PART II

STEAM REFORMING OF n-HEXANE ON PELLET
AND MONOLITHIC CATALYST BEDS

A Comparative Study on Improvements due to Heat Transfer



INTRODUCTION

Steam reforming of desulfurized heavy hydrocarbon fuels for fuel cell applica-
tjons of interést to electric utilities requires high catalyst temperatures
(1500~1700°F) and high steam-to-carbon ratios. Since steam reforming is endo-
thermic, the heat must be tkansferreq through the reacter walls and throughout
the catalyst bed. The temperature required on the outside walls of the reac-
tor, therefore, is in excess of the temperature within the catalyst bed. Pre-
heat of the fuel and steam prior to entry into the catalyst bed can provide a
certain ampunt of the energy required, but is 1imited to the point at which
steam-cracking of the fuel (which can produce soot) occurs. Most of the reac-
tion energy required, therefore, is supplied through the reactor walls. Steam
reforming of heavier fuels, which normaily contain as much as 0.3-0.5 wt.%
sulfur, without removing the sulfur, would require even higher wall tempera-
tures than for clean fuels to inhibit the poisoning of base metal catalysts.
However, as higher temperatures are reached, the reactor materials become more
expensive and less durable. In addition, the high temperature operation is
less efficient because of the higher heat loss in the exhaust gas. Thermal
gradients through the catalyst bed from wall te centerline contribute to
sintering or poisoning of the catalyst, particularly during a load-following

transient that might be anticipated in actual fuel cell use in utilities.
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Honeycomb monolithic supports for steam reforming catalysts appear promising in
that they have the potential of improving radial heat transfer necessary to
reduce thermal gradients in the catalyst bed. The connecting walls of the
moncolith provide a continuum for superior heat transfer relative to the poor
heat transfer through edge and point contact present in a pellet bed. With the
more uniform bed temperature of a monolith, the possibility of hot spots and
areas of nonreactive holes due to poor packing can bé eliminated. The more
uniform temperature also results in a more uniform reaction zone that is easier
to control. This is of particular importance in avoiding soot formation in the
catalyst bed. Another important factor is that because of better heat transfer
properties, monoliths are expected to “respond” faster during transients in
fuel cell load following. As a result of better heat transfer through the
catalyst bed, Tess expensive wail material with longer lifetime can be imple-
mented. Successful application of monolithic catalysts to steam reformers
could thus offer substantial energy savings in both steady state and transient

operation.

We have recently reported (11} on steam reforming tests of n-hexane on mono-
Tithic catalyst beds. A 20-inch long bed was loaded first with a commercial
pellet steam reforming catalyst (G6-90C), and then with two different honeycomb
monoliths. In one case, the total length of the bed was made up of ceramic
monoliths (Cordierite) supporting nickel catalyst, while in a second case, a
hybrid configuration was used having 8 inches of a metal monolith support
(Kanthal)}, also impregnated with nickel, followed by 12 inches of the same
ceramic monolith catalyst as in the first case. A washcoat of v-alumina was
used on both types of monoliths to provide a high surface area for the nickel

catalyst.
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Comparative tests between the pellet and monolithic beds were run at simiiar
operating conditions (steam-to-carbon ratios, external heat flux, inlet temper~
atures and space velocities). Results from tests with the ceramic monolith
have shown that the Cordierite subport with its y-alumina washcoat was not
stable when used throughout the length of the bed; a rapid disintegratfon of
the solid was observed at conditions common to steam reformers. This instabil-
ity was probably due to breaking of the washcoat (through phase changes and
carbon formation), and subsequent extraction of the support silica by steam at

the high temperatures of operation.

