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Introduction

Steam reforming of methane or naptha is cur-
rently a most practical large-volume source of hy-
drogen; however, future sources may include middle
and high petroleum distillates and coal liquifica-
tion products. Processing heavy hydrocarbon feed-
stocks is more difficult due to the greater ten-
dency for carbon fouling and the possibility of
sulfur poisoning of the reforming catalyst. At
SRI International, we conducted an experimental
research program (supported in part by the U.S.
Department of Energy) to examine the source and
reaction pathways that lead to carbon deposition
in reforming catalyst beds.

The formation of catalyst carbon (i.e., car-
bon contacting catalytically active surfaces as
opposed to homogeneous condensation and pyrolysis)
was thought to be a primary step leading to coke
formation. We examined the conditions that favor
formation of catalyst carbons and the reactivity
and stability of such carbons. Carbon formed by
exposure of model hydrocarbons, such as ethylene
and acetylene, to nickel and noble-metal cata-
lysts, was studied because under coking conditions
ethylene may compose on a mole basis as much as
one-third of the hydrocarbons present in those
regions of the catalyst bed where carbon deposi-
tion occurs. In the course of these studies a
temperature programming technique was developed to
quantitatively determine carbon deposits by their
characteristic reactivity with hydrogen and dilute
steam in helium. Results for alumina-supporte
nickel catalysts have been previously reported.
In this paper we present the results for noble-
metal catalysts.

Experimental Methods

The reactivity of carbon deposits on re—
forming catalysts was studied with a quartz micro-
reactor system using the temperature programmed
surface reaction (TPSR) technique.™® During
TPSR, the rate of gasification of the carbon
deposit (as determined by continuous measurement
of the effluent gas composition) was recorded as a
function of time. The data are represeanted by the
gasification rate versus bed temperature as in
conventional thermal analysis. TPSR analysis was
performed following decomposition under various
conditions of exposure temperature, exposure dura-
tion and exposure gas (CO, C,H,, or CoHy) for both
1 atm Hy and 0.03 atm Hy0 in He as the gasifying
reactant.
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Results

TPSR of Carbon
Exposure

Deposited on Rh/Al,0q by Col,y

TPSR experiments were performed for carbon
deposited by CyH, exposure on a 5 wti Rh/Al504
catalyst by CoH, exposure at various tempera-
tures. Like nickel, the rhodium catalyst exhibi-
ted a number of carbou states during TPSR (H,),
depending upon the temperature of C,H, exposure
(Fig. 1l). Both catalysts form similar carbon
states at elevated temperature. However, several
lov temperature carbon ‘states on rhodium were ob-

served following C,H, exposure at 573 K. A
comparison with the TPSR (H2) results for the
Ni/A1509 catalysts suggests the presence of

filament carbon state at 810 K * 10 K following
Cyl, exposure at 573 K and 773 K (which would
correspond to the filament carbon state™* 2" on
Ni/Al503). For CyH, exposure at 573 K, the carbon
states at 645 K and 460 X probably represent sur-
face (monolayer) carbon states.
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Figure 1. TPSR with Hy of carbon deposited on 5
wtZ Rh/Al,03 by exposure to GCjHy
(Exposure time, 100 s).

TPSR with H, of Carbon Deposited on 5 wtX Pt/Al,04

Carbon deposits on Pt/A1203 produced by expo-
sure to CoH, exhibited significantly lower reacti-
vity during TPSR with Hy (Fig. 2). For Pt/Al,03,
like Rh/AlZO3, exposure to CyH, at low temperature
(523 K) produced two carbon states with peak tem—
peratures at 610 K and 730 K during TPSR with
Hy. These carbon states are comparable in magni-
tude to the-surface carbon states for Ni, but ap-
pear at ~ 100 K higher temperature. Between 773 K
and 1173 K, C,H, exposure produces bulk quantities
of carbon composed primarily of a carbon state
with a peak temperature which shifts from 985 K to
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Figure 2. TPSR with Hy of carbon deposited on 5
wtZ Pt/Al,04 by exposure to, CoH,
Partial pressure CoH, = 1.1 x 1073 atm
Exposuse tfme and flow rate = 100 s at
0.5 cm’*s .
1125 K. These results are similar to results for

the &', &5 carbon states on Ni/Al,04, although the
peak temperatures are 200 and 1%5 K higher, re-
spectively.

