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Support effects on the production of synthesis gas and olefins by
the partial oxidation of light hydrocarbons has been examined on
noble metal catalysts at contact times of ~5 ms. We consider the
effect of the following parameters on selectivities and conversions:
adding a washcoat, varying pore size, ceramic support material,
and loading of noble metal. In oxidation of methane on rhodium-
coated monoliths, maximum hydrogen selectivity improves from
89 to 95% on the addition of a washcoat. It is also a strong func-
tion of the catalyst pore size, changing from 83% on a catalyst with
20 ppi (pores per inch) to 93% on a catalyst with 80 ppi. It varies
from 86 to 91% on different ceramic supports with ZrO; giving the
best results. Using n-butane as the fuel, the hydrogen selectivity
improves from 70 to 95% on adding a washcoat and changes from
70 to 95% on changing the pore size. In the oxidation of ethane
on platinum-coated monoliths, the addition of a washcoat reduces
ethylene selectivity from 63 to 35%, while changing the pore size
results in minor variations. On different ceramic supports, the ethy-
lene selectivity varies from 60 to 64% with mullite giving the best
results. We find that washcoat addition, decreasing pore size, and
replacement of zirconia for alumina as the support material in-
crease syngas selectivity and reduce olefin selectivity irrespective of
the fuel, catalyst, or amount of diluent used. Most of these results
can be explained on the basis of differences in mass transfer rates to
the catalytic site between catalysts of different support geometries.
It is argued that homogeneous reactions play a minor role in these
short contact time processes.  © 1998 Academic Press

INTRODUCTION

We have recently examined the partial oxidation of
methane to syngas and ethane to ethylene over noble metal
coated ceramic foam monoliths at contact times of the or-
der of milliseconds and temperature of ~1000°C (1-3). In
methane oxidation, the desired reaction is

CH4 +1/20, - CO 4+ 2H,, AH = —8.5 kcal/maol.

We have shown that approximately 90% selectivity to syn-
gas can be obtained at complete oxygen and >90% methane
conversion over rhodium coated monoliths. In ethane oxi-
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dation, the desired reaction is the oxidative dehydrogena-
tion to ethylene,

CoHg +1/20, — CoHs + H, O, AH = —25 kcal/mol.

In this case, approximately 65% selectivity can be obtained
at complete oxygen and 60% ethane conversion on plati-
num coated monoliths (4, 5). When Sn is added to Pt, se-
lectivities as high as 70% can be obtained (6). These new
processes offer several advantages over conventional pro-
cesses for the production of syngas and olefins such as steam
reforming and steam cracking (7, 8). They can be carried out
autothermally, eliminating heat transfer problems. Also,
they are very fast and require much smaller reactors.

We have typically used «-Al,Oj3 reticulated foam mono-
liths as catalyst supports. These consist of a single block of
material with a continuous ceramic phase and a continuous
pore phase. The pores have afairly uniform size measured in
pores per linear inch (ppi) and most experiments have been
carried out on 45 ppi foams. Normal monoliths have very
low surface areas (~1 m?/g) compared to conventional cata-
lysts, although washcoating can increase the surface area to
~10 m?/g.

The effect of reactor configuration and catalyst geom-
etry on the selectivities and conversions in partial oxida-
tion reactions has been studied previously. Capannelli et al.
compared the performance of packed bed, monoalithic, and
membrane reactors for the oxidative dehydrogenation of
propane on VV,0s/y-Al,O3 catalyst (9). Hickman et al. com-
pared alternate catalyst supports consisting of various ma-
terials, geometric configurations, and catalyst loading for
HCN synthesis and NH3 oxidation (10). Dietz et al. inves-
tigated syngas and olefin synthesis on ceramic foams, ex-
truded ceramics, ceramic fibers, and woven gauze catalysts
(11). In this study, we examine the effect of washcoat addi-
tion, changing pore size, support material, and catalyst load-
ing on several important parameters in the above reactions.

EXPERIMENTAL

The reactor was essentially identical to that described
previously and consists of a 1.8 cm diameter quartz tube (3).
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FIG. 1. Typical results for methane oxidation on Rh/Al,O3 and Rh/washcoated Al,Oj3 catalysts. H, and CO vyields are higher on the washcoated

catalyst.