In following tests, the combination of a metal honeycomb monolith (at the top
of the bed) and a ceramic monolith (at the bottom) was tested in the steam
reformer. With this configuration, the shortcomings of using the Cordierite
monolith exclusively throughout the total length of the bed were expected.to be
alleviated because the metal monolith at the top would have better heat trans-
fer characteristics and, thus, be Tess prone td carbon formation. The
Cordierite monolith at the end of the bed would compiete the steam reforming
reaction with lower probability of hydrothermal disintegration due to lower
amounts.of steam present there. fhis "hybrid" monolith was found to have
better radial heat transfer properties than the pellets, and a similar conver-
sion efficiency to that of the peliets, initially. In later ‘tests, however,
which followed carbon formation in the bed (and irreversible plugging of many
monolith cells), the conversion characteristics of the hybrid monolith were
changed. Intermediate hydrocarbons {ethylene, propylene) were produced in
higher amounts, and temperatures dropped because of higher effective flowrates
through unplugged cells. Carbon formation in the Cordierite monolith followed

hy long desocoting periods caused the complete physical breakdown of portions of
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this monolith. The metal monolith pieces, however, were retrieved in good

condition, even though many of their cells had been plugged with carbon.

In the work reported here, we have used only metal monolithic supports, which
appear to have better radial heat transfer characteristics in the steam
reformer than conventional pellet beds, and which were also found to be stable
in our previous tests. Reaction temperatures and products, and the propensity
for carbon formation have been compared between a coﬁmercial catalyst pellet
(8-90C) bed and two different metal monolithic catalysts under similar

operating conditions,
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EXPERIMENTAL

Apparatus

The steam reforming system used in this work is simply a tubular packed bed
reactor positioned inside a three-zoned furnace. Figure 20 shows a schematic
of this steam reforming system. Fuel is vaporized in an electrical heater and
mixed with steam that is alsc vaporized and preheated by electric heaters. The

hot mixture is then fed down through the catalyst bed.

A 2.5 inch I.D. bj 31.5 inch long Inconel feactor was used in all tests. Both
end pieces are constructed ﬁith two multiport accesses for thermocouple inlets
to the catalyst bed. The reactor is mounted vertically inside a hinged type
35 k4 Mellen furnace. Three-zone heating is provided by three individually
controlied zones in the furnace. The furnace is 29.5 inches long but the
design of the furnace is such that the top 2 inches and the bottom 2.5 inches
"are unheated and contain insuiating material. Thus, approximately the top 4
inches of the reactbr are at lower temperature than the main body of the
furnace. For this reason, this area-is not filled with catalyst. In this
phase of the work, the inlet to the reactor was made of refractory materia&
with a conical shape to avoid stagnation areas and fo provide uniform inlet
conditions. Pieces of multi-channel alumina sponge were used to fill the
reactor inlet. All feed lines, heaters, etc., were insulated to minimize heat -

losses.

Bed temperatures were monitored by Inconel sheathed chromel-alumel thermo-
couples. In the tests described here the catalyst bed was 8 inches long, so
only sixteen thermocouple ports in the top flange were used. Figure 21 shows a

schematic of the catalyst bed and the position of the imbedded thermocouples.
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Figure 20. Schematic of the Steam Reforming System.
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Additional thermocouples were used externally to monitor the reactor wall
temperatures. Three gas probes (1/8 inch 1.D.} were also 1n§talled through the
top flange to sample gases from different bed locations. Gas samples were
continuously analyzed for hydrogen, carbon monoxide, carbon dioxide and total
hydrocarbons with analyzers specific for each gas. A HP-5830 gas chromatograph
(FID) was also used for individual hydrocarbons identification and amalyses.
Materials
(a) Fuel
n-Hexane was the choice of hydrocarbon for steam reforming, in part
because whatever is unconverted can be measured by the gas chromatagraph.
Technical grade was used for econgmy reasons. The chemical composition

of the technical grade n-hexane purchased from Phillips Petroleum is as

foilows:

Normal Hexane: . 97.7% (Min = 95,0%)
Methylcyclopentane: C2.1%
3-methylpentane: 0.2%
2-methylpentane: trace

{b) Catalysts

Steam reforming tests 1n-this phase of the work ware performed on cata-
lysts supported by heta} monolith and ceramic pe1]e£s. The monolithic
bed used was comprised of four, 2-inch long pieces, as shown in Figure
21. These had a honsycomb geometry (hexagonal channels) with a cell

density of 250 ce]]s/inz. The monolithic catalyst substrate was made
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from Kanthal (Fe-Cr-A)l alloy) which was washcoated with y-alumina, then
impregnated with nickel. The first metal monolith (I) used was the same
as the one used in earlier tests (11) in series with the ceramic

(Cordierite) monolith. The composition of the four monoiithic pieces as

received is shown in Table VYIII.

