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THE HYDROGENATION OF CO AND CO2 OVER POLYCRYSTALLINE RHODIUM:
CORRELATION OF SURFACE COMPOSITION, KINETICS AND PRODUCT DISTRIBUTIONS*

B. A. Sexton and G. A. Somorjai
Materials and Molecular Research Division, Lawrence Berkeley Laboratory

and Depér;ment of Chemistry, University of California,
‘Berkeley, California 94720

ABSTRACT

'Rhodium, in the form of a small surface area (~1vcm2)'polyérystal~
line foil was used to study the CO—ﬁ2 and'COZ—H2 reactions at low
‘(“'10'7-4 Torr) and at high (700 Torr) pressures in the same apparatus.
Reaction rates and product distributions were monitored with a mass |
spectrometer and a gas chromatograph, respectively, and the surface
composition was determined by Auger Electron Spectroscopy.v The various
binding states of‘CO were studied by thermal désofption. Under
reaction conditions (250-350°C, 700 Torr) the.sﬁrface is covered with
a catalytically active carbonacedus déposit while some oxygen is
located below the‘surface. " No éufface'oxygen was deteétable after
reaction as the removal of.qhemisorbedbspecies by either the CO—O2 or
HZ—QZ reactions wasAfabid at low temperatures. Carbon monoxide was

found to adsorb in molecular form on clean Rhfsurfaces, but dissociated

on surfaces pretreated in CO, or by heating in the presence of gaseous

.CO. Co~-adsorption of HZ/CO mixtures at low pressures increased the

amount of molecular CO but no changes in CO binding energy were

observed.

* This work was done with support from the UiS.'Energy‘Research and
Development Administration.



At low pressufeé (10’4 Torr) the reaction probability for both
the CO--H2 and C02—H2 ?éactions is too léw to detect products. At high
pressures (700 Torr), the rates,<écti§atidn energy (24%3 kcals) and
pro&uct distribut&ons from thevsﬁall surface area Rh foil is neérl§
identical to tﬁét obtained on a dispérsed rhodium ca;alyst. The C02—H2
reaction produces methane exclusively and with a lower activation energy
(16i2 kcals) than for the CO—HzAréaction. Pretreatment of the cleanv
surface changes the product distribution and the rates in both reactions.
Pretreatment with acetylene depésits sﬁffade'carbon and‘{écilitates
chain growtﬁ in the CO—H2 reaction (a higher.percentagé of C2,and C3
products). Pretreating with oxygenbdissélves oxygen in the bglk and
increases the methanation rate by up to a factor of five.over the

clean surface. It appeérs that active rhodium- carbon- oxygen‘éomplexes

form at the surfgce and rehydrogenate to yield the various products.



I. INTRODUCTION

The synthesis of organic compounds from carbon monoxide and hydrogen

(1)

mixturés over transition metal catalysts has been described extensively
in the literature since its discovery in 1902 by'Sabatief and Senderens.
Most of the chemical studies concentrated on maximizing the yields and
optimizing the selectivity for the main reactions; methanation,(z)

(3) ‘

and the synthesis of higher molecular

ON

the methanol synthesis,
Qeight hydrocarbons (FischerfTropsch reaction

The formation of hydrocarbons‘from CO-—H2 mixtures is thérmodynamically
favorable, although higher pressures (in excess of one atmosphere) are
necessary to facilitate the formation of higher molecular weight products;
(The pressure dependence of the thermodynamics of hydrocarbon production
is described in the Appendix.)

Thg rates of formation of products by this reaction are very low
as compared to other hydrocarbon reactions (dehydrogenation or hydro-
genolysis). -Thermodynamic equilibrium between reactants and the many
possible products is not established eveh at the higﬁ pressures
commonly employed. Thgs, surface reactions determine thé rate and
product distribution, aﬁd it is important that we investigate the
elementary steps of the surface reactions on the atomic scale to learﬂ
how to control the kinetics and 'the selectivity.

The purpose of our studies is to correlate the reactivity 0% the
catalyst surface with its atomié structure and chemical composition.

We have developed new instrumentation that permits the characterization



of the catalyst surface structure and composition in Gltra high vacuum
by electron scattering technidues.(Low energy electron diffraction

s
(LEED) and Auger electron spectroscopy (4ES)). Then, using the same - -
apparatus we can carry out chemisorption studies and reaction studies
at low pressures (~10—& Torr) and at high pressures (1-100 atm). This
instrument will be described in detaii;

This paper reports studies of the reactioh of CO and-HZ,‘and CO2
and Hz'to form hydrocarbons, using polycrystalline rhodium as a catalyst.
We shall show that the kinetics of methanation on this metal foil of
about ”l_cmz area,Ais in excellent agreement with the resulté obtained
on dispersed and supported rhodium caialysts. Thus, small area metal‘
samples'can be used as models of Fischer—TrOpséh catalysts.: We have
determined the specific reaction rates (turnover numbers) and product
distributions under a variety of exﬁerimentai conditions. The surface
reaction layer was characterized before and after the high pressure
funs by AES and thermal desokption'meaéurementsg

We have found eQidence for the(presence of both molecular and
dissociated CO on the surface, éuring the synthesis. The ac;ive
rhodium surfaée develops a carbonaceous deposit, whilét chemisorbed
oxygen is rapidly rgmoved'from the surface layer by CO and HZ’ Oxygen
also appears to be located below the metal surface. By changing the
composition and/or structure of the rhodium-carbon surface compiex by
pretreatmcht (with acetylene or-oxygeﬁ) both the reaction rate and the
product distribution can be markedly altered. The COZ—H2

yielded methane predominantly, in contrast with the much broader product

reaction

3



distribution obtained from CO—H2 reactions under the _same conditions.