The 1-cm long monolith catalyst was immediately preceded
and followed by inert ¢-alumina monoliths of 45 ppi to min-
imize heat losses in the radial direction. Gases were fed
at 20°C and no external heat was supplied. Bypass of the
reactant gases around the catalyst was avoided by sealing
the monoliths with a high temperature alumina-silica cloth.
Temperatures were monitored by using a bare Pt/13% Rh
thermocouple inserted from the rear end of the quartz tube
between the catalyst and the back radiation shield. In ex-
periments reported here, the total feed flow rate was always
maintained at 5 slpm which corresponds to a residence time
of ~5ms. In all experiments, nitrogen dilution was 30% and
the reactor outlet pressure was maintained at 1.2 atm, un-
less otherwise mentioned.

Product gases were fed through stainless steel lines to a
sample loop of an automated gas chromatograph. The GC
was a HP5890 with a 5A molecular sieve to separate O, Ny,
CHy, and CO and a Haysep D column to separate all other
species. Nitrogen is an inert was added to the system as a
GC calibration standard. The product gas C and H balances
typically closed within +5%.

Catalysts

Catalyst samples were prepared by impregnation of
monoliths with a saturated solution of metal salt (H,PtClg
in the case of Pt catalysts and RhNOj3 in the case of Rh
catalysts). The samples were then dried overnight and cal-
cined using a suitable procedure as described previously
(4). Monoliths used in all experiments were obtained from
Hi-Tech Ceramics Inc., Alfred NY. Alumina was used as
the support for all pore size and washcoat experiments.
Pore size has been varied from 20 ppi (average pore diam-
eter of ~800 m) to 80 ppi (~200 um). The washcoat used
in all experiments consisted of a thin layer of y-alumina
(~30-50 um) applied subsequent to the preparation of the
monolith. To study the effect of support material, foam
monoliths prepared from various ceramic materials were
obtained. These include a¢-alumina (92% Al,O3, 8% SiO5),
mullite (63% Al,O3, 37% SiO,), zirconia, zirconia-tetra-
alumina or ZTA (20% ZrO;, 80% Al,O3), oxide-bonded
silicon carbide, or OBSIiC (50% SiC, 40% Al,0O3, 10%
Si0Oy), cordierite (15% MgO, 35% Al,03, 50% SiO,) and
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lithium aluminum silicate or LAS (4% LiOy, 29% Al,Os3,
67% SiO,). All these supports were nominally identical in
terms of pore size (45 ppi), void fraction (~80%) and di-
mensions (18-mm diameter and 10-mm length). Scanning
electron micrographs of these supports indicated compara-
ble geometries, although different materials had different
roughness on a microscale as will be discussed later.

RESULTS

Methane Oxidation

Typical results for methane oxidation on a Rh/Al,O3
catalyst can be seen in Fig. 1. On changing fuel/oxygen ratio
from 1.5 to 2.1, CO selectivity rises from 91 to 94% while
H, selectivity stays at ~86%. Methane conversion drops
from 99 to 70%. The effect of Rh loading on methane oxi-
dation has been reported previously (17). It was found that
selectivities and activities remain identical for Rh loadings
between 1 and 15%. In all experiments described here, Rh
loading is maintained considerably higher than 1%.

Figure 1 also compares results on a washcoated Rh cata-
lyst to the one mentioned above. Compared to the normal
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catalyst, we see an improvement in maximum H; selectivity
from 89 to 95% accompanied by a decrease in CO selec-
tivity from 94 to 92%. Methane conversion is higher and
temperature is lower on the washcoated catalyst. This result
has been reproduced on three different samples of wash-
coated catalysts. Although the selectivity to CO decreases
on adding a washcoat, the yield is higher because of greater
fuel conversion.

Results of catalysts with different pore sizes are com-
pared in Fig. 2. H; selectivity and CH,4 conversion are seen
to increase as the pore size is reduced. Although no trend
in CO selectivity can be observed, the yield is higher on
catalysts with smaller pore size. Thus, decreasing the pore
size also results in greater syngas yield.