Following the series of tests on metal menolith I, new steam reforming tests
were run using a conventional peilet catalyst. The commercial Girdler 6-90C
catalyst was used in the form of cylindrical tablets (1/4 in x 1/4 in). This
is composed of nickel impregnated on a ceramic support (calcium aluminate).
The physical and chemical characteristics of this catalyst are given in Table

VIII.

Upon completion of the tests with the pellet catalyst bed, a new metal sup-
ported monolithic catalyst (I1) was tested in the steam reformer. The-same
substrate ﬁas used as before (Kanthal), washcoated with y-alumina, but its
impregnation with nickel catalyst was done in-house. After the four monolithic
segments had been cut to fit tightly inside the reactor tube, they were impreg-
nated with nickel. The ffna] composition of each segment of the metal monolith

11 is shown 1in Table VIII.



TABLE VIII
PHYSICAL AND CHEMICAL CHARACTERISTICS OF STEAM REFORMING TEST CATALYSTS

A. METAL MONOLITH I (4 pieces, 2 inches long each), as purchased:
250 ce]]s/in2 Kanthal supportf7-A1203 washcoat/Ni0 catalyst
Weight, g (before cutting) #1 #2 #3 #4
Bare Metal (Kanthal) 177.4 171.8 171.9 172.4
v- Al,0, washcoat 9.76 10,31 9.63 10.50
NiO 6.21 5.33 5.33 5.69
Y= Al, 0 /Kanthal , % 5.50 6.00 5.60 6.09
NiQ/AL Oy , % 63.63 51.70 55.35 54.19
B. GIRDLER G-90C (174" x 1/4" cylindrical tables), 8-inch Tong bed
Chemical Analysis, Wt. %
NiO 19.2
v- A1203 78.6
Ca0 2.0
$iQ, 0.2
C. METAL MONOLITH II (4 pieces, 2 inches long each) impregnated in-house

250 cells/in Kanthal support/v-ﬂ1203 washcoat/NiQ catalyst

Weight, g (after cutting) #1 #2 #3 #4
Bare metal (Kanthal) 123.08 131.95 137.47 129.33
T-Al0; washcoat 8.24 7.92 7.83 8.53
NiO 7.08 6.38 6.20 5.97
Y- Alp05/Kanthai, % 6.69 6.00 5,70 6.60
NiO/AY O , % 85.92 80.56 79.18 69.99
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Procedure

For start-up of the steam reforming system, each zone of the Mellen furnace was
heated to a specified temperéture so that a uniform temperature would be reach-
ed along the outside reactor wall. Hydrogen was introduced into the reactor
and the nitrogen flow, used as inert protection, was shut off. The hydrogen
flow was maintained during this heating period to reduce the nickel catalyst.

~ The steam heaters were turned on, and a specified water flow was heated and
dumped before entering the reactor as shown in Figure 20, When the temperature
of the steam coming out of the last steam heater was 1200°F, the steam was
diverted into the heated reactor. After the reactor inlet temperature reached
1000°F, the trace heater at the reactor inlet, and the fuel heater were turned
on. Heated fuel was gradually added to the steam, until the specified flow was
reached. The fuel temperature was maintained between 400°F and 550°F. The

steam heaters were adjusted to maintain the reactor inlet at ‘1000°F,

During each test, reactant flowrates, product compositions, catalyst bed tem-
peratures, and bed pressure drop were monitored. In'aTT tests, after steady
state was established, temperatures were recorded and gas samples from the
reactor exit as well as from each of the bed locations shown in Figure 21 were
analyzed. Dry volume percentages of Hy, CO, COo and total hydrocarbons

were calculated from gas analyzer data. The detailed voTumerpercentages and

analyses of hydrocarbons were calculated from G.C. {FID) data.
A pressure rise during a run was an indication that solid carbon was forming. -

In addition, carbon fines were sometimes detected in the probe condenser or 1in

the exhaust filter. To desoot the bed, the reactor inlet temperature was

-85



raised to 1200°F, and the steam flowrate was increased while the fuel was turn-
ed down to around 0.5 1b/hr, resulting in a (S/C)m ratio of about 5. The
system was left at these conditions until the C0o and Hy Tevels in the ex-
haust were stabilized, and the pressure drop through the bed was less than 5
psig for approximately 1 hour. Following desooting, new test parameters were
saet for continued operation. At the end of operation, the system was shut down

under nitrogen with steam shut-off being preceded by the fuel.
RESULTS AND DISCUSSION

{A} Tests With The Metal Monolith I

Initially, steam reforming tests were performed on the metal monolith catalyst I
that had been used in the hybrid monolith experiments {in series with the cera-
mic monolith segments). The composition of the monoliths used are shown in

Table VIII.