IX. EXPERIMENTAL METHODS

The aﬁparatus used in this study has been described in detail
elsewheregs)and it is shown-schematically in Fig. 1. Essentially,
it is an UHV surface analysis instrument incorporating an internal
isolation cell, for catalytic studies at pressures from 1-100
atmospheres. In this work, this cell was operated at 700 Torr during
the high pressure experiments, aﬁd for low pressure studies (10—8-10—4
Torr), the UHV chamber was used‘as the reaction vessel.

The rhodium samples were small, rectangular pieces of .005" thick,
high purity foil, with surface areas < 1 cmz, mounted on either a thin
tantalum or rhodium holder. For quantitative measurement of reaction
rates and thermal desorption on only one side of the foil, tantalum
was used as an inert mask to cover unwanted portions. In otﬁer
experiments, such as measurement of surface composition, a rhodium
holder was used. For quantitative measurements of rates, masking of
the‘rhodium foil was necessary, because onlyione side was accessible to
the ion bombardment gun.

| The tantalum or.rhodium holder was spotwélded to twé stainless
steel heating rods, which wére connected to the copperiheating bars of
the manipulator. As shown in Fig. 1, the manipulator provided a 180°
axial rotation of the sample, and was enclosed in the 0.5" I.D. lower
port of the isolation cell. A chromel*élumel thermocouple was

spotwelded to the rear of the sample. Rotary movement was achieved

via a teflon compression-sealed stainless steel shaft. This seal was
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1eék—freé in the UHV environﬁent, as well as having the capability of
operafion at high pressures (< 5000 psi). It was essential to keep the
intermal volume of the manipulatof assembly to an absolute minimum, as
it formed part of the reaction éell at hiéh pressures. Commercial
manipulators were rejeéted on the basis of excessive internal volume,
and lack of a high pressure capability (>1 atm internal pressure).

As shown ip Fig. 1, the Rh sample was located at tﬁe focus of the
LEED optics in the centre of the UHV chamber, and a 180° rotation was
possible to direct the surface towérd‘the‘quadrupole mass . spectrometer
for Thermal Desépption measureménts, the sputter ion gun for cleaning,
and the Auger gun for sufface analysis. In the case of”single crystals,

LEED observations are also possible using this manipulator,_althdugh-

. none are reported in this work.

The UHV éhamber was pumped by a fast, (1000 23-1) 6" diffusion
pump, with a 20 hour liquid nitrogeﬁ trap;:and a titanium sublimation
pump. This puﬁping combination was chosen to handle the large gas
loads of CO and H2 encountered when opehing the high pressure cell,

and to reduce the pump-down time before analysis of the surface after

'a high pressure run. After bakeout, the system base pressure was

< 1><10“9 Torr, which was adeduate for sample cleaning purposes, and
low pressure adsorption and catalysis experiments (10-9410f4 Torr).
The high pressure i;olation cell, which is shown in Fig. 1 in
the closed position, was a stainless steel cflinder with a small
(~30 ml) cavity which eﬁclosed the Rh sémple, and was sealed by a

copper gasket situated below the sample, on the fixed portion‘of the



cell. This cylinder was attached fo a small hydraulic présé situated
on top of the apparatus, which moved it up and down. The whole
assembly had a total travel of about 3 inches, and was bellows sealed,
to maintain UHV during movement. The ééaling elements of the cell
were rouﬁded knife edges, which permitﬁed many seals using the same
gasket, and approximatel? 2000 psi hydraulic pressure was needed to
provide a totally leak-free seal. The gasket, which was a commercial
"Mini-Conflat" copper type, was softened by annealing before use,

and has been in service for over 100 seals without replacement. (At

. s . -9 o
one atmosphere internal operation, with an external vacuum of ~10 ° Torr)

Gases were admitted to, and circulated through the isolation cell
by means of ports along the axis of the cell. As stated previously,
the lower port enclosed the rotary manipulator, and:gas cqﬁld be
circulated outvthrough the upper port in the movable piston, and back
into the manipulator, via an external metal bellows pump. (Metal
Bellows Corporation Model MB10). This external loop also incorporated
a small volume (0.1 ml) gas chromatography sampling valve, wﬁich
extractéd samples for analysis into the Gas,Chromatograph (Perkin‘Elmer
Model 3920). The isolation cell and external gas circuiation route
therefore were operated as 'a small volume (100 mls *5) stirred batch
reactor. |
| Admission 6f a.HZ/CO gas mixture to the reactor (cell + loop) was
accomplishéd.via a sorption-pumped manifoid, which had inlets for Hy.
co, C02, Ar and calibfation‘gases. This manifold éerved also to

admit gases to the UHV chamber for low pressure experiments. All gases

-
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were high-purity, from Matheson Gas Products, and no further purification
was attempted. Gas mixtures were usually prepéfed in the manifold, then
expanded into the reactor, or bled into the UHV system.

For lqw pressure. catalysis studies (10-8-10f4 Torr), the isolation
cell was raiéed to the open position, and the Rh sample cleaned by Ar+
ion bombardment'(Z‘keV ions 5><10—5 Torr, 20 pA) and annealing at 1000°C
in ﬁHV. After AES analysis, gases could be admitted to the chamber
Qia variable leak valves, and adsorp;ion experiments, or catalytic
reactions were car;ied out. For a catalysis experiment, the chamber
was operated as a flow system, in which a dynamic é:essure was
maintained between 10-'8 and 10~4 Torr by reducing the pumping speed
with partial closure of ﬁhe gate valve, while the sample was heated
to a desired reaction temperature. Reaction broducts were detected
with the quadrupole mass spectrometer, and reaction rates and product
distributions determined by analysis of the cracking patterns. The
maximum pressure (lOfA.Torr), that could be employed iﬁ fhese experi-
ments is determined by the mass spectrometer deteﬁtion. One advantage
bof this method was that in situ AES or LEED aﬁalyses~of the catalyst
surface were possible during the reaction, due to the sufficiently long
electron mean free path at these reduced pressures.