Figure 3 compares Rh catalysts prepared on different
supports. Cordierite and lithium aluminum silicate ceram-
ics have low melting points and can withstand temperatures
up to 1000°C only. Catalysts made on these supports melt
as soon as ammonia introduced for startup is removed. It is
seen that zirconia-supported catalysts give better H; selec-
tivity than those supported on alumina. Again, CO yields
follow the same sequence as do H; selectivities (and yields).
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Effect of pore size of Rh/Al,O; catalyst on methane oxidation. Smaller pore size gives better syngas yields.
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ZrO, can withstand temperatures of up to 2000°C and this
is an added advantage in using ZrO, containing monoliths
to prepare the catalyst.

Ethane Oxidation

Typical results for ethane oxidation on Pt/Al,O3 can be
seen in Fig. 4. Ethylene selectivity rises from 57 to 63%
while ethane conversion drops from 92 to 62% on increas-
ing the fuel/oxygen ratio. We have carefully studied the ef-
fect of loading on this process. To eliminate other effects,
five monoliths with identical weights were selected out of
30 samples and were loaded at the same time to give cata-
lysts of approximately 5, 3, and 1% loading of platinum
(actual loadings were 5.1, 5.3, 5.5, 2.7, and 0.96%). Care
was taken to carry out the experiments in an identical man-
ner. Figure 4 compares important parameters on these five
catalysts.

Itis seen that 1% Pt catalyst gives better C,H, selectivity
(64.6%0), as compared to 3% Pt catalyst (63.7%) and 5% Pt
catalyst (63.5%0). Conversion also follows a similar trend as
C,Hgselectivity. These results show that lower loadings give
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Effect of support material on methane oxidation. Rh catalysts prepared on zirconia containing supports give higher syngas yields than

better C,H, selectivity and ethane conversion but that the
improvement is very small. In all experiments described be-
low, we have maintained Pt loading above 1% to eliminate
possible loading effects.

Figure 5 shows C,H,4 and CO selectivity, ethane conver-
sion, and temperature on a washcoated Pt catalyst superim-
posed on the results of a typical Pt/Al,O3 catalyst. We see a
large deterioration in C,H, selectivity and ethane conver-
sion accompanied by a consequent increase in CO selectiv-
ity on the washcoated catalyst. Results of Pt catalysts with
different pore sizes are presented in Fig. 6. C;H4 and CO
selectivity increase with decrease in pore size with 80-ppi
catalyst giving maximum selectivity, although the difference
is very small.

Figure 7 compares Pt catalysts prepared on different sup-
port materials. We see better C,H, selectivity on mullite fol-
lowed by «-Al,O3 supports. Zirconia-containing supports
give lower C,H, selectivity than alumina-based materials.
Conversions also follow the same trend but the trend is
reversed for CO selectivity with the catalyst on zirconia
support giving the highest CO selectivity. Recalling results
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FIG. 4. Typical results for ethane oxidation on Pt/Al,O3 catalysts with different loadings.

in the methane oxidation process, we see that support selec-
tion here is reversed in order, since ethylene is the desired
product.

n-Butane Oxidation

Typical results for n-butane oxidation in air on Rh/AIl,O3
can be seen in Fig. 8. CO and Hj selectivity decrease from
80 to 40% and 70 to 20% on increasing butane/oxygen ra-
tio, while ethylene selectivity rises from 5 to 25%. Figure 8
also compares results on a washcoated Rh catalyst with the
Rh/AI,O3 catalyst. We see a large rise in H, and CO selectiv-
ity and a drop in C4H310 conversion upon adding a washcoat
to the Al,O3; monolith. Operation at butane/oxygen =0.45
is particularly attractive with 98% conversion, 95% H, se-
lectivity, and no production of higher hydrocarbons.

Figure 9 compares catalysts of different pore sizes pre-
pared under otherwise identical conditions. The figure
shows that the H, and CO selectivity increase and the fuel
conversion decreases with decreasing the pore size. Lower
conversion on monoliths with smaller pores is a result of
lower C,H,4 and higher CO selectivity, requiring a greater
amount of oxygen and, thus, reducing the fuel consumption.

