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Catalysts based on Ni, Ru, Rh, Pd, Ir, and Pt are compared for CO,-reforming of methane by
studying the equilibrium for methane decomposition, the activity for reforming, and carbon forma-
tion, as well as the selectivity for carbon formation. Replacing steam by carbon dioxide has no
significant impact on the reforming mechanism. All catalysts show smaller equilibrium constants
for methane decomposition than that based on graphite, the effect being largest for the noble
metals. Ru and Rh show high selectivity for carbon-free operation, which can be ascribed to high
reforming rates combined with low carbon formation rates. Similar high selectivity can be achieved

with a sulfur-passivated nickel catalyst.

1. INTRODUCTION

The conversion of methane into synthesis
gas is usually carried out by the steam re-
forming process (/):

CH, + H,0=CO + 3H, (n

CO + H,0 = CO, + H,. (2)

Steam may be replaced by carbon dioxide:
CH, + CO, = 2CO + 2H.. (3)

Reaction (3) is of industrial interest because
of the lower H,/CO ratio in the product gas.
CO,-reforming is being practised in industry
in various processes (2—4). Recently, reac-
tion (3) has attracted interest as a CO,-con-
suming reaction (5, 6).

Reaction (3) was studied over a number of
base metal catalysts by Fischer and Tropsch
(7) in 1928. They found gas compositions
corresponding to thermodynamics and
nickel and cobalt were identified as the pre-
ferred catalysts. A study of the kinetics of
reaction (3) was published in 1966 by Bo-
drov and Apel’baum (8). They studied the
reaction on a nickel film at gradientless con-
ditions and found that the data could be rep-
resented by a kinetic expression obtained

0021-9517/93 $5.00
Copyright © 1993 by Academic Press. Inc.
All rights of reproduction in any form reserved

38

< 1993 Academic Press, Inc.

for steam reforming under similar condi-
tions on a nickel film (9). At low CO,/CH,
ratios, the rate was observed to decrease by
a factor of 15-25.

Thermodynamic calculations (/0) show
that the carbon limits are approached when
carbon dioxide is added to the reformer
feed. With high CO,-contents in the feedgas
or when operating on carbon dioxide and
methane alone, thermodynamics predict the
formation of carbon:

CH, = C + 2H, (4)
2CO = C + CO,. (5)

On nickel catalysts, this results in the forma-
tion of carbon whiskers via a mechanism
involving dissolution of adsorbed carbon
atoms in the nickel crystal and nucleation
of the whisker from Ni-surfaces, probably
close to the (111) plane (/7). The high sur-
face energy and elastic energy (//) of the
whisker structure can explain the smaller
equilibrium constants for the decomposition
reactions of methane and carbon monoxide
which are observed on nickel catalysts (/).

The rate of carbon formation was found
to be far less on noble metals (/2), which
was ascribed to a smaller dissolution of car-



CO,-REFORMING OF METHANE 39

bon into these metals. Also, for steam re-
forming of ethane, the noble metals showed
less carbon formation than did nickel (/3).
Rhodium and ruthenium were found to be
far more active than nickel (/4), whereas
platinum and palladium had an activity com-
parable to that of nickel (/4).
Carbon-Free CO,-reforming could be
achieved by **‘ensemble control’’ on a partly
sulfur-poisoned nickel catalyst (/5, 16), and
recently carbon-free CO,-reforming was re-
ported on catalysts containing rhodium (/7,
18), iridium (/8, 19), and ruthenium (/8, /9).
Vernon et al. (18) compared iridium with
nickel, rhodium, ruthenium, and palladium
and found carbon formation on nickel and
palladium, but no further investigations
were made to explain the different behav-
iour of the metals. This study compares vari-
ous metals for CO,-reforming using the
methods for studying the equilibrium of the
carbon forming reaction, the catalyst activ-
ity, and selectivity for carbon formation as
reported earlier for nickel catalysts (/).

2. EXPERIMENTAL
2.1. Catalysts

A series of catalysts was prepared by
impregnation of 4.3 x 4.3-mm cylinders of
an alumina-stabilized magnesia support
(Mg/Al = 7/1 atom/atom), having a surface
area of 50 m?/g. Due to the basic magnesia,
the metals were mainly deposited close to
the external surface of the cylinders. The
average metal content of the catalysts was
0.9-1.4 wt%. In addition, a nickel-based
catalyst containing 16 wit% Ni on a spinel
(MgAl,O,) support was included in the
study. The catalysts were reduced at 550°C
in dry hydrogen for 4 h before use.

