the surfaces of these Pt and
Pt–Sn catalysts using surface analytical techniques such as
SEM, XRD, and XPS. Detailed results of these experiments
are discussed elsewhere (22). Pt on the α-Al2O3 surface is
present in the form of spherical, single-crystal, micrometer-
sized particles, which are uniformly dispersed throughout

FIG. 7. Effect of pressure on the performance of a Pt–Sn/α-Al2O3
catalyst at C2H6/O2/H2= 2/1/2. The C2H4 selectivity drops slightly and the
C2H6 conversion rises with increasing pressure.
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FIG. 8. Effect of nitrogen dilution on the performance of a Pt–Sn/
α-Al2O3 catalyst at C2H6/O2/H2= 2/1/2. Ethylene selectivity increases but
ethane conversion rapidly falls with increasing dilution.

the support surface. There is no reaction between Pt and the
alumina from the support, and the Pt is isolated as multiple
fcc crystalline particles. In the case of Pt–Sn, the active cata-
lyst phase is a range of intermetallic compounds, such as
Pt3Sn, PtSn, PtSn3, or a combination thereof. There appears
to be no free Pt in that Pt always appears to be associated
in compounds with Sn.

4. DISCUSSION

4.1. Mechanism

Hydrogen addition in a 2/1 H2/O2 ratio gives a 20% in-
crease in ethylene selectivity with no decrease in conver-

sions for a Pt–Sn catalyst at a 2/1 C2H6/O2 ratio, although
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for uniformly loaded Pt the corresponding increase is only
5%. We discuss the possible mechanisms for these results
in terms of surface versus homogeneous reactions and pos-
sible spatial variations in the catalyst.

These experiments show the following:

1. Addition of H2 with compounds and alloys of Pt
strongly suppresses deep oxidation channels while not de-
creasing ethane conversion.

2. On-line Pt gives selectivities nearly as high as those
obtained with Pt–Sn, although conversion is significantly
lower. Deposition of Pt only near the front face of the cata-
lyst thus gives performance nearly comparable to that at-
tained with uniform Pt–Sn.

FIG. 9. Effect of flow rate on the performance of a Pt–Sn/α-Al2O3

catalyst at C H /O /H = 2/1/2. Selectivities and conversion are relatively
2 6 2 2

unchanged with a fourfold change in the flow rate.
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3. Conversion and selectivity are nearly independent of
flow rate over a large range. Thus the reactions have essen-
tially gone to completion within less than 10−3 s, and we
have so far been unable to “blow out” the reaction.

4. The performance is largely independent of Pt loading
and Pt–Sn ratio over a large variation. This shows that the
details of particle size, distribution, and Pt–Sn ratio are not
major factors in determining selectivity and conversion.

5. Foams, fibers, and spheres give similar selectivities
and conversions gave similar performance. Thus, catalyst
support and geometry have a small influence on perfor-
mance.

6. Preheat, dilution with N2, and pressure cause only a
few percent changes in the process on varying these param-
eters by factors of ∼2.

This process is thus fairly “robust” with respect to vari-
ations in most operating parameters except feed composi-
tion. Preheat, dilution, and higher pressure changes appear
to be explainable through the temperature changes they
induce. Thus preheat, absence of dilution, and higher pres-
sures all increase the catalyst temperature which increases
ethane conversion while lowering selectivity.

We also note that the processes may be more com-
plex than can be handled quantitatively through the con-
ventional mass and energy balance equations. The tem-
peratures are very high and the gradients are very large,

106 K/s and 105 K/cm. Most reactions appear to occur within feed and in the product are approximately the same (Fig. 2).

1 mm of the entrance to the foam where entrance effects

FIG. 10. Feed and exit concentrations and suggested concentration profiles within the monolith without H2 added (left) and with H2 (right). The
shaded zone indicates the region where oxygen is present. In the absence of H2, C2H6 is partially oxidized to form CO and CO2, while with H2 in the

Detailed calculations with both surface and homogeneous
feed most O2 reacts with H2, leaving C2H6 dehydrogenation as the predomi
that its feed and exit compositions are approximately equal. The oxidizing s
ET AL.

cause boundary layers of <100-µm thickness. Surface resi-
dence times are very short at these temperatures, 10−9 and
10−12 s for typical adsorbate binding energies of 25 and
5 kcal/mol, respectively. Thus, kinetics measured at low
temperatures may not be applicable to these extreme con-
ditions. Also, since reactions proceed nearly to completion
within a diameter of the ceramic foam cells, most reactions
occur in the entrance region where radial variations in com-
position area large. For this situation one-dimensional mod-
eling should not be accurate, and two-dimensional simula-
tions should be necessary for quantitative predictions.