We see that the effect of adding a washcoat and decreas-
ing the pore size in n-butane oxidation on Rh catalysts fol-
lows the same trends as they did in methane oxidation de-
scribed at the start of this section. Also note that oxygen
conversion is always complete in all these processes.

DISCUSSION

The above results indicate that washcoat addition, de-
creasing pore size, and replacing alumina by zirconia in the
support material increase the syngas production and simul-
taneously reduce the olefin yield, irrespective of the fuel,
catalyst, or amount of diluent, although the effect of wash-
coat and pore size is much greater than the support mate-
rial. Also, noble metal loading has a very small effect on the
selectivities and conversions in these reactions.

Monolithic partial oxidation processes are considerably
different from those in conventional packed bed processes
(12). These reactions are exceedingly fast and go to essen-
tially complete conversion of the limiting reactant even at
millisecond contact times. Conversions are independent of
the flow rates over more than a factor of 10 in the flow
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rate, which suggests that catalyst surface area is unimpor-
tant in determining the yield of the desired product (13).
At 1000°C, assuming a kinematic viscosity of ~2 cm?fs,
superficial velocity of ~10 m/s, and average pore size of
~0.05 cm, the Reynolds number of gas flow is 25. Hence,
gas flow in the monolith structure should be laminar under
these experimental conditions in all catalysts. Since surface
reaction rates are very fast, the process is limited either by
rate of adsorption or mass transfer of the limiting reactant
to the catalyst surface.

Hickman and Schmidt propose a purely heterogeneous
mechanism to explain the results of methane oxidation on
Rh monoliths (14). They used a multistep model with a
sequence of adsorption, surface reaction, and desorption
steps, with reaction parameters obtained from the litera-
ture or fitted to previous experiments. According to this
model, CH4 and O, molecules adsorb dissociatively on the
catalyst to give Cs, Hg, and Os surface species. Cs adatoms
react with Osadatoms to produce CO and CO; in successive
steps. Similarly Hs adatoms react with Os to form OH, and
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Effect of adding a washcoat to Pt/Al,03; monolith on C,Hg oxidation. Adding a washcoat considerably reduces C,H, selectivity and C,Hg

then H,O or react with Hs to form H,. The simulated re-
sults from this 18-step model were in pretty good agreement
with experimental results on Pt and Rh catalysts. Syngas is
an equilibrium product at high temperatures. In partial ox-
idation process, it is an intermediate and oxygen should be
very quickly consumed before it can react with CO and H,
to form CO, and H,0.

This model was extended by Huff and Schmidt to the
oxidative dehydrogenation of ethane on Pt monoliths (15).
Here, C,Hg was assumed to adsorb dissociatively to form
CsHss, Hs, and OHg surface species. g-elimination of the
H-atom of adsorbed C,Hs results in C,H,4 formation. CoHy
can further decompose to form graphite on the solid sur-
face or react with oxygen to produce CO or CO,. Only
a few percentages of ethylene is predicted at thermody-
namic equilibrium. Graphite is a stable solid product and
the gas phase mixture should predominantly contain syn-
gas at equilibrium. Ethylene should therefore be removed
from the catalyst as soon as it is formed to prevent it from
reacting further to give unwanted products.
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Pore Size

Under laminar flow conditions, the Sherwood number
will be independent of Reynolds number as a first approxi-
mation (16). If we approximate the monolith structure as a
number of cylindrical tubes of equivalent diameter, d, then
one would expect

km = D/8
—2D/d,

where k, is the mass transfer coefficient, D is the diffusion
coefficient, and § is the boundary layer thickness. Conse-
quently, the rate of mass transfer of reactants to the cata-
lyst surface will be higher for catalysts with smaller pore
size than those with larger pores. Since oxygen conversion
is always complete, in methane and n-butane oxidation this
will mean that oxygen is quickly reacted in the early part
of the catalyst before it can react with CO and H, to form
CO; and H,0. The more rapid predicted conversion of O,
appears to explain the higher syngas yields on catalysts with
smaller pores.