The metal surface area of the catalysts
was determined by chemisorption of hydro-
gen sulfide as described earlier (/) (condi-
tions: H,S/H, = 15 x 107® vol/vol, 550°C,
100 h). The metal surface area was calcu-
lated by assuming a monolayer of 44.0 X
107? g S/cm?® as observed for nickel (/). This
was assumed close to the composition of

TABLE

Catalyst Properties

Catalyst  Support Metal Metal Salt used for
content  surface impregnation
(Wt97) area
(m,/g)
Ni-1 MgO 1.4 1.1 Ni(NO,),
Ru MgO 1.4 3.0 Ru(Cl),
Rh MgO 1.1 2.2 Rh(NH;){(NO:),
Pd MgO 1.2 1.4 PA(NH;)(NO:),
Ir MgO 0.9 1.3 Ir(Cl),
Pt MgO 0. 1.0 Pt(NH.),{NO;),
Ni-2 MgAl,O, 16.0 53 Ni(NO,),

the monolayers on the noble metals (20).
The catalyst properties are summarized in
Table 1.

2.2. Activity Tests

Activity tests were carried out in a simple
flow system, operated at atmospheric pres-
sure, with a tubular fixed bed reactor of
stainless steel placed in an oven. The inter-
nal diameter of the reactor was 6 mm, and a
thermowell with external diameter of 2 mm
was placed in the center of the reactor. The
catalyst cylinders were crushed down to
0.3-0.5 mm fragments prior to the activity
test. The amount of catalyst was in the range
of 10-50 mg. It was diluted with inert spinel
support (0.3-0.5 mm fragments) to achieve a
bed height of 12 mm. The axial temperature
gradient in the reactor was measured to be
a maximum of 12 and 35°C/cm at reforming
conditions at 500 and 650°C, respectively.

Feed gases (CH,, CO,. and H,) were sup-
plied from bottles. Water was supplied via
a piston pump, an evaporator, and a pulse
dampener. The water was purified by ion
exchangers. The methane was of 99.9995
vol% purity. The mixed feed of steam, meth-
ane and hydrogen was passed over a
Cu/ZnO catalyst at 280°C for final purifica-
tion. By gas chromatography hydrogen,
methane, or higher hydrocarbons could not
be detected in the carbon dioxide feed,
which also contained less than 50 vol ppb of
sulfur. The carbon dioxide was used without
purification,
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The activity of the catalysts was mea-
sured at three different standard gas compo-
sitions as follows:

Feed flows H,O/CH,- CO,/CH,- CO,/H,-
(NI/h) reforming reforming reverse
shift
CH, 4.0 4.0 0.0
H;0 16.0 0.0 0.0
CO, 0.0 16.0 16.0
H, 1.6 1.6 1.6

The dry feed gas flows were metered by
mass flow controllers. Water was metered
by a burette. The conversion was calculated
on basis of the feed flow rates and the dry
exit gas composition as obtained by gas
chromatography.

The conversion of methane in the H,O/
CH,-reforming tests was calculated as

Yeo t Yeo,
Yeu, + Yco * Yeo,
(6)
where vy is the dry mole fraction in the exit
gas.

The conversion of methane during CO,/
CH,-reforming tests was calculated as

conversion of CH, =

conversion of CH,
Yu, T Yco — FH,IN/DFEX

~ Zyew, + ¥a, + Yoo - FH,IN/DFEX'

(N

FH,IN: feed flow of hydrogen;

DFEX: total dry exit flow, calculated via
the carbon balance.

The conversion of carbon dioxide during
CO,/H,-reverse shift tests was calculated as

Yco
Yeu, T Yco T Yeo,
(8)

The turnover frequencies, N, were calcu-
lated from the measured rates by using the
metal surface areas shown in Table 1 and a
site area of 6.5 x 1072 nm? as for nickel (/).

conversion of CO, =

2.3. Methane Decomposition Equilibrium

The apparatus for TGA (thermogravimet-
ric analysis) and the experimental proce-
dure were described earlier (27). Ca. 600 mg
of whole cylinders was loaded in the 880-
mg quartz basket. The equilibrium constant
of the reaction CH, = C + 2H, was deter-
mined by interpolation from carbon forming
rates and carbon gasification rates at
CH,/H, ratios close to the equilibirum point.
The equilibrium constant was determined at
500, 650, and 750°C, respectively, on the
same catalyst loading. The equilibrium point
was determined in the sequence 750, 650,
then 500°C.

