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very small catalyst loading on each rod, direct measurement of surface area was not
possible. Surface areas of catalyst samples were estimated to be less than 10 m?/g based

on values measured with powder samples obtained by drying the coating solutions.

4.3.2 Reactor characterization

Measurement of temperature in different microreactor tubes showed uniformity
within 5°C. Measurements of the flowrate through seven of the tubes gave equal values
within £5%, but the other three tubes had significantly lower or higher flow rate. The
unequal flow in these three tubes was likely due to differences in the constrictions inside
the 10-position valve. Therefore, only seven reactor tubes, those with uniform flow rates,
could be used for catalyst testing in this particular system. Of the three tubes having
different flowrates, one was used for blank run, and one for inserting the thermocouple
for furnace temperature control. Measurements of catalyst activity for the last tube gave

considerably higher conversion due to lower flowrate.

4.3.3 Catalyst testing

Preliminary experiments using identical Pt/CeO; catalysts in each reactor gave
conversions varying less than £20%. Runs using rods coated with cerium oxide without
platinum and with unsupported platinum gave very low conversions. The very low
catalyst activity in the first case could be explained by the absence of the component
responsible for methane activation, and in the second case by the very low dispersion of

the unsupported metal. Bitter et al. (1997) reported that unsupported platinum black and
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platinum supported on silica had very low activity whereas platinum supported on
alumina and zirconia had very high activity.

Activities of Pt/Ce; GdxO,05x catalysts for methane reforming with carbon
dioxide were tested in the multireactor system at 650°C and 700°C and the CO yields
obtained are plotted against the gadolinium content in Figure 4.2. In all cases, selectivity
to hydrogen was low, consistent with the low selectivity to hydrogen at low CHj
conversion reported by Bradford and Vannice (1998). Because of the difficulty of
accurately measuring the low levels of hydrogen, catalyst activity was characterized by
the yield of CO which was higher and easier to measure. At 650°C, all catalysts showed
induction periods of approximately 1 h during which conversion increased and reached a
maximum after which it slowly declined to a steady level. Generally, the activity
decreased with increasing gadolinium content and was highest for the Pt/CeO, catalyst.
After the reaction temperature was raised to 700°C, the catalysts with high cerium or high
gadolinium content reached their maximum conversion level within 10 minutes but the
catalysts with intermediate composition of the mixed oxides took 40-50 minutes to reach
the maximum. A trend of decreasing activity with increasing gadolinium content was also
observed at 700°C. At this temperature, all catalysts underwent gradual deactivation
reaching after 1-2 h significantly lower but steady activities.

The CO yields from reaction over Pt/Ce; Sm,0O,.05x at 650°C and 700°C are
presented in Figure 4.3. At 650°C, the Pt/CeO, catalyst had significantly higher activity
than the catalysts containing samarium oxide. Catalysts with 40-70% samarium content
gave very low CO yields and possibly were not fully activated at 650°C within the 1 h of

reaction. After 1 h of exposure to the reactant stream at 700°C, the catalysts containing
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40-70% samarium became activated giving yields of CO only slightly lower than those
obtained with PY/CeO,. Interestingly, catalysts with at least 25% samarium oxide
maintained relatively constant activity for 2-3 h at 700°C, while Pt/CeO, underwent
significant deactivation within the same period.

The induction time to maximum conversion is correlated with the reducibility of
the support so that catalysts supported on mixed oxides, having higher oxygen ion
mobility and being more readily reducible, had significantly longer induction time than
the catalysts supported on the pure oxides. However, the mechanism of this activation
could not be inferred from these limited experiments. Long induction periods for the
same reaction were reported by Wang and Ruckenstein (2000) for rhodium supported on
cerium or zirconium oxides. These authors suggested that the long induction time could
be due to reconstruction of metal particles and migration of partially reduced support
oxides.

Replicate runs showed reproducible trends of catalytic activities for the Pt/Ce,.
«GdxO,.05x and Pt/Ce; «Sm,O; ¢ s« catalysts although the absolute values of the CO vyield
sometimes varied. This variation could be due to small variation of catalyst mass and
uneven flow distribution. In addition, the long induction time could also cause some

differences in yields that are measured within a limited time period.

4.3.4 Extensions
The loading of rare earth or other oxide catalysts can be significantly increased, if
desired, by using instead of the glass rods porous 0-Al,O3 rods, and instead of dip-

coating applying the solution by impregnation. Rods of porous alumina can also be used



72

directly as metal supports using conventional impregnation. Another way to vary the
catalyst loading is by changing the viscosity and/or concentration of coating solutions or
the coating withdrawal speed. For example, using 8% (wt/v) poly vinyl butyral instead of
ethyl cellulose (increasing the viscosity of the coating solution from 30 cps to 180 cps),
the catalyst loading on each rod was increased to 120 ug.