Tests SR-208 through 226 were run with n-hexane using this 8-inch long metal
monolith bed at P = 1 atm, Tipjet = 1000°F, and for {S/C)y raties of 2.5,

3.0 and 3.5. External reactor wall temperatures of 1500°F and 1700°F were used
with nominal reactants' space velocities equal to 2000 and 4000 hr-1, The

nominal space velocity is defined here by:

Sy, = [Vol. Flowrate of Reactants, ft3jhr] 60°F. 14.7 psia

Reactor Volume, ft3
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The reactor volume rather than the monolithic cataiyst volume is used.in
this expression. 1In all tests, the bed temperatures, product yields, and
carbon~-forming tendency were examined and compared with data from pre-
vious tests in which the 20-inch Tong hybrid monolith or pellet bed were
used. The data from these tests are summarized in Table IX. In order to
keep nominal space velocities the same as with the longer beds used in
earlier tests (2.5 times Tonger), the flowrates (and, hence, the flow

velocities) used in the present study were 2.5 times Tower.

In Figures 22 and 23, the dry gas volume percentages of the various
gaseous species are plotted as a function of the catalyst bed length for
the short metal monolith, and the Tonger hybrid monolith and pellet bed.
Higher amounts of total hydrocarbons and Tower amounts of hydrogen and
carbon monoxide were. found at the level of probe 3 when the short metal
monolith was used than for the other two catalyst beds. The amount of
unconverted hexane at this levei was Tower with the metal monolith, while
higher- amounts of intermediates (ethyleme, propylene, etc.) and methane
were produced in this case. This finding indicateé'that cfacking reac-
tions in the gas phase rather than steam“reforming on the catalyst sur-
face were taking place throughout the -length of the monolith cells under
these conditions. Since the conversion of the fuel at the exit of the 8-
inch long monolith is lower than that at the corresponding point of the
longer monolith or the pellet bed (location of gas probe 3), this means
that external mass transfer limitation exists (diffusion of the reacting
species from the gas phase to the catalyst surface). All operating con-

ditions examined here were found to be mass transfer limited.
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Additional gas phase cracking took place downstream of the monolith
catalyst in all test runs., This can be seen in Table IX from the differ-
ent gas composition between gas probe 3 and product samples. This gas
phase cracking is caused by the high temperatures prevailing in the Tower
end of the reformer, which is also inside the clam-shell furnace. Since
cracking products (low molecular weight olefins) are sool precursors,
carbon was expected to form and deposit on the screen and the inner tube
walls close to the exit of the reactor. Indeed, upon post-inspection of
the monolith and the reactor tube at the end of these tests, a large
amount of flaky carbon was fourd at the exit of the reactor. Since the
monolith cells were not plugged with carbon, these soot deposits must

have been produced in the gas phase downstream of the monolith.

As can be seen from the temperature plots of Figures 22 and 23, improved
radial heat transfer {from reactor wall to centerline) was observed with
the 8-inch long metal monolith. For the same length of catalyst bed and
same space velocities, the temperature differential from wall to
centerline is minimal for the short metal monolith throughout the length
of the bed. The observed temperature differences between pellet and
metal monolith catalyst are easily understood. However, the difference
between the metal and the hybrid monolith with identical front sections
must be attributed to the lower gas flow velocity in the former rather

- than in the latter monolith.

Operating at higher space velocities {e.g., tests SR-219 vs. SR-220) with
the short metal monolith severely limited fuel conversion to hydrogen.