TPSR with H, of Carbon Deposited on Ru/Al,0q

In a limited number of experiments with car-
bon deposition on Ru/A1203 following exposure to
CoH,, filament carbon was observed with reactivity
very similar to that of Ni/Al504.

Critical Steam—to—-Carbon Ratios

In a series of experiments the critical
(H,0/C) ratios were measured with CyH, as the
hyﬁrocarbon for the following catalysts: pure Rh,
50% Rh + 50% Ni, pure Ni, 50X Ir + 50% Ni, and
pure Ir (Fig. 3). These results do not show great
differences for the H,0/C ratio with C,yH, between
various catalysts. 1 show a declining Hzo/c ra-
tio with increasing temperature, that is, H,0/C =
25 at 773 K, HZO/C = 8 at 873 K, and HZO/C = 2 at
973 K. Between 973 X and 1073 K some scatter in
the data was noted, but most catalysts had Hzo/c
ratios less than 3 in this temperature range.

Discussion

At least seven carbon states have been depo-
sited on Ni/Al,04 catalysts aand dsntified by
their characteristic TPSR responses.™’ The dis-
tribution of carbon in the various states during
carbon formation depended primarily on the temper-
ature during deposition.

All the catalysts studied exhibited small (up
to monolayer) carbon states following low
temperature exposure to C,H,. These chemisorbed
carbon states are likely reforming intermedi-
ates. Chemisorbed carbon 1s formed by the ab-
sorption and rapid dissoclatiom of CyH, and 1is
removed as CO by reaction with surface oxygen,
which 1s produced in turn by dissociative ad-
sorption of Hy0 or CO.
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Figure 3. Critical steamto-carbon ratio versus

temperature for noble metal and noble
metal alloy catalysts.

Gasification of dense catalyst carbon shells
or tubes may be similar to catalytic gasification
of a graphite substrate by small nickel parti-
cles. Direct controlled atmosphere electron mi-
croscopy (CAEM) of nickel catalyzed hydrogasifica-
tion of crystalline graphite has provided many inm-
teresting observations _about the nature of the
gasification process.™? The nickel crystallines
soften and change shape as they start to gasify
graphite at temperatures well below the melting
point of nickel (~ 1000 K). The interaction of
graphite lowers the surface energy of the nickel
crystallites with diameters of ~ 100 nm; and at
1075 K the nickel dissolved into the graphite sub-
strate. This may explain why long filaments can
be gasified by metal crystallites; the “wetting”
action of the carbon keeps the metal 1in contact
with the filament even as gasification proceeds.
With metal-carbon. contract assured, gasification
proceeds as long as the reactant gas has diffu-
sional access to the crystallite. Another impor-
tant CAEM observation is that some nickel crystals
deactivate at glevated temperature 1175 K and be-
come immobile. This phenomena was attributed to
dissolution of carbon into the nickel crystallites
and 1ts eventual precipitation as encapsulating
graphite platelets, similar to observations on
well-defined nickel, platinum, and iron sur-
faces.

The rates of nickel-catalyzed gasification of
graphite are in reasonable accord with our TPSR
results for the filamentous carbon state. For the
5 carbon state, our E, was 182 & 20 kl*mol ! 1n
good agreement with the results of published value
220 t 40 kJemol™'. Hydrogasificatioa of graphite
by platinum and 1iridium ‘have also been investi-
gated with CAEM conditions and the results show
that other noble metals are less active H, gasifi-
cation catalysts than nickel. Rates comparable to
nickel at 1035 K require 190 and 95 K greater tem~
perature, respectively.



Conclusion

The results of the TPSR studies support the
conclusion that the reversible deactivation of
metal catalysts during hydrocarbon synthesis at
low temperature (550 K) 1s due to formation of a
carbonaceous film. Coking at moderate temperature
(800 K) during hydrocarbon reforming 1s due to
rapid formation of filamentous carbon which at
very high temperature (1100 K) produces thick
encapsulating layers of carboa.
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