In ethane oxidation on Pt catalysts, better mass transfer
of oxygen to the surface will enhance the formation of Co;H,
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and CO and consume more oxygen in the process, leaving
less oxygen for the oxidation of these molecules to form
CO,. Hence, we observe an increase in C,H, and CO yields
and a consequent decrease in CO; yield on reducing the
pore size, although this effect is much smaller than that in
CH, oxidation.

Washcoat

Application of a washcoat to the monolith roughens the
surface and adds microporosity to the walls of the cata-
lyst. This is expected to increase mixing in the reactant
gases which will improve mass transfer of the limiting re-
actant (oxygen) to the catalyst surface. Thus, we should
obtain improved syngas yields in methane and butane oxi-
dation. Experiments were carried out on washcoated cata-
lysts prepared on 45-ppi foams, where the average pore
size is 450 um. The washcoat thickness is approximately
30-50 um while the surface irregularities are expected to
be of the order of 2-3 um. Although the effect of surface
roughening on mass transfer is not expected to be very large
for laminar flows (12), the increase in surface area of Rh
due to washcoating could also be responsible for improved
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syngas Yyields since Rh is known to promote CO and H,
production.

In ethane oxidation, ethylene should be removed from
the reactor as soon as it is formed to maximize its yield.
On washcoated catalysts, ethylene could get trapped in
the microporosity on the washcoated surface. This could
lead to decomposition to form graphite or further reaction
with oxygen to form CO and CO, which explains the con-
siderable reduction in ethylene selectivity on washcoated
catalysts.

Alternately, y-Al,O3 on the monolith surface could it-
self be catalytically active and could favor the formation of
syngas, whose yield is found to increase on the washcoated
surface irrespective of the noble metal used as catalyst. We
believe this effect to be small because the y-Al,O3 should
be rapidly converted to «-Al,O3 at reaction temperatures.

Catalyst Loading

We find that changing Pt or Rh loading between 1 and
10% has a small effect on selectivity and conversion (17). In
fact, coating only the front face of the foam with noble metal
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Effect of support material on ethane oxidation. Alumina-containing supports give higher ethylene selectivity and ethane conversion than

also gives comparable results to a uniformly coated catalyst.
This leads us to believe that partial oxidation reactions on
noble metals proceed extremely rapidly, and a minimum
loading of these metals is sufficient to achieve nearly the
optimum selectivity and conversion.

Support Material

The support is usually an inert surface that provides a
means of spreading out the metal catalyst for its most effec-
tive use. In some cases, the support may actually contribute
catalytic activity, depending on the reaction and reaction
conditions. In the reactions considered here, however, the
effect of changing support material was observed to be
small, probably smaller than the effect of catalyst geom-
etry. Changing the noble metal catalyst, on the other hand,
has a large effect on the results. Pt catalysts give significant
olefinic products, Rh catalysts give maximum selectivity to
syngas, while Pd catalysts coke rapidly.

Panels (a) and (b) of Fig. 10 show SEM micrograph im-
ages of ~1% Pt/ZrO, and ~5% Rh/AIl,O3 catalyst after
several hours of operation. Panels (¢) and (d) show surfaces
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FIG. 8. Typical results for n-butane oxidation on Rh/AIl,O3; and Rh/washcoated Al,O; catalysts. H, and CO selectivity are higher on washcoated

catalyst.

of ZrO, and Al,O3 supports without metal loading. These
images show that the noble metal exists as small crystalline
particles on the surface. The size of the crystalline particles
was observed to be about 1 um for both Pt and Rh and was
nearly independent of the loading or support. It can also
be seen that the morphology of the ZrO, and Al,O3 sup-
ports is considerably different with alumina exhibiting finer
grainsize (~2 um) than ZrO; (~6 um). The surface of ZrO,
foams appears rougher than Al,O3 on that size scale. The
differences observed on various support could be largely a
consequence of the different surface characteristics rather
than differences in any catalytic properties of the ceramic
materials. ZrO, foams and washcoated alumina have micro-
scopically rougher surface, and thus give greater selectivity
to syngas, compared to catalysts prepared on Al,O3; foams.