4.2. A Two-Zone Model

Qualitatively, we expect concentration profiles versus po-
sition in the monolith as sketched in Fig. 10, both without
(left) and with (right) H2 added at C2H6/O2/H2= 2/1/0 and
2/1/2, respectively. Initially there is a high O2 partial pres-
sure (gray zone) where oxidation of C2H6 and H2 occurs,
leading to CO and CO2, as well as H2O. As soon as all O2

is consumed, only dehydrogenation reactions (and any re-
action with H2O and between other products) can occur.
As sketched in Fig. 10, the O2 zone should be much shorter
with H2 present, leading to much less CO and CO2.

Note that with H2 added in the feed, its concentration
should first decrease by reaction with O2 and then increase
by C2H6 dehydrogenation so that the amounts of H2 in the
nant reaction. Note that H2 initially is converted and then produced such
haded zone is probably much shorter than indicated.
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reaction steps are required to quantify concentration pro-
files.

Temperature gradients at the front edge of the catalyst
are enormous because the reaction goes to completion at
contact times as low as 500 µs which makes it difficult to
quantify the mechanism of this process. Furthermore, prod-
uct compositions are very different than thermodynamic
predictions (see below), and, although the feed mixture
might be expected to be extremely flammable, no homo-
geneous flames were visible even for large amounts of hy-
drogen added to the feed. This suggests that the reactions
involving H2 and O2 must be occurring primarily on the
catalyst surface. However, the contribution of gas-phase
chemistry in the dehydrogenation of C2H6 to C2H4 is not
clear. We propose the following mechanism to explain the
high selectivities to ethylene obtained in this process.

A Pt–Sn catalyst operating at C2H6/O2= 2 gave ∼70%
C2H4 selectivity and C2H6 conversion. Of the 30% C2H6

molecules not forming C2H4, ∼20% formed CO and CO2,
∼5% formed CH4, and the remaining C2H6 formed higher
hydrocarbons such as C3H6 and C3H8. On adding H2 to the
feed, selectivity to CO and CO2 decreased continuously
from 20 to less than 5%. This suggests that with H2 added
the process operates in two distinct steps. In the first step
occurring in the front section of the catalyst, C2H6 and H2

react with O2 to form total oxidation products, CO, CO2,
and H2O. This exothermic reaction then drives the subse-
quent endothermic dehydrogenation of C2H6 to C2H4 in
the second zones. As sketched in Fig. 10, these concentra-
tion profiles should be very different with and without H2

added.
Temperatures in regions upstream and downstream of

the catalyst were experimentally measured to be constant
within at least ∼100◦C. This, however, does not eliminate
the possibility of a steep temperature profile in the up-
stream section of the catalyst corresponding to highly exo-
thermic oxidation reactions. Such a temperature spike is
difficult to determine experimentally, although we observe
no large temperature variations in the catalyst. The extent
of the dehydrogenation reactions occurring in the down-
stream section would strongly depend on the temperature
profile, and these should take place mostly in the absence
of oxygen as shown.

In the early part of the catalyst with significant amount of
O2 in the gas phase, surface characterization experiments
coupled with one-dimensional modeling calculations indi-
cate that the surface should be predominantly oxygen cov-
ered (52). C2H6 and H2 should dissociatively adsorb on the
surface and react with the O radicals to form OH and CO,
which can react further to form CO2. Most of the O2 is
predicted to react rapidly within few molecular layers of
the catalyst after which the catalyst surface should become
O-deficient. Under these conditions, β elimination of an

H atom from adsorbed C2H5 radicals should result in for-
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mation of C2H4 which should rapidly desorb. Alternatively,
C2H4 could further react to form C2H2 and C radicals, even-
tually forming CH4 and higher hydrocarbons.