For a high pressure (1 atm) catalysis experiment, the sample was
usually cleaned by Ar+ ion bombardment (2000 eV, 20 pA) qdd aﬁhealing,
and following surface analysis, the isolgtion cell was lowered and
sealed. [At this point, it was possible to demount the entire

manipulator assembly and change samples, without breaking UHV in the
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main chamber] Gases were pre-mixed in the mapifold, then expanded into
the cell and evacuaﬁed loop, to a total pressure of 700 Torr as measured
on an absolute'preséure dial gauge. The circulation pump Qas started

and the loop was isoléted from the manifold via a valve. Several
preliminary G-C samples were taken, then the sample temperature was.
adjusted to reacﬁion cdnditions (200-450°C) by a proportional

temperature con;roller, which compensated for variations in temperature'
due to resistance changes and gas flow variations. Regulation was
possible to within one or two degrees, and the Chromel~Alume1'thermocouple
output was measured on a Keithley millivoltmeter.

Periodically, samples were extracted into the gas chromatogfaph
for analysis. Negligible chaﬁge in total presgure occurred due to
sample eitraCtion (~0.1%). After reaction, the gases were evacuated
from the central cell and locop by the sorption pumps, and the-cell '
was then isolated from the loop, and re-exposed to UHV by raising the
upper cell cylinder. The pressure was usually in the low 10_8 rénge
within 10 minutes and below l><10-8 Torr within 30 mins.

Surface analysis, and thermal desorption measurements were carried
out, and ﬁhe sample could then be re-cleaned for a new run. A series
of blank experiments was conducted and it was found that thefe was
negligible hydrocarbon production from CO—HZFmixtﬁres- on the
tantalum support, thermocouple, or stainless steel walls.

Gas chromatography sémples at high pressures (700 Torr) were
analysed over Chromosorb 102 columns, which resolved all of the lower

molecular weight hydrocarbons adequately. A consequence of the use of
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small surface area (<1 cmz) catalyst samples‘was ﬁhat conversions

were about Q.l%,band flaﬁe ionization detection was necessary to detect
the product formation. Product detection and analysis was simplified.
by the fact ﬁhat HZ’ CO, and CO2 were not detectable in the hydrogeq
flame, although regrettably, othef products such as H20 were also not

detectable.
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III. RESULTS

A. Low Pressure Studies

1. Preparation of cleanvrhodium surfaces
The Auger spectra of the Rh surface béfore aﬁd after cleaning are

shown in Figs. 2(A) and 2(B). The maiﬁ initial impurities were sulphur
and carbon and these were easily removed by ion bombardment (2000 eV,
20 pA) resulting in a clean Rh surface spectrum of E}g. 2(B); To
maintéin reproducible catalytic and adsorption activity, énnnealing
was necessary, and a short aﬁnéal.(~5 mins @ 1000°C) was usually done,
althéughvthis was minimized because of.;he segregation of an impurity
(~180 ev, chlofine) upon cooling the sample. This was presumed to be
chlorine and not tantalum as it appeared also on :hodium—supporte&
samples, and no ﬁigher energy Ta peaks were observable in the spectrum.
Attempts Qere made to rid.tﬁe sample of chlorine by repeated ion
bémb;rdments and temperature cycling, but a final solution was to ion—;
clean the sampie, and minimize the annealing time to prévént segregation.
No segregation was observed in the low temperature'catalysis and
adsorption experiments. The peak overlap between the Rh{(260) peak
"and the C(270) peak was not reduced by lowering the modulation amplitude
below 5V RMS, and was therefore a consequence of the natural peak
widths and instrumental broadening. Quantitative analysis of carbon
~on these surfaces was therefore very difficult and was not attempted.
Removal of carbon by other methods sﬁch as high temperatﬁre oxygen

treatment was tried, and found to be less effective than ion bombardment.



A surprising observation after oxygen treatments was the lack of
substantial oxygen Auger signals. The rhodium surface;.did not
accumulate oxygen near the surfgce as easily as carbdn. In'Fig. 2(c)
is shown the Auger spectrum of the clean Rh surface, heated>in O2
(lxlo-.7 Torr) at 500°C for 10 mins. Only a small oxygen emission is
seen. |

2. Adsorption and Thermal Desorption:of €0, €O, and CO-H, Mixtures.

2
CO was found to adsorb strongly on the clean Rh sUrféce at low

9

pressures (10 --lO"4 Torr) and 300K, but the adsorption behavior was

markedly dependent on the surface pretreatment. 'Molecuiaf, or a~CO
desorbed around 250°C from the clean surfaqe, and thé thermal desorption
spectra, as a function of coverage are shown in Fig; 3. These specﬁra
were taken with a surface heating rate of 25°C/second, and by pre-
selecting the mass 28 peak in the quadrupole mass spectrometer; The
surface sé;urated with CO between 10-30L (IL=10“6 Torr seconds), and
all of the CO desorbed as a single_peak on the clean surfaéé.- This
behavior is similar to obséfvations 6f CO adsorption on other group
VIII metals such as Irfé)where CO also desorbs around 250°C.