Higher amounts of olefinic and paraffinic intermediates were produced,
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indicating that gas phase'cracking reactions rather than steam reforming
on the catalyst surface were more predominant in this case than at low
space velocities. However, at higher space ve10cit§, the mass diffusion
limitation should be reduced, thereby enhancing surface reaction and,
hence, steam reforming. If, on the other hand, the surface catalyst is
not active enough, then the acidic alumina washcoat would initiate crack-

ing, particularly when good heat transfer is possible.

In tests SR-224 {or 225) and 226, which were run at identical operating
conditions as the earlier tests SR-216 and 211 respectively, a lower
catalyst activity was observed by lower conversion to hydrogen and carbon
monoxide. This may be due to gradual losses of washcoat (and nickel)
from the monolith surface. The reactor was then opened for inspection of
the catalyst. The multi-channel alumina in the conical reactior intet was
found intact, and the majority of cells in each of the four monolith seg-
ments appeared clean {open to free reactant flow). Small pieces from the
center of each monolithic segment were cut for SEM examination. Cracks
were found on the surface of these pieces and in several locations the
washcoat was oﬁserved as islands on the bare support (Kanthal) surface.
In these cases it was possible to detect the bare support by a strong

- ¢ignal of iron obtained by the EDAX (Energy Dispersive Analysis of
.X-rays) accessory of the electron microscope. Thus, the low agtivity
observed when high space velocity operations were conducted was due %o

loss in catalyst activity, not reduced heat transfer.
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(B) Tests With The G-90C Pellet Catalysi

Following tests with the used metal monolith, a fresh pellet catalyst bed
was loaded and tested in the steam reformer., This was comprised of an
8-inch long bed of Girdler G-90C peliets (1/4 in x 1/4 in cylinders), the
same catalyst as described in Table VIII. Tests were run at identical
conditions as for the 8-inch long metal monolith I, keeping the inlet
configuration and the thermocouple and gas probe locations the same as
before {see Figure 21). Table X summarizes the data collected from tests
on the pellet bed. From these and the corresponding data of Table IX for
the metal monolith I, comparisons of bed temperatures and gas composition
and product yields can be made between the pellet and monolithic cata~

lysts.

Figures 24-26 show axial bed temperature profiles [centerline, middle
1ine (half-way between centerline and the wall) and external wall temper-
atures] for the two catalysts under the same operating conditions. 1In
all cases, the temperature differential between wall and either center-
line or middle line was lower for the monolith in the First half of the
bed. This indicates a potential improvement of the reformer performance
with a monolith catalyst at the inlet where temperatures of the steam
reforming catalyst are the lowest due to the endothermicity of the reac-

tion.

The left hand side of Figures 24-26 shows dry gas analyses (as obtained
by gas chromatography) for mid-bed and exit {product) gas samples. The

operating conditions listed in these figures apply to both plots. Higher
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hydrogen yields were obtained and the amounts of hydrocarbon intermedi-

ates and methane at the exit of the pellet bed were extremely low.

In comparison, these results indicate that the metal mono]fth I had a
lower overall conversion efficiency than the pellet bed of equal size.
However, a one-to-one comparisen between the two catalysts cannot be
made, because of their non-compatible nickel loading, dispersion, and
surface areas and the fluid dynamics involved. In order for identical
comparisons of catalysts with respect to heat transfer,.cataiyst loading,
surface area, gas flows and related conditions, a more detailed charac-

terization of monolithic catalysts is necessary.

(C) Tests With The Metal Monolith II '

Following the pellet tests, reactive characteristics were determined for
the metal monolith II, which had been impregnated with nickel in-house
to a loading higher than that of metal monolith I (Table VIII). Tests
SR-280 through 294 were run with n-hexane on this new metal monolith at
P =1 atm, Tijglet = 1000°F, and for (S/C), ratios of 3.5, 3.0, 2.5,

2.0, and 1.5. Reactor wall temperatures T, of 1500°F and 1700°F, and
nominal space velocities of 2000 and 4000 hr-! were used. The data

from tests with the metal monolith Il are summarized in Table XI.