For a 2/1 C2H6/O2 feed using a Pt/α-Al2O3 catalyst, ex-
perimental results indicate that ∼25% of the C2H6 reacts
in the first section to form CO and CO2. The remaining
C2H6 dehydrogenates primarily in the later part of the cat-
alyst to form C2H4 and other hydrocarbons such as CH4,
C2H2, C3H6, and C3H8 as listed in Table 1. Addition of
H2 to Pt/α-Al2O3 should increase the coverage of surface
H atoms, producing more H2O in the earlier part and more
CH4 in the later part of the reactor. This should increase
the C2H4 selectivity due to reduction in the formation of
CO and CO2.

Thus Pt–Sn is more selective to the oxidation of H2 than
to that of C2H6, compared with Pt alone. Although C2H4

selectivities without H2 addition on both catalysts are not
very different, the reduction in COx selectivity and the im-
provement in C2H4 selectivity on adding H2 are consider-
ably greater on the Pt–Sn catalyst than on the Pt catalyst.

4.3. Platinum–Tin Catalysts

Pt–Sn is well known as an excellent hydrocarbon re-
forming catalyst when supported on alumina, and has
shown improved catalytic activity compared with alumina-
supported platinum. Catalytic dehydrogenation and re-
forming of many hydrocarbons have been investigated in
great detail (23–30). These experiments were all carried out
at lower temperatures in the absence of O2, but there are
also a few examples of Pt–Sn catalysts used for oxidation
reactions (31, 32) at lower temperatures.

Much controversy exists in the literature concerning the
state of tin, the nature of platinum–tin interactions, and
the catalytic effect of Sn on Pt/Al2O3 (33) under catalytic
reforming conditions. While some studies propose that an
alloy is formed (34–36), others suggest that the tin is not re-
duced to metal but exists as SnO, SnO2, or a compound con-
taining tin, aluminum, and oxygen (37–40). Li and Koel (41)
showed that annealing a Pt–Sn mixture formed Pt–Sn com-
pounds incorporated into the first Pt layer, and that heat-
ing to higher temperatures produced a stable alloy struc-
ture, which they characterized using LEED techniques.
Overbury et al. (42) and Paffett et al. (43) also showed
that Sn added to Pt-covered surfaces was incorporated into
the Pt rather than existing as an overlayer. Chojnacki and
Schmidt (44) provided experimental evidence that plat-
inum and tin form several intermetallic compounds such
as Pt3Sn, PtSn, and Pt2Sn3 in a reducing environment, but
that in oxidizing atmospheres, the metals are segregated as
Pt and SnO2 phases. Results of XRD studies described un-
der Results revealed that Pt and Sn exist as intermetallic
compounds, such as Pt3Sn and PtSn in our catalysts. This
suggests that the oxidative dehydrogenation reaction oc-

curred in an overall reducing environment, and that the O2
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must be completely converted in the first few molecular
layers of the catalyst.

Xu and Koel studied the thermodynamics and kinetics
of CO adsorption on Sn/Pt surface alloys and showed that
the adsorption kinetics of CO were strongly influenced by
the presence of Sn (45). They also demonstrated a strong
decrease in the sticking coefficient of CO with increasing
concentration of Sn at high temperatures. Peck and Koel
studied the influence of Sn on Pt catalysts for the dehydro-
genation of cyclohexadiene to benzene (46). They showed
that the addition of Sn to Pt(111) surface completely sup-
pressed the decomposition of product benzene without sig-
nificantly affecting the dehydrogenation of cyclohexadiene.

Some investigators proposed that the effect of Sn on Pt
catalysts involves bifunctional and electronic (ligand) ef-
fects (31, 47), while Afonso et al. suggested that for dehy-
drogenation reactions the effect of Sn is geometric (48).
Coq et al. suggested that Sn merely dilutes the Pt surface,
effectively reducing the average particle size (49, 50).
These studies agree qualitatively with the results ob- graphite in the solid phase together with gas-phase reac-

tained here since Pt–Sn gave higher C2H4 selectivity and

FIG. 11. Equilibrium calculation of product composition for reacting ethane–oxygen–hydrogen mixtures at 950◦C (A) and (C) are calculations for

tions. Figure 11C (varying C2H6/O2 with no H2) and Fig. 11D
selectivities as a function of the ethane/oxygen ratio with no hydrogen adde
ethane/oxygen mixture. (A) and (B) consider solid carbon formation while
ET AL.

conversion. Pt–Sn also gave much lesser selectivity to CO,
CO2, and CH4 than Pt, which is consistent with the claim
that presence of Sn reduces rupture of the C–C bond.
Larsson et al. suggest that Sn increases the ability of Pt
catalyst for reaction of hydrogen with surface carbon dur-
ing dehydrogenation of propane, which is in apparent con-
tradiction to our experimental observations (23).