The TGA apparatus was used also to
study the rates of carbon formation at 500
and 650°C, respectively, in a gas mixture of
95 vol% CH, and 5 vol% H,. The morphol-
ogy of the carbon was studied by electron
microscopy.

2.4. Selectivity Studies

The TGA apparatus used for selectivity
studies was similar to that described above
except that only one whole catalyst cylinder
(ca. 100 mg) was placed in a very open
quartz/inconel basket allowing good contact
between gas and catalyst.

The following four gas flows of individual
gases were mixed and led to the reactor:

CH,, 20 NI/h; CO,, 20 NI/h;
H,, I NI/h; N,, 3 Nl/h.

The reactor was initially heated to 577°C in
amixture of 10 NI/h of nitrogenand 1 NI/h of
hydrogen. Carbon dioxide was then added,
followed by methane, and the nitrogen flow
was reduced to 3 N1/h. The temperature was
then increased by 0.75°C/min. This increase
of temperature was continued until either a
weight increase of 1-4 mg was observed or
until the temperature had reached 847°C.
The selectivity study also included the
two nickel-based catalysts (Table 1) ina par-
tially sulfided state. Prior to the selectivity
test the catalysts were sulfided at 800°C in
hydrogen containing 15 vol ppm of hydrogen
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TABLE 2

Activities of Metals for Reforming and Reverse Shift
Turnover Frequency, N (molecules site™! s7')

Exp. Cal. Metal H,O/CH,- CO,/CH,- CO4/H,-
no. surface reforming reforming reverse
area $50°C 550°C shift
(miig) 500°C
30 Ni-{ 1.1 2.6 1.9 53
28 Ru 30 8.9 29 8.7
36 Rh 22 8.1 1.9 5.4
13 Pd i.4 1.6 0.18 8.0
32 Ir 1.3 4.5 0.44 8.6
35 Pt 1.0 2.0 0.36 7.2
37 Ni-2 53 4.2 2.70 39

sulfide for 100 h. These conditions result in
a sulfur coverage of the nickel surface at
equilibrium corresponding to 85% satura-
tion (/).

3. RESULTS
3.1. Activity Tests

The results are summarized in Table 2 and
in the Arrhenius plots in Figs. 1-3. It is

evident that the results achieved at very high
rates above 550-600°C are subject to trans-
port restrictions. The data for steam reform-
ing (Fig. 1 and Table 2) show the expected
sequence (/4) of activity:

Ru, Rh > Ir > Ni, Pt, Pd.

The replacement of steam by carbon dioxide
results in a decrease of activity to an extent
depending on the metal, as summarized in
Table 2. The effect is less on nickel, corre-
sponding to the observations of Bodrov and
Apel’baum (8), than on the noble metals,
meaning that the superiority of rhodium and
ruthenium is less pronounced. This is illus-
trated in Fig. 3, summarizing the data for
nickel and ruthenium. The data in Figs. 1-3
indicate no significant change in activation
energy when replacing steam by carbon di-
oxide, nor the presence of a compensation
effect.

The CO--reforming tests were carried out
with or without addition of hydrogen to the

4
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FiG. 1. Steam reforming rates: H,O/CH, = 4 and H,O/H, = 0.
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FiG. 2. CO,-reforming rates: CO,/CH, = 4 and CO,/H, = 10.

feed (CO,/H, = 10). The effect of hydrogen
addition was insignificant. Other tests on
nickel and ruthenium catalysts involved the
variation of the steam partial pressure and
the CO,-partial pressure, respectively. For
nickel, the reaction orders for steam and
carbon dioxide were found to be ca. 1 and
0, respectively, for the reaction conditions
close to the standard conditions. The CO,-
dependence appeared to be more complex
over a wider range of CO, partial pressures.
For the ruthenium catalyst, the reaction
orders were found to be 0.3 and 0 for steam
and carbon dioxide, respectively, for reac-
tion conditions close to the standard condi-
tions. At low CO,/CH, ratios, the reaction
order with respect to carbon dioxide ap-
proached one.