Initial tests were run at T, = 1700°F. Improved heat transfer between
reactor wall and catalyst bed was observed with the metal monolith as

compared to the pellets, particularly at the top of the bed. This is
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shown by the axial bed temperature profiles plotted in Figures 27 and 28
for the metal monolith II and pellets at T, = 1700°F, S.V. = 2000

hr-1, and (S/C)y = 2.5 and 2.0, respectively. Axial bed composi-

tion profiles for the same operating conditions are also shown in Figures
27 and 28. Higher conversion of hexane to hydrogen and carbon monoxide
was attained with the monolith, and the amounts of methane and uncon-
verted hexane were lower than for the peliets throﬁghout the bed and at
the exit. Thus, this monolith bed appears to have a higher steam reform-
ing activity than the pellets, even though the actual space velocity is
approximately twice as high for the monolith (void fraction~ 70%) as for
the pellets (void fractiondoBG%). This activity difference could also be
due in part to the higher nickel loading and perhaps the nickel disper-
sion, because of the high surface alumina washcoat of the metal mono-

1ith.

In test S5R-283 with (S/C)p, = 1.5, carbon might have been formed in the
upper half of the monolith. This was indicated by a gradual decline in
activity observed in following tests, but could not be confirmed at that
point because there was no rise in the pressure drop through the bed, and
no carbon fines were found in the gas samples. Figure 29 shows axial
temperature and composition profiles for T, = 1500°F, (S5/C), = 3.0,

and S.V. = 2000 hr-l (test SR-284). The monolith still has a better
conversion efficiency than the pellets, but, as can be seen from the
hexane profile, the unconverted hexane coming out of the upper two
monolith segments is higher than that corresponding to the same tocation

in the peliet bed.
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Starting with test $R-285, the decline in monoiith steam reforming acti-
vity became evident. Figure 30 depicts this for the conditions of test
SR-286. Higher amounts of unconverted hexane'throughout the bed are now
observed for the monolith, and olefins (ethylene, propylene) appear-in
the bed, indicating high gas phase c¢racking rates. Thé aﬁuunt of
methane, however, s much lower for the monolith than for the peliets, so
that the percentage of total hydrocarbons at the monolith exit is lower.
Radial heat transfer rates for the monolith have remained higher at these

conditions, and continued to do so0 in all subsequent tests.

The effects of (S/C),, ratios and space velocity changes on the monolith
performance were similar to those for the G-30C pellet bed. Thus, at
higher (S/C)y, ratios, the hexane conversion was higher, and Tower
methane was produced throughout the bed. Higher space velocities,
resulted in lower catalyst temperatures and Tower conversion efficiency
as can be'seen from the data of Table XI. Figure 31 compares the per-
formance of metal monolith II to the pellet bed for a space velocity of
4000 hr-l. The comparative heat transfer characteris@ics and steam
reforming activity of each of these two catalysts follows the same trend

as in the case of lower space velocities.

Tests SR-293 and 294 were run at identical conditions as the first tests
of the series, SR-280 and 281, respectively, to determine the effect of
the presumad carboq deposits in the bed on the monolith activity. Figure
32 shows axial bed temperature and composition profiles for the condi-
tions of tests SR-281 and 294, run with the metal monolith before and

{presumably) after carbon formation had taken place. Lower bed tempera-
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tures were observed for the SR-294 test, which may be attributed to par-
tial carbon plugging of monolithic cells. This would force all gas flow
through fewer cells, i.e., a Tower volume of the catalyst would be used
for reaction, space velocity would be higher, and temperatures Tower.
For the same reason, more gas phase reactions {cracking) would take
place, and the monolith would have a lower conversion efficiency. This
is shown in the composition profiles of Figure 32. Ethylene is observed
only Ffor test SR-294, in which the methane content is also higher, while
lower amounts of hydrogen and carbon monoxide are produced. Unconverted
hexane coming out of the second monolith segment 1s much higher than
before, but this rapidly decreases in the Tower part of the bed, where

inftial activity appears to be retained.