The Role of Homogeneous Chemistry

The contribution from homogeneous chemistry in cata-
lytic partial oxidation reactions has been a subject of much
attention (2, 5, 23, 24). We have previously argued that

heterogeneous reactions dominate in these short contact
time processes. This has been based on observations that
catalysts prepared with different noble metals behave very
differently (25), feed mixtures in these experiments are
far outside flammability limits, ignition delay time of gas
phase reactions are of the order of 10 ms, and the walls of
the monolith catalyst should provide a high surface area
to scavenge free radical homogeneous reaction propaga-
tors. Although experiments carried out here indicate that
these high-temperature oxidation reactions appear to be
controlled by the transport of reactant species to the cata-
lyst surface, they do not give much insight to the contribu-
tion of homogeneous chemistry; 20 ppi catalysts have much
greater void fraction than 80 ppi catalysts and there should
be less diffusion of radicals and heat to the walls. Therefore
more gas-phase chemistry is expected to occur inside the
larger channels of these monoliths. However, very slight
difference in behavior of Pt catalysts prepared on 20 and
80 ppi monoliths are experimentally observed which is con-
sistent with our previous argument that these reactions are
predominantly heterogeneous.
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FIG. 9. Effect of pore size on n-butane oxidation. H, and CO selectivity rise, conversion drops on monoliths with smaller pores.

In contrast to these experiments, recent results show that
there is a considerable oxygen breakthrough in the oxida-
tion of higher alkanes such as pentane and hexane (26).
Quenching of reaction gases after the catalyst decreases

Physical Properties of Some Ceramic Support Materials

TABLE 1

Modulus Thermal
Support Melting point Thermal Thermal shock Compressive of rupture® expansion
material (°C) conductivity resistance® (gm) strength (psi) (psi) (10-6C)
Mullite 1700 high 1.1 108 160 —
a-AlL,O3 1870 high 1.3 301 418 75
Zirconia tetra 2100 low 0.9 181 150 8.0
alumina
Stabilized ZrO, 2470 low 0.4 146 256 7.9
Silicon carbide 1720 v. high 0.1 155 240 55
Cordierite 1470 — 0.0 215 192 2.0
Lithium 1367 — 0.0 150 190 1.2
aluminum
silicate

@ Weight loss after sample was rapidly heated to 1800°F and cooled to room temperature.

b Determined by 3-point bend test.

oxygen and fuel conversion. In oxidation of C;-C, hydro-
carbons on woven noble metal gauze, the contact time is of
the order of ~10~° ms (27). The high transparency (81%)
of the gauze, combined with short contact times, leads to a
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FIG.10. SEM micrographimages: (a) 1% Pt/ZrO,, (b) 5% Rh/Al,O3, (c) ZrO,, (d) Al,O3. The noble metal exists as crystalline, aggregated particles
on the ceramic surface. The surface of ZrO; is rougher than that of Al,O3 foam.

significant amount of reactants passing between the cata-
lytic wires. High oxygen conversion is achieved with a sin-
gle layer of gauze despite this fact. Significant homogeneous
chemistry could be occurring in both these processes.

CONCLUSION

The choice of catalyst metal is undoubtedly the most
crucial factor determining yield of the desired productinall

these processes. These experiments indicate that support
geometry may also affect the performance considerably.
The addition of a washcoat tends to increase CO and H;
yields for any fuel, catalyst, or diluent. If syngas is desired,
adding a washcoat is preferred; if intermediates such as
olefins are desired, then use of a nonwashcoated catalyst is
preferred. Decreasing pore size increases CO and H, yields
on Rh catalysts and also increases ethylene yields on Pt cata-
lysts. The smallest possible pore size should be used in either
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case, which will be limited by pressure drop constraints
or by limitations in the manufacturing process. Changing
support material does not strongly affect the production
of desired products in these processes. It would be more
appropriate to choose the right kind of support, depending
on the operating conditions such as reaction temperature,
thermal expansion requirements, etc. An argument based
on change in mass transfer rates on catalysts with different
support geometries explains most of the experimental
results. We also suggest that homogeneous chemistry plays
a minor role in these reactions, at least for small alkanes.
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