The rate of the reverse shift reaction (re-
verse (2)) was measured for all catalysts at
CO,/H,; = 10 and with no methane in the
feed. As shown in Table 2, all catalysts are
very active including platinum and palla-

dium having very low activities for the CO,-
reforming.

3.2. Methane Decomposition Equilibrium

The equilibrium constants resulting from
the TGA experiments are shown in Fig. 4.
All catalysts have equilibrium constants
smaller than that calculated on a graphite
basis. The Ni-a curve represents data froma
commercial nickel catalyst published earlier
(22) corresponding to a maximum nickel
crystal size of ca. 300 nm. The Ni-b curve
corresponds to a Ni/MgO catalyst prepared
to achieve a maximum nickel crystal size
below 10 nm. This results in a smaller equi-
librium constant because of the higher sur-
face energy of the whisker carbon. The no-
ble metals have even smaller equilibrium
constants. Palladium shows a track different
from the other metals. The data for the Ni-1
catalyst at 750°C should be taken with some
reservation. Due to very slow rates of both
carbon formation and gasification, this equi-



CO,-REFORMING OF METHANE 43

4
Ru/H,0 | #Ni/Hy0 CNi/CO *Ru/HyO XRu/CO,; |
3| Ru/CO,
Ni/H,0 *
Ni/CO; ¢
o *
2
z
S
i
*
0 "
\X
0 *
-1
1 1.1 1.2 1.3 1.4 .5
1000/T (1/K)
FiG. 3. Reforming rates for nickel (Ni-1) and ruthenjum catalysts. Conditions as in Figs. 1 and 2.

libirum point was very difficult to de-
termine.

The rates of carbon formation in the 95/5
vol/vol methane/hydrogen mixture are
shown in Fig. 5. Nickel shows much higher
carbon formation rates than the other
metals, the differences being most signifi-
cant at 500°C. Ruthenium has a low rate of
carbon formation at 500 and 650°C, as well.

Electron microscopy was used to study
the carbon morphology on samples on
which 0.2-3.5 wt% of carbon had formed
in 95/5 vol/vol of CH,/H, at 500 and 650°C,
respectively. The results are given in
Table 3.

The noble metals, except for palladium at
650°C, did not form whisker (filamentous)
carbon as observed on nickel. Whisker car-
bon was observed on the rhodium and plati-
num catalysts, but in both cases contamina-
tion of the catalyst with iron most probably
caused the formation of whiskers. The car-
bon formed by the noble metals was of a

structure which was difficult to distinguish
from the catalyst structure. The ruthenium
catalyst was examined by high-resolution
electron microscopy and a structure was ob-
served which resembled a few atomic layers
of carbon, covering almost completely the
catalyst surface (23). The carbon layers on
the ruthenium catalyst are shown in Fig. 6.

3.3. Selectivity Tests

The results of the TGA tests studying si-
multaneously the CO,/CH,-reforming and
the carbon formation are summarized in
Table 4.

Carbon was formed rapidly on the nickel
catalyst, whereas no carbon was formed on
the ruthenium and rhodium catalysts. A
rapid carbon formation occurred on the pal-
ladium catalyst at temperatures above ap-
proximately 600°C. A slow carbon forma-
tion was seen on the iridium and platinum
catalysts at above approximately 750°C.
Carbon-free operation was observed when
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Fi1G. 4. Equilibrium constants for methane decomposition from TGA measurements.

using the nickel catalyst, Ni-1, after presul-
fiding at conditions resulting in an approxi-
mate sulfur coverage of 85%. This sulfur
coverage has proven carbon-free operation
in earlier reactor tests (/5). The test of the
fully impregnated nickel catalyst, Ni-2,
showed carbon formation in the centre of
the particle, as also observed earlier (/5).
When the TGA unit was kept running

at 847°C with the sulfur-passivated Ni-1 cat-
alyst, carbon was indicated, probably be-
cause of the desorption of sulfur from the
nickel surface.

The selectivity tests are characterized by
conditions for kinetic competition. In the
entire temperature range studied, the feed
gas contains a large thermodynamic poten-
tial for formation of carbon via methane de-
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F1G. 5. Rates of carbon formation. CH,/H, = 95/5. TGA measurements.

composition (reaction (4)), but the feed gas
also contains a large thermodynamic poten-
tial for CO,-reforming (reaction (3)).