Post-inspection of the monolith after test SR-294 verified the existence
of carbon deposits in the upper half of the bed only, in agreement with
indications from the experimental data discussed above. Figure 33 shows
pictu;es {front and bottom view) of the four monolithic segments after
they were taken out of the reaétor. The third and Tourth monoliths were
clean throughout, except that black chunks of carbon were deposited on
the top of the third monolith. This carbon had presumably been formed in
the gas phase in this region (void) where the thin Inconel spacer allows
for gas mixing. The bottom of the fourth segment was clean, but as the
pieces were being pushed upwards to take them out of the reactor tube,
some soft carbon was filtered to the bottom, leaving the imprint shown in

Figure 33.
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{a)

(b)

Figure 33. Pictures of the four metal monolith segments as retrieved
after test SR-294 showing carbon deposition patterns,
(3) Front view, (b} Bottom view.
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The bottom of the cells just above the spacer between the second and
third monoliths was filled with soft grey carbon fines to 1/4 in., while
the top of the second monolith was partially plugged with hard black car~
bon. This carbon had a chunky appearance and was found to extend down
inside the cells to 1/8 in. Catalyst samples from the top of the second
monolith were examined by SEM. As shown in the photomicrograph of Figure
34, some of the observed carbon was surface grown {whisker growths on the
surface). This presents evidence of gas/surface interactiop, i.e., car-
bon was not fofmed in the gas phase (homogeneous) only. The top area of
the first monolith segment was nearly all plugged with very hard black
carbon. (Most of the cells that were open were found around the outer
edges of the monolith.) This carbon must have originated from gas phase
reactions upstream of the monolith, because carbon chunks mixed with the
multi-channel alumina were also found in the conically shaped inlet.
Since the inlet.temperature (1000°F) is not high enough for extensive
hexane thermocracking to take place, it appears that non-uniform flow and
mixing conditions might have existed in the inlet region which enhanced
the coking rate of hexane. To prevent this, the iniet design of the
reformer may be modified to decrease the void and improve the mixing and

flow distribution of the reactants.
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Figure 34. SEM photomicrograph of the top surface of the second
piece of metal monolith II showimng surface grown

carbon (whisker growths).
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SUMMARY

Steam reforming of hydrocarbons is an endothermic reaction whose thermal and
conversion efficiencies are limited by heat transfer from the reactor wall into
and throughout the catalyst bed. The heat transfer Timitation is believed to
be due, in part, to conduction which is affected by edge and point contact of
the catalyst in a typical packed bed and alsc by the insulating property of the
catalyst support material. Catalyst geometry is normally that of pellets or
Raschig rings with dimensions compatibie with a given reactor size (diameter,
length) to provide optimal void-to-catalyst surface ratio. Optimization of
this ratio, for the flows used, leads to control of gas phase and surface reac-
tions and heat transfer via convection and conduction during tortuous path flow

through the packed bed.

Heat conductivity improvements by ceramic monolithic supported catalysts in
combustion and methanation reactions have been demonstrated. In these exother-
mic reactions, heat is conducted out more efficiently by monoliths than by
packed beds. Application of these types of catalysts to steam reforming,
therefore, appeared to be advantageous for transferring heat in 'the opposite
direction, i.e., into the catalyst bed. The initial purpose for the experi-
mental steam reforming work conducted in this contract was to examine the

effect of this novel approach to transferring heat into the catalyst bed.

With catalyst suppdrts that have a honeycomb structure, heat transfer by con-
duction directly from the walls through the bed is possible. The restriction
due to edge and point contact is removed. Monolith support material may be

ceramic, which is relatively inexpensive yet insulating in nature, as compared

-115- \



to a metal suppert. The contact between a monoTithic support and the reactor
wall can not be direct when the monolith material is ceramic but can be direct
when the material is metal. In both cases, however, uniformity throughout the

catalyst bed is maintained via the integral support configuration.

A further consideration in comparing a honeycomb structure monolith to pellets
is in regard to the flow pattern. Passage of gases through the pellets results
in a tortuous multi-directional fiow, with a typical 30% void fraction within a
given reactor bed volume. Flow through & honeycomb monolith catalyst, on the
other hand, is a stream 1ine flow, each channel serying a&s a "mini-reactor
tube". The availability of catalyst surface is, therefore, different in these

two catalyst bed geometries.