It was found, however, that a single thermal desorption peak of
the type in Fig. 3 was only obtained after scrupulously cleaning the
Rh surface by ion bombardment. In particular, maintaining the surface
at 800°C during Ar+ ion bombardment was found to be necessary. If
this was not doﬁe, a secona CO thermal désbrption peak was.also
present, around 700°C, as shown in Figs. 4 and 5. As will be discussed

later this high temperature CO desorption peak is believed to be a
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recombination of adsofﬁed C and O atoms from dissociated CO, and the
dissociation could be.inducéd_by adsorbing CO on a surface whiéh was
previously contaminated with C or O impurities (from previous experiments),
or by prtheating the surface in- CO.

The desorption temperature of ~250°C is similar to the value found

(6)

for molecular CC on iridium although the heat of adsorption cannot

be determined from our data. Independent measurements of the heat of

17)

adsorption on rhodium gave the value as 44 kcal/mole, and this is

similar to the value reported for iridium.(6) The 250°C peak is
therefore certainly molecular, but the 700°C desorption peak is most
probably a recombination of adsorbed C and O, This hypothesisfis
supported by the observation of a similar recombinafioﬁ.of C and d atoms
to form CO at around 800K on a Ni(110) crystal.(ls)
Figure 4(A) shows the desorption of CO around 250°C fgbm the clean
surface, prepafed by the high teﬁperature ién[bombardmenﬁ, and
annealing. _Figure'é(B) shows the effect of ion bombardiﬁg the surface,
without annealing it:  the amount of'adsorbedACO:is increésed, but no
new peaks aépear,‘implying that this.is caused by a surface area
increase.” In Fig. 4(C) to 4(E), the clean surface was heated in
10“6 Torr of CO/H2 (1:1); €O and C02, respectively forv30 miné at
300°C. The scale on these spectra has been reduced by a factor of 4.
A new CO thermal desorption peak, around 700°C, has appeared, and there

is no significant difference in the spectra of 4(C) to 4(E), indicating

similar species on the surface.

«
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Both gas phase CO and CO2 ﬁherefore dissociate on the clean Rh suffaée
upon heating and hydrogen does not seem to be hecessary:for this process
to occur.

After the thermal desorption spectrum of 4(E) was taken, CO was
then re-adsorbed on this surface and Fig. 5(F) resulted. Instead of a
single peék, both molecular (250°C) and dissoéiaced.(700°c) CO desorbed.
vThe.presénce of the dissociated CO however was related to the rétg at
which CO was adsorbed on the surface, and this is illustrated in 5(G)
and 5(H). Spectrum 5(G)_was obtained by saturating the surface from
5(F) with CO at 2x1076 Torr, and spectrum_S(H) was obtained by slowly
adsorbing CO froﬁ the residual vacuum (1*10-9 Torr) over a period of .
2 hours. In the case of theAshoft exposure, the low temperatgre peak
dominates, but for tﬁe slow adsorption, the high temperature peak
dominates. .The high temperature peak could again, be eliminated By
Ar+ ion bombardment at 800°C, followed by annealing. In sbectrum 5(1);
a HZ-CO mixture (1:1) was adéorbed on the clean surface to saturation
at 1><‘10_6 Torr. The amount of low temperature CO oh the surface
significéntly increased, bgt there were no épparent changes in binding
energy of this state. Thus the presence of gas phase hydrogen does
not appear to change the binding energy of‘adéorbéd CO on the metal
surface.

.The Augér spéctra of the Rh surface prior to adsoféﬁiqn of CO,
when the high temperatqre peak was preseng,'were identical fo thé
clean surface. Therefore itvis proposed that very low concentrations

of C and O:diséolved in the near-surface layeré of rhodium may affect
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‘the CO desorptioﬁ, by promoting the dissociation of molecular CO. The
predohinance of diésociated Co upoﬁ heating the sample in H2~CO, co,
and C02, and the similarity of the thermal desorption spectra suggests
that it is a layef of carbon and oxygen atoms,‘fecombining and
desorbing as carbon monoxide. No other species were detectable during
these desorptiqn experiménﬁs. (eg. C02)

'~ Hydrogen adsorption was studied, and HZ was found to desorb

arcund room temperature, so accurate data was.not taken. The outgassing

of H, dissolved in thé Ta holder was also a prbblém; ~ From the
previous spectra, hydrogen does not seem to play an'important role
.1n'the CO dissociation;process, although it did increase.the’amoun;
of a~CO on the surface, dﬁring CO-adsorption. |

‘Carbon dioxide was found to adsorb on the clean surface of Rh,
although when desorbed, or heated in-a pressure of 1><10-6 Torr of COZ’
dissociation occurred and a high temperature CO desorption peak was

seen, similar to that from heating in CO.

3. Low Pressure Catalysis Studies

In these.experimenﬁs, the mass spectrometér_was tﬂe_deﬁector,'and
a dynamic pressure of the reacting gases was'established'in the UHV
chamber by adjusting the leak rate and the pumping speed. The
amplitude of the detected masses is proportional to their rate of
production in the chamber under these flow conditions.

In the first experiments, mixtures Of-HZ and Cb gas varying from
1:1 to 3:1 ratio were established in the chamber at preésures between

1X10-4 Torr and 1X10-7 Torr. The sample temperature was raised as

4
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high-as 6OQ°C, but usually around'300°c, énd a search was conducted
through the entre mass range (1 to 60) to find new masses Or changes iﬁ |
thoée present. At no time was there any evidence for hydrocarbon prodggt
formation under these conditioné. In particulér;-no methane was
detectable.

‘Other mixtures of gases were tried, including H2—02 and CO-Oé.