The results obtained during the selectivity

TABLE 3
Carbon Morphology

Catalyst Temp. Carbon Metal Whisker Metal in
C) (w1% ) crystal diameter whisker
size (nm)
{nm)
Ni-1 500 35 5-20 5-20 Ni
650 2.0 5-20 5-20 Ni
Ru 500 0.3 1.5-7 No whiskers
650 1.8 1.5-7 No whiskers
Rh S0 1.1 1-10 No whiskers
650 2.8 3-100 10-30 Fe/Rh
Pd 500 0
650 28 10-258 10-25 Pd
Ir 500 0.5 <4 No whiskers
650 23 <4 No whiskers
Pt 500 0.2 <3-4 10-15 Fe
650 26 <3-4 10-15 Fe

Note. Carbon formed in CHy/H, = 95/5 vol/vol at 500 and 650°C,
respectively.

tests only give a rough order with respect
toresistance towards carbon formation. The
exact catalyst temperature and the exact gas
composition in contact with the outer sur-
face of the catalyst particle is in principle
unknown because of the heat- and mass-
transfer restrictions in the gas film around
the particle. Consequently, catalysts of
higher activity will be of lower temperature
because of the endothermic CO,-reforming
reaction. Likewise, the outer surface of the
catalyst of higher activity will be in contact
with a more converted gas.

4. DISCUSSION
4.1. Kinetics

The kinetics for steam reforming depend
on the type of catalyst (/, /4), and probably
the mechanism is changing with the temper-
ature range in question. In conclusion, no
general expression has so far been derived.
The kinetics published by Xu and Froment
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F1G. 6. Morphology of carbon deposits on ruthenium catalyst by high-resolution electron microscopy.

(24) were based on the Ni-b catalyst used
in this study as well. The study included a
large number of measurements, but within
a narrow range of feed composition and tem-

TABLE 4

Selectivity Studies

Catalyst  Temp. interval Temp. of Total  Conversion of
for carbon termination carbon methane at
formation of experiment  formed 800°C

O “C) (mg) (2}

Ni-1 §77-610 610 4.4 —

Ru No carbon 847 0.0

Rh No carbon 847 4.0 3

Pd 610-700 700 s —

ir 765-847 847 0.6 3

Pt 740-847 847 0.4 3

Ni-1 No carbon 847 0.0 0-1

Sulfided

Ni-2 740-769 769 1.2 0-1

Sulfided

Note. CHy/COy/Hy = 2002041 vol/vol. Temperature increase: 0.75°C/
min from 577°C to a maximum of §47°C.

perature (H,O/CH, = 3-5, T = 500-575°C).
Using the rate equation on the data in this
study, however, could not explain the ob-
served decrease in rate, when replacing
steam with carbon dioxide. On the contrary,
the kinetics of Xu and Froment (24) predict
an increase of rate at high temperatures
(600°C). Although this can in principle be
explained by a negative heat of adsorption
for steam in the rate equation, a number of
studies point to a positive heat of adsorption
for steam on nickel (/, 9, 25, 26).

It is unlikely that the mechanism of CO-,-
reforming differs significantly from that of
steam reforming of methane. A simplified
reaction sequence for the steam reforming
may involve the following two irreversible
steps, namely, the activation of methane as
described by Alstrup et al. (27, 28) followed
by the surface reaction with adsorbed oxy-
gen atoms:
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CH, + * = CH;* — CH,* — CHx* = Cx
9

CH.* + O% = CO +—)2SH2 + 2% (10)

with the equilibrium step
H,O + * = O* + H,. (11)

When adding carbon dioxide to the feed, the
sequence should be supplemented by

CO, + * = O* + CO. (12)

The decrease of rate when steam is replaced
by carbon dioxide could in principle be ex-
plained by step (12) becoming rate determin-
ing, but this appears unlikely in view of the
high rates for the reverse shift reaction on
all catalysts and because the addition of hy-
drogen to the feed had little impact on the
reaction rate on nickel and ruthenium.

It is more likely that the rates are influ-
enced by the adsorption of carbon monox-
ide, the concentration of which is significant
at CO,-reforming conditions. Some of the
tests were carried out close to the Boudou-
ard equilibrium (reaction (5)). Under these
conditions, the reaction sequence should be
supplemented by

CO + * = CO*
CO# = Cx + Ox.