The multitube design can be modified to accommodate a much larger number of
tubes. Increasing the diameter of the surrounding tube (see Figure 4.1) from 2.5 to 7.5 cm
will allow as many as 100 microreactor tubes to be accommodated. Automatic liquid
dispensing will be essential for preparing a large number of solutions. A combination of
multiposition valves will permit sequential sampling all microreactors. Alternatively, a
movable capillary probe may be inserted sequentially in the microreactors to draw
product for mass spectrometry. In the case of a larger surrounding tube, uniform
temperature can be achieved by preheating the feed gas before introduction into the

surrounding cylinder.

4.4 Conclusions

A system of nine parallel microreactors was constructed that permits convenient
catalyst preparation and loading in the form of thin films coated on quartz rods. By using
a suitable polymer, the viscosity of all coating solutions can be raised to the same level
guarantying uniform catalyst loading at dip-coating. The solution viscosity and other
parameters of coating can be varied to change the catalyst loading. Multi-position valves
can be used to conduct the product streams sequentially to a mass spectrometer for

analysis. When using such valves, it is necessary to check for uniformity of flowrates
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through the individual microreactors. The number of individual microreactors can be
increased by a factor of 5 or 10 by using a larger number of multiposition valves and
preheating the feed to maintain uniform temperature.

The multireactor system was tested with carbon dioxide reforming of methane on
a series of Pt/Ce;Gd 0,95« and Pt/Ce;,Sm,0; 55 catalysts. The coated catalysts
showed similar properties to bulk catalysts and gave consistent and adequate activities for
comparison purposes. The results showed that the Pt/CeO, catalyst had higher activity
than the catalysts supported over the mixed oxides. However, mixed samarium-cerium
oxide showed a potential benefit of stabilizing catalytic activity although further

experiments are needed for verification.
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Figure 4.1 (a) Schematic of the multireactor system and (b) product line of the multi-

reactor system.
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Figure 4.2 CO yield from CH, reforming with CO; on Pt/Ce, ,GdxO,. o5« at (a) 650°C, (b)

700°C at different times on stream.
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Figure 4.3 CO yield from CH, reforming with CO; on Pt/Ce; ,Sm,O; s« at (a) 650°C,

(b) 700°C at different times on stream.
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Chapter 5

Conclusions
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5.1 Conclusions

Methane partial oxidation readily takes place in the absence of gaseous oxygen
over platinum or ruthenium supported on CeO,-ZrO,. Addition of ZrO, to CeO;
considerably increases the reducibility of the oxide and the rate of methane oxidation but
decreases the selectivity to CO and H; in the overall product. The oxidation of methane is
initially very fast but produces mainly total oxidation products. The higher the ZrO,
content, the more CO; and H,O produced as the oxide support must be reduced to 10, 40,
and 65% degree of reduction for the oxide with 0, 20, and 50% ZrO,, respectively, before
the high selectivity above 90% can be achieved. The oxidation utilizes lattice oxygen of
the oxide support therefore the reaction is terminated when the available lattice oxygen is
depleted. However, at high methane concentration, carbon deposition occurs so rapidly
that the oxidation reaction is terminated by coking of the metal particles before depletion
of available lattice oxygen. The fast rate of carbon deposition could be a problem for the
application of this catalyst but by adjusting the feed ratio of solid oxide to methane it may
be possible to minimize carbon deposition.

Methane partial oxidation over platinum supported on cerium oxide or aluminum
oxide appeared to involve total combustion followed by reforming of the remaining CHy
with CO; and H,O. At low temperatures, the Pt/CeO, catalyst gave higher conversion and
selectivity, possibly due to the faster reforming rates enhanced by redox reactions near
the interface of Pt-CeO, where lattice oxygen can oxidize adsorbed methane and be
replenished by reaction with CO, and H,O. At higher temperatures, the promotion effect

of the cerium oxide support becomes less important and the activities and selectivities of
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both catalysts become comparable. The Pt/CeO, catalyst also maintained high activity
and selectivity throughout variations of the CH4:0, feed ratio from 1.7 to 2.3 while the
Pt/AL,O; catalyst had lower activity under methane-rich conditions.

A system of nine parallel microreactors was constructed to facilitate testing of
heterogeneous catalysts. The system design permits convenient catalyst preparation and
loading in the form of thin films coated on thin quartz rods. By carefully controlling the
coating procedure and the concentration and viscosity of the coating solutions, uniform
catalyst loading can be attained as well as the amount of catalyst can be adjusted. The
number of individual microreactors can be increased by a factor of 5 or 10 using the same
reactor design and preheating the feed gas to maintain uniform temperature. The
multireactor system was tested with carbon dioxide reforming of methane on a series of
platinum supported on cerium-gadolinium or cerium-samarium oxides. The results
showed that the Pt/CeO, catalyst had the highest activity among the series of catalysts
tested. However, mixed samarium-cerium oxide showed a potential benefit of stabilizing

catalytic activity although further experiments are needed for verification.