HZO formation was observed over a short period of time (several minutes)

‘from the H2-02 mixture (10-7 Torr, 1:1, 300°C), but no reliable kinetic

data could be taken due to changes in the rate with time. The CO—O2
reaction, however was more reproducible énd the reaction rate was
meésured as a function of teméerature in Figf 6. The only product was
COZ’ and the amplitude of the mass 44 peak was measured as a funcﬁion
of temperature ffom room temperature to 600°C. -The reaction rates

were quite reproducible, showing no hysteresis as the temperature was

cyéled,‘and the surface appeared capable of sustaining the reaction

indefinitely. The maximum in the rate vs._temperatdre curve in Fig. 6
is similar to the curves observed on other tfansi£ion metals, e.g. Ir(6).
The mechanism is beligved to involve adsorbed oxygen atoms

reacting with gas phasé CO. Auger analysié during reac;ion showed that
oxygen was present on the surface, but disappeared upon evacuation of'
the reactant gases. The importance of this mechanism to the understand-
ing of the CO-H2 reaction at high pressures, and an explanation of the
aBsence 6f CO-H2 products at‘low pressures, will be included 1nvthe

discussion.
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B. Atmospheric Pressure Studies

1. The Product Distribution and Surface Composition on the Clean Rhodium
Surface : ‘ '

The CO--H2 reaction was investigated at 700 Torr total pressure,

- with the high pressure cell ppefating as a Batch»reactor. Prior to
isolation of the sample, it was Ar+ ion bombarded at 800°C.for 20 miné,
;heh annealed ét 1000°C for 5 mins in UHV (< leO_8 Torr). The

. surface was then analysed with AES. The high temperature ion bombard-
ment was necessary to remove near-surface impurities (C, O, and §)
introduced from previous.experiments. Réproducible catalytic behavior
was only possible with the above -treatment.

.In Fig. 7 we show the results of a 5 hour run aﬁ 3o0°c, 3:1 HZ/CO
ratio and 700 Torr total pressure. The data is'plotted as a hydrocarbon
cbncentratiqn in molecules per uﬁit geometrical surface area of
catalyst versus time. The slope pfvthe line represents the rate of_r
reaction. Turnover numbers, or molecules per éurféce sitevper secdnd,
may be calculated from this data if the number of active sites per cm2
is known; in the following text, 1015 sites per cmz was chosen as a
rough value for comparison with other data, since~thé surface atom
density of the polycrystalline rhodium sample cannot be measured
accurately.

Under these reaction conditions, CH4 wg§ the dominant product,
with smaller amounts of_Cé and Cj products also.detectable. Very
sﬁall amount of C4 productg (< 1%Z) were also observed. The product

distribution remained constant over the 5 hour period, and the rates
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of production essentially constant, which'implies that poisoning effects.
due to product inhibition were nét operative. There was no detectable
induction periqd for this reactioﬁ, and the rates of formation were
reproducible to within 5%, from run to run, provided the sample was
cleaned in UHV prior to the experiment.

In Téﬁle I we compare this data from polycrystalline Rh at 300°C,

(7

and the data reported by Vannice on a supported 1% Rh/AlZO

39
catalyst adjusted to 300°C. Vannice's product distribution on supported
Rh was measured at 265°C, but only a small difference is expected
between this aﬁd 300°C. The product distributions are very similar,
éxcept that éthylene was obéerved as a product in this work, but not

on the supported Rh. The absolute rates of reaction at 300°C agree
within a facﬁor of 4, and this is very reasonable considering the

different methods of surface area measurement (Hydrogen chemisorption

versus geometrical measurement). This good agreement in c¢atalytic

behavior suggests that small surface area foils can be readily used

as model.catalysts‘forfthe CO—-H2 reaction.

After this experiment was performéd at one atmosphere, the sample

vﬁas re~exposed to UHV, and analysed with AES to determihe the surface

composition. The results of these analyses are presented in Fig.8.
After rcaction, carbon was the dominant surface species, and no oxygen,
or only traces, were seen. Occasionally, small amounts of sulphur were

observed on the surface. Figure 8 shows analyses after 30 minutes

- and after five hours of reaction at 300°C. The amount of carbon usually

increased with time, and after 5 hours of reaction, the estimated
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surface concentration was ﬁrobably ~1-2 monolayers, based on the
attenuation of the rhodium peaks..

This carbon appeared to be in a form other than adsorbed CO, since
it was removed only by heating the sample to 1000°C. ~ The mechanism
of removal was either by desorption, or diffusign into the bulk metal.
The. carbonaceous deposit did not appear to inhibit h?drocarbon'
production as Fig. 7 showea a constant production over a period when
the surface changed from clean to one with the carbon‘layer present.
The absence of surface oxygen is apparen;; and the sﬁéll Auger. peak
in Fig. 8 was the maximum ever obsefved ;ftér;féaétion.' In tﬁe,'
majority of rums, no surface oxygen was detectable. One possible
reason for its absence, is the reaction of CO or H, with chémisorbed
oxygen as the sample cooled down from reaction temperatures (250*350°C)
to the region where the CO—-O2 and HZ—O2 reactions were obserﬁed to
have significant rates at low pressures (‘200°C).

_2. The Variation in Methanation Rate with Ion Bombardment Pretreatment

To obtain reproducible reaction rates on the foil samples, it was
stated previously that a high temperature ion bombérdment was needed,
to rid the near surface layers of C and O impurities from previous
runs. It was found, however, that if the surface was not annealed
reproducibly, or if high temperature was not used during bombardment,
that large variations in reaction rates (hp to a factor of 6) were
possibie. ‘The.first effect (annea}ing) will be discussed in this section,

and the effect of near-surface impurities is discussed later.
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Figure 9 summarises the results. Only methane production is shown

as the product distribution was the same as that from the anmealed

surface in all cases. The lower curve shows the rate of methane

~ production at 300°C on a bombarded and annealed surface. The upper

curve shows the rate on a bombarded surface only — the rate is a
factor of 3 higher. This behavior agrees with the results of'thermal
desorption at low pressures and reflects the effects of surface

roughness. A 5 minute anneal at 1000°C was found to be sufficient for

reproducible behavior; shorter anneals resulted in rates lying in

between those indicated by the two curves. A standard surface treatment

.which removes surface damage was therefore essential in preparing ion

bombarded samples for reaction.