(13)
(14)

It is likely that Cx may be less reactive than
the CH,* intermediates formed by activa-
tion of methane. This could explain the dras-
tic decline in activity observed by Bodrov
and Apel’baum (8).

The different behaviour of the metals
when steam is replaced by carbon dioxide,
shown in Table 2, is related to the size of
the heat of chemisorption of carbon monox-
ide, as illustrated in Fig. 7. The metals which
adsorb carbon monoxide more strongly (29,
30) are the metals showing the largest de-
crease in rate when steam is replaced by
carbon dioxide. However, more kinetic
studies are required to support this expla-
nation.

The change in mechanism when operating

on carbon dioxide instead of steam would
have little practical impact on reforming,
because steam will be present not far from
the inlet, and also in the centers of the cata-
lyst particles, due to the low effectiveness
in industrial reformers (/).

4.2. Carbon Formation

The morphology of carbon varies from
metal to metal. As expected, no carbon
whiskers were observed on the noble
metals. It should be noted, however, that
the formation of carbon whiskers on ruthe-
nium and platinum has been reported by
Baker and co-workers (37, 32). The devia-
tion from graphite data observed on the
noble metals might be explained as for
nickel as a contribution from surplus energy
of the carbon structure, but further studies
are required to clarify whether this effect is
related to the metal crystal size.

The rates of carbon formation in CH,/H,
mixtures should be related to the different
growth mechanisms with the dissolution
precipitation mechanism for nickel enhanc-
ing rates, because of the high solubility of
carbon in nickel. The behaviour of palla-
dium might be related to the formation of
an interstitial solid solution of carbon in pal-
ladium (33) and its mobility in palladium, as
demonstrated by Ziemecki (34).

The shape of the curves in Fig. 5 for the
noble metals may reflect a gradual deactiva-
tion. Whether this might be explained by
the formation of encapsulating carbon, as
indicated for ruthenium in Fig. 6, requires
further investigation. This deactivation
would have no consequence for practical
CO,-reforming because industrial reforming
units should be operated at conditions with
no potential for carbon formation (/, /0).

4.3. Selectivity Tests

The results from the selectivity tests
(Table 4) correspond to the observations in
the activity tests and in the carbon formation
tests. Ruthenium showing a high reforming
activity (Table 2) and a low rate of carbon
formation (Fig. 5) also shows high selectiv-
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F1G. 7. Relative rates of CO, and steam reforming and heat of chemisorption of carbon monoxide.

ity for carbon-free operation. The results on
the sulfur-passivated nickel catalysts are in
line with earlier observations (/5). The high
selectivity observed on rhodium is less obvi-
ous in view of the high coking rate at 650°C
(Fig. 5).

CONCLUSIONS

Replacement of steam by carbon dioxide
in the reforming reaction has no drastic im-
pact on the mechanism. It results in lower
reaction rates which most probably can be
explained by reaction Kinetics. Further
studies are required to describe the change
in rates, which, however, have little impact
on practical reforming operation, where the
reverse shift reaction will soon make steam
available for the faster steam reforming
route. The activity trend observed for steam
reforming with ruthenium and rhodium
being the most active metals is less pro-
nounced for CO,-reforming.

All catalysts show smaller equilibrium
constants for methane decomposition than

calculated on the basis of graphite. For
nickel catalysts, this effect has been ex-
plained by the contribution from the surface
and elastic energy of the carbon structure
being related to the nickel crystal size. For
noble metals, this effect is even more pro-
nounced. More work is required to study
whether this effect can be related to the
structure of the carbon deposits on the noble
metals.

Rhodium and ruthenium show high selec-
tivity for carbon-free operation. For ruthe-
nium, this can be ascribed to the high re-
forming activity combined with low carbon
growth rates. Similar results can be
achieved by a sulfur-passivated nickel cata-
lyst, but to achieve reasonable reforming
rates, high operating temperatures are re-
quired.

Ruthenium might be considered as a can-
didate for CO,-reforming, being preferred in
view of its lower price compared to rhodium
(by a factor 50-100). However, the avail-
ability of ruthenium (annual production:
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4 tonnes/year) (35) is too low to have a
major impact on the total reforming catalyst
market.
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