The catalyst support used in the initial tests was ceramic (Cordierite)
possessing a coating of y-alumina. This "washcoat” provided & surface with
uniform porosity and high area onto which the catalyst was supported., RNickel
catalyst on this support was found not to be an acceptable catalyst system
because of high carbon production and subsequent erosion of ceramic support,
particularly at the fnlet section., The silica content of the Cordierite may
also have contributed to the.struétural deterijoration by hydrothermal leaching.
When heat transfer through the bed is high and the activity or availability of
the catalyst is low, gas phase as well as surface carbon formation could
readily take place when the void-to-surface ratio is high. The specific cause

of carbon formation was not ascertained in the ceramic fests.

The key experiments during this work were directed toward determining the

relationships between (1) location of carbon formation within the catalyst bed
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and ceramic support deterioration, (2) metal monolith and pellet performance,

and (3) catalyst 1oéd1ng5 on metal monoliths.

In order to define whether the inlet area of the catalyst bed was responsibie
for the previously observed destruction of the Cordierite-supported nickel
catalyst, the inlet section was replaced with metal-supported nickel catalyst.
The nickel loading and void fraction {v70%) were nearly the same. Results in-
dicated that Cordieri%e;honeycomb monoliths were not suitable for steam reform-
ing under the conditions tested, as evidenced by their observed deterioration
when located in the bottom half of the reactor. Changes in nickel loading
(activity), cell density (void fraction), and washcoat acidity may have altered

this condition, but these parameters were not investigated.

performances of metal monoliths with two different Toadings of nickel were
compared to pellets., Temperature and product profiles of metal monoliths with
two different catalyst loadings were necessary to determine whether catalyst
loading (surface reaction} or void fraction (gas phase reaction) was responsi-

ble for conversion,

The conclusions based on comparing data, Table XII, from the two metal monolith
catalysts are (1) higher catalyst loading increases coﬁversion, (2} lower cata-
1yst loading increases methane production, and (3} changes in temperature and
($/C)y ratio are reflected in conversion more apparently in the higher loaded
cata]&st. Since no carbon formed at (5/C)y> 2.0, even when high temperatures
were maintained due to high heat transfer (and low conversion in the case of
the Tow activity catalyst), it appears that gas phase carbon formation is not

the major contributor to carbon formation in the Cordierite and hybrid bed
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TABLE XI1I

GAS COMPOSITION COMPARISONS FROM STEAM REFORMING
OF N-HEXANE ON PELLETS AND TWO METAL MONOLITHS

(5/C)y = 2.5, S.V. = 2000 hr-1 T; = 1000°F

Gas Gas :
Species Probe Pellets Metal Monolith I | Metal Monolith II
Ty=1500°F  1700°F 1500°F 1700°F 1500°F 1700°F
CHy #2 7.02 2.21 2.50 2.20 1.14 0.60
#3 2.78 0.07 2.05 2.03 0.92 0.03
CgHia #2 0.95 0.30 7.73 5.16 5.22 0.17
#3 0.42 0.15 1.42 0.17 0.16 0.02
(S/C)y = 3.0, S.V. = 2000 hr-1 T35 = 1000°F
Gas Gas
Species Probe Pellets Metal Monolith I { Metal Monolith II
Ty=1500°F 1700°F 1500°F 1700°F 1500°F  1700°F
CHy #2 5.53 1.84 2.34 2,29 0.87 0.46
#3 0.72 0.05 2.12 2.16 0.19 0.01
CgHig #2 0.49 0.03 7.82 4,44 2.01 0.29
#3 0.11 - 1.20 0.14 - -
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under similar conditions.

The heat tﬁansfer improvemént in metal monotiths over pellets can specifically
be attributed to the metal monolith support when the relative conversions, at
constant wall temperatures, of metal monolith II and pe]]e%s are compared,
Table XII. Under the same S$/C, S.V. and T; conditions, the higher catalyst
loaded monolith can be seen to provide higher conversion than pellets. The
comparison of their respective product and thermal profiles, Figures 27 and 29,
i1Justrates that bed temperatures remain higher in the early section of the
metal monolith bed while also maintaining higher activity than the pelleted
catalyst. Thus, enhancement of heat transfer with the metal mono?ithic suppart
has been demonstrated. However, information.regarding the role of fluid dyna-
mics, availability of catalyst to reactants, and void fraction is still inade-
quate and must be obtained to completely define the range of adﬁantages of fered

by metal monclithic supported catalysts to steam reforming.
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