3. The Variation in Product Distribution and Reaction Rates with
Temperature and CO-H, Ratio, on the Initjally Clean Rh Surface.

The variation of reaction rates and production aistributibns with
CO—-H2 ratios and temperature were studied. For the methanation_reaétion,
thg data taken between 250 and 450°C with a 3:1, H23C0'ratio is shown
in Fig. 10. This data Qas e#tracted from experiments by increasing
the Sample temperaﬁure sequéntially, andytaking all the data in a single
run. All of the rate curves are linear, and data wés takeﬁ for a
short time only to,évoid possible poisoning effects at high temperatures.
The Arrhenius plot, shown in Fig. 11 indicates an activation energy of
243 kcals which is in excellent agreement with Vannice's value for

the 17 Rh/A1203 catalyst under the same conditions.
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To investigate whether the higher molecular Qeight.hydrocarbons

(C2, C3) were produced with the same activation energy, the H, -CO

2
ratio Qas varied between 0.5 and 9 and the reaction rates and product
distributions of the variocus species followed between 250 and 350°cC.
Product distributions as a function of temperature and HZ/CO ratios
aré.sﬁown in Table 2. The general trend is that CH4 is the dominant
product under all conditions, that were employed, bgt tﬁe ffaction of C2
and higher molecular weight products increases with decreasing HZ/CO
ratio and decreasing temperature. The most favorable conditions for
chain growth from Table 2 are a 1:2 H2/C0 mixture at 250°C, and the
most favorable methanation conditibns:are a9:1 H2/C0 mixture at 35C°C.
The product distribution has been truncated at C3 (propane)
because ip most cases C4's were < 1% of the total products, and near‘the
detection limit. Under favorable chain growth éoﬁditions, small
amounts of C4's and Cs's were seen, but are not listed in Table 2.
These results are véry similar to those reported by_Vahnice(7> on
suppdrted Rh, with one exception, and that is the type of C2 product.
In our experiments, ethylene (Cz(=)) was found to be the major product,
with ethylene/ethane.ratios as high as 12:1 under conditions of excess
CO. . Generally, the C2H4/02H6 ratio decreased at high H2/CO ratios,
but had different behavior as a function of temperaturc, depcnding on
the H2/C0 ratio. At HZ/CO = 0.5, the CZHQ/C2“6 ratio increased
considerably with increasing temperature, but at HZ/CO = 9 it decreased

dramatically at temperatures in excess of 300°C. In fact the ethylene

appeared to be hydrogenating, as the concentration decreased with time
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at 350°C. The presence of ethylene as a major C2 product contrasts
with Vannice's data on supported Rh, in which he reported ethane as
ﬁhe dominant product, except at low hydrogen concentrations. This
difference in product distribution may reflect fhe role of the alumina
support, and will be discusséd later.

It was reporfed earlier that the activation energy for methanation

was 24i3'kcals, at a 3:1 H2/CO ratio, and 250-450°C. The variation in

reaction rates as a function of temperature, for the Cl--C3 products,

~at the three H2/CO ratios reported in Table 2, were also studied. The

results are sqmmarized in Fig. 12 (A,B,C) Qhere we show Arrhenius plots
for all products at.three‘Hz/CO ratios. The'daéhed line corresponds
to an activation energy of 24 kcals per mole of product, and is used
as a reference. In general, detailed comparisons of "activation
energies" will not be made, but se?eral general features will be dis-
cussed. At 3:1 HZ/CO ratio (Fig. 12(B)), CH4 forms with an activation
enérgy of 24 kcals * 2, and this is also the value observed at HZ/CO=
9:1 (Fig. 12(C)). For a 1:2 ratio (Fig.‘12(A)), the activation energy
apparently increases at low temperatures (< 300°C), to about 24 kcals
at higher temperatures. The methanation rates at 250°C are therefore
lower than expected. These are also the conditions under which more
chain growth is observed, however. Cﬁrvéture of the Arrhenius plot

is also observed for the C2 and C3 products. In general, the ethane
activation energy apparently-increésés with temperature, except at

9:1 ratio, and ethylene has an apparent decrease in activation energy

with temperature; in fact in Fig. 12(C) at temperatures in excess of
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300°C, gaseous ethylene hydrogenates to ethane, and a negativé rate
of C2H4 production results. For propane, an increase in temperature also
produces a curved Arrhenius plot, with a decrease in activation energy,
particularly above 300°C.

To summarize these results, a fairly similar temperature dependence
of the reaction rate is observed for all products below 300°C, but
above this temperature, hydrogenation of ethylene to ethane, and smaller
rates of C3 production are observed. Methane.formation,_however, proceeds
with a constant activation energy even to 450°C, as measured previously
in Fig. 11.

The variation of reaCtion.rates with paftial pressures of CO and
H2 was not studied. Vannice's data on 1% Rh/Al 3( ) showed that the
methanation rate was proportional to the first power in hydrogen, and
a small hegative exponent for CO, and these results were similar for

most of the other group VIII metals.

4. Reaction Rates and Product Distributions for the CO2 H2 Reaction
on the Initially Clean Rh Surface

As a parallel study, 002 HZ mixtures were reacted on clean Rh

.