4.4. Equilibrium Predictions

At temperatures near 1000◦C, thermodynamic equilib-
rium considerations predict that C2H4 should react further
to form more stable compounds such as C2H2, CH4, CO,
and CO2. Figure 11 shows equilibrium selectivities to C(s)
(graphite), CO, CH4, CO2, C2H2, and C2H4 for varying feed
compositions calculated at a typical measured reaction tem-
perature of 950◦C. Figure 11A (varying C2H6/O2 with no
H2) and Fig. 11B (varying H2/O2 at C2H6/O2= 2) show equi-
librium selectivities taking into account the formation of
d. (B) and (D) show selectivities as a function of hydrogen added for a 2/1
(C) and (D) assume only gas-phase reactions.
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(varying H2/O2 at C2H6/O2= 2) show selectivities assuming
only gas-phase reactions with no solid carbon formation.

At equilibrium, solid carbon and CO are the most sta-
ble compounds, with or without H2 addition (Figs. 11A
and 11B). CH4 and CO2 are also significant with selectiv-
ities between 1 and 0.1%. Ethylene, acetylene, and other
higher hydrocarbons should be produced at<0.01% selec-
tivity at equilibrium. Assuming no solid graphite formation
(Figs. 11C and 11D), CO and CH4 are the dominant prod-
ucts. In this case, the selectivity to ethylene and acetylene
is higher, but is still <1%. The conversion of ethane and
oxygen is always complete. These calculations show that
ethylene should be highly unstable under experimental con-
ditions with<1% selectivity at equilibrium for all composi-
tions of ethane/oxygen/hydrogen. Graphite, CO, and CH4

should be the dominant products. Our experimental results
are therefore far from equilibrium, indicating that the over-
all rate of reaction is controlled by kinetic limitations.

4.5. Flames and Explosions

Experiments with ethane/oxygen/hydrogen mixtures
may be dangerous because of the highly exothermic and
spontaneous reaction of a hydrogen/oxygen mixture. It is
known that H2/O2 mixtures are flammable (51) in the gas
phase over a very wide range of compositions, even with
N2 diluent. However, we observed no homogeneous flames
or explosions for any composition of the feed mixture,
even at temperatures much above 1000◦C. This must be
because C2H6 not only dilutes the reaction mixture but also
quenches radical species that would otherwise lead to chain
branching. Homogeneously ethane reacts as rapidly with
O2 as does H2, so the mixture becomes highly fuel-rich.
The endothermic dehydrogenation reaction would also
remove heat to further prevent high-temperature excur-
sions.

This reaction system uses the heat produced by an
exothermic H2/O2 mixture to drive the desired energy-
consuming dehydrogenation process. In steam cracking, the
heat is released outside the reactor tubes, and heat transfer
through these tubes is a slow and rate-limiting process. In
oxidative dehydrogenation, the heat is produced and used
at reaction sites in close proximity, thus eliminating physical
barriers, enhancing heat transfer efficiency, and increasing
the overall rate of reaction.

5. SUMMARY

It is possible to produce ∼85% selectivity to ethylene
at 70% ethane and >99% oxygen conversion using Pt–Sn
catalyst and H2 recycle. These results are at least compa-
rable to those obtained via steam cracking. Furthermore,
oxidative dehydrogenation operates at a much shorter resi-

dence time, requires no additional heat input, and produces
negligible amounts of coke, NOx, CO2, and other emissions.
ENATION OF ETHANE 73

The mechanism clearly involves the initial H2+O2→
H2O catalytic reaction to generate heat and consume all O2.
This is followed by dehydrogenation of C2H6→C2H4+H2

which produces as much H2 as is fed initially. The Pt–Sn sur-
face clearly provides the appropriate surface chemistry to
suppress C2H6 oxidation to CO and CO2 while allowing H2

oxidation to proceed. However, the roles of surface and ho-
mogeneous steps are unknown, and a detailed model of this
process has not yet been formulated. Full two-dimensional
simulations of this process including surface and homoge-
neous chemistry are in progress.
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