éurfaces, prepared in the same way as for the CO—H2-studies.i All
reactions were carried out at 700 Torr, and températﬁtes:between 250
and 400°C, with COZ—H2 ratios between 1:1 and 1:10. Two specific
observations were made, firstly, that the CO,-H, reaction is highly

2 2

selective for CH4 formation, with little or no C2 or higher molecular

weight products ever observed. Seccondly, the specific reaction rates

for the 002 reaction were always higher than for CO under the same

conditions.

»
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For a 3:1 Hz/coé mixturé, at 700 Torr, the reaction rates
(CH4 fdrmation) and Afrhenius plot are shown in Figs. 13 and 14
respectively. The activation energy for CH4 formation from CO2 is
1622 kcals, which is considefably lower than that measured for
methanation fromlCO-H2 under the same conditions. Aé a direct
comparison of the activities of the CO-H2 énd C02--H2 reactions on the
inifially clean Rh surface, Table 3 compares the activation energies,
for CH, formatién, and specific methanation rates at 250°C and 350°C.
The COZ—H2 reaction is more active than the CO—H2 reaction at lower

temperatures, with the rate approximately seven times that for the

' CO—HZ, at 250°C. 1t can be seen that the CO,-H, reaction is certainly

2 2.

more active in the lower temperature range. The methanation rates for

_the two reactions only become compafable around 440°C, due to the

large difference in activation energies.

Auger analyses of the Rh surfaces, after treatment with_COz—}l2

mixtures, were carried out, and the results were identical to the spectra

[}

in Fig. 8. ‘A carbonaceous deposit developed during the reaction,

whilst no oxygen was seen near fhevsurface. This carbonaceous deposit
did not inhibit the reaction, and COZ-—H2 mixtures could be catalysed
for several houfs without a noticeable decliné in the methanation
activity. Variations in the HZ/CO.ratid did not produce aﬁy detecfable

changes in the surface analysis after reaction, and methane was almost

always the exclusive product formed.
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5. Comparison of -the CO-H, and CO,~H, Product Distributions and Rates
on Pre-treated Rhodium Surfaces :

In the initial stages ofvtﬁis work it was discovered that the
specific reaction rates on the Rh surface were dependent on the
pretreatment of the surface with varioué gases. In certain cases,
Auger Spectroscopy revealed no obvious surface impurities as being
responsible for these variations, however the effects were quite
reproducible, and appareﬁtly caused by sub-surface impurities. 'To
quantify these effects, a series of eight experiments was conducted, to
ﬁeasure the specific reaction rates and prodﬁct distributions, on these
pre—treated surfaces, and to compare these results with those obtained
on the clean surface.

Each pretreatment consisted of heéting the clean Rh surface for
15 minutes at 300°C in one atmoéphere of a pérticular gas (02, CO or
C2H2), then exposiﬁg the surface to vacuum and flashing to 1000°C to
remove any adsorbed gases. The pre-tLea;ed~surface was then used to
catalyse the CO—Hzland C02-H2 reaction (1:3, 300°C, ]0O Torr) for 30
mins. Auger 3pectroscopié analyses were cafried out befdre'apd after
reaction to monitor changes in surface composition, and the reaction
layer was thermally desorbed in UHV after the high pressure runs.

Each pretreatment, however was-précede; by a high temberatufe ion
bombardment and anneal to remove surface impurities from the prévious
run and enable unambiguous interpretation of tﬁe data.

The data for the methanation rates, on thé various surfaces is
shown in Fig. 15, the product distributions in Fig; 16, énd the data

is tabulated in Table 4. As a first observation, a variation in
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methanation activiﬁy of a factor of 10 was observed, tﬁe‘most active
synthesis occurriﬁg for the.COi—H2 reaction on an oxygen~tréated
surface and the leasf active.being the CO—H2 reac;ion on~an'acetylene—
treated surface. In general, the C02-—H2 reaction was.alwazé mo%e
active than the CO-H2 reaction on the same surface, and oxgyen
prg;reatment increased methanation rétes, while carbon (from CZHZ)
retarded methanation, relative to tﬁe clean surface. The surface
pre-treated with CO was identical in methanétiqn activity to the clean
surface, for both reactions. Taking a closer look at Table 4, the
methénation‘activity'for the CO—H2 reaction én the 02—treated surface
was the same as C02-H2Aon‘the clean surface. .The kinetics for the
COZ-H2 on the Czﬂé—treated surface were'non—linear with'time, and the
rate after 30 mins was similar to CO-H, on this surface.

Auger analysés of the su;face.compoéitibn, after pretreatment and

prior to reaction did not reveal significant differences to account

-for this large variation in catalytic behavior. Surfaces treated with

oxygen and CO showed.no carbon or oxygen peaks aftef the pretreatment
and after.flashing in v5cgo to 1000°C. Surfaces treated in acetylene,
howevér, sho&ed signifiﬁant carbon peaks before and after flashing.
After the high pressure synthesis studies werevéarriedAout for 30 mins,
all surfaces had similar Auger spectra, with'carbbu being the dominaﬁt
species. No bxygen was detectable on the surface;

The product distributions ffom the pretreatéd surfaqesbalgo
showed differencés, and these are depicted in Fig. 16. Surfaces

treated with oxygen or CO showed eSsentially‘the,séme proddct distributions
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as the clean Rh foils, and in all cases, the COZ—H2 reaction was highly
selective towards‘CHA formation. Figure 16(G) and (H) are the
distributions f;om the acetyleﬁe treated surfa;e and here, more C2
and C3 chain growth products were observed for both reactions. Surface
carbon; formed by decomposiﬁg acetylene, therefore seems to facilitate
chain growth. |

Each of the eight pretreaﬁed rhodium surfacés in Table 4 were
studied by thermal desorption into UHV after the high pressure catalysis
runs. The mass 28 emission was monitored aé a function of temperature,
and the resuiting desorpﬁion spectra are shown in Fig. 17. 1In all
cases; only mass 28(CO) was observed during desorption althougﬁ H2
desorption was occurring, but was not measured for reasons cited previously.
For the reaction of CO-H2 on the clean surface; both the low temperature ”
peak, and the high temperature desorption was observed [Fig. 17(A)],
indicating both molecular and dissociated CO present. For the COZ-—H2
reaction, a very similar spectrum was seen, with the low temperature and
high temperature CO desorbing (Fig. 17(B)). These may be compared with
Fig. 17(C), whicﬁ was obtainéd after ﬁeating'the clean surfaée in pure
CO at 1 atmosphere and 300°C fof‘30 minutes. This spectrum is very
similar to the previous two and indicates that the dominant surface
species seen after reaction are similar for the CO—H2 and COZ—H2
reactions, and consist of mélecular CO and dissociatively adsorbed CO.
The total amount of CO desorbed after these runs was approximately

5-10 times that obtained by adsorbing CO on the clean surface at low

pressures, and suggests that some of the C and O atoms are incorporated
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into the near—surféce layers.

The thermal'desdrption.spegtra.for the.acetylené treated and
oxygen treated surfaces are seen in Fig. 17 (D) and (E)‘respecéively..
For the CZHZ case, molecular‘CO but no:significént high temperature-peak
is éeen, although continuous desorption Qf'CO occﬁrréd over the:entiré
tempéfature range. The total amount of.high témperature Cco desérbed
in this case is muchvlesé than from the CO—HZ-reaction on the other
pret?eated surfaces and this correlates with the lowest meﬁhanation

activity. Chain growth was enhanced on this. surface, however. Rhodium _

pretreated with oxygen gave.both'the low and high tempefature CO peaks

as seen in Fig. 17(E), but a large emission of CO was also observed ébove v
800°C and this is almost éertainly due to dissolved oxygen .reacting

with carbon, and liberating CO. The presence.of this large CO desorption

was the only evidence_obtained which supports the contention that dis--

_,Solved_oxygen is responsible for the increased methanation activity.

To summarize this data, oxgyen pretreated rhodium sﬁrfaqes have
_an‘enhanced methanation éctivity for both the CQ-H2 and C02¥H2 rea;ﬁiéns,
relative to the clean surface. This oxygén is undetectable_by.Auger
spectroscopy, and doés not change the product distribution, But'becomes
apparent when it reacts with carbon at'temperatures in excess of SOO’C
and desorbs as CO. Carbon, introduced onto the sgrface from acetylene,

reduces methanation activity relative to the clean surface, and increases

the chain growth probability. Thermal desorption spectra show that a

‘significantly smaller proportion of dissociated CO is present on this

surface. The clean surface, and CO treated surfaces, show methanation
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activities which are in between_these two extremes, and thermal
desorption spectra show both molecular and dissociated -CO present.
The C02—H2 reaction is consistently faster than the CO—H2 reaction
on any of these surfaces, but the thermal desorption spectra after
reaction look identical.

6. Reaction of Hydrogen with Clean and Pretreated Rh Surfaces at One

- Atmosphere

In the course of sevgrél experimenps, pure hydrogenvwas reacted
with the Rh surface to 6b§erve any product formation from the surface
carbon layer. The f%rst_experimehts involyed running the CO-H2
 reaction on the clean surface for 30 mins under standard conditions
(3:1 H2:CO, 300°C 700 Torr) then bumping out the gases and exposing
the cell to UHV to remove any adsorbed CO. Pure_Hé was then adﬁitted
to. the central cell and it was flushed several times to purge any
remaining CO. The sample was then heated to 300°C in 800 Torr of
hydrogen. Methane formation.was observed, and curves similar to that
showp in Fig. 18 were seen. Methane was evolved, the total quantity
being many "monolayers" (~60 in Fig. 18) and this implieé a substantial
amount of carbon removed from the sample. No other products were seen.
If cleaned Rh samples (cleaned by Ar+ ion bombardﬁent) were hydrogenated,
no methane was seen up.to 450°C or so. It appears, therefore that
surface or bulk carbon produced during the CO-H2 réaction may be
hydrogenated to form methane on Rhodium as low.as 300°cC.

Similar experiments were carried out on thsurfaces pre-treated
with acetylene where considerable amounts of carbon as determined by

AES (in excess of that produced in the CO-H2 reaction) were deposited.
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The hydrogenatioﬁ at 300°C as shown in Fig. 19, producéd only methane,'
but thg rate of production was élower than froﬁ the CO-—H2 treatéd
surface, although it did not ceaée hydrogenating over the 30 minute
period. Raising the temperature to 375°C produced a significant
increase in methane production, and the activation energy for this
process, calculated from Fig. 19 is 21*3 kcals, which is similar to
the value 6bserved for-methane production from the CO—H2 mix: |
Hydrogen, therefore, can produce methane from surface, or bulk'
carbon 6n rhodium in the temperature rangé (300°C) that ;he CO—H2
reaction is éctive, althoughvwe cannot compare the methanation

rates from the two processes easily.

i
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IV. DISCUSSION AND SUMMARY

We shall summarize the experimental findings that are useful to
unravel the mechanism of hydrocarbon production from CO-—H2 and COZ-H2
mixtures.

(a) There are two binding states of CO on polycrystalline rhodium,
with widely differing cesorption temperatures (250?C and 700°C). Both

states are present after reaction with CO-H,, and COZ-H2 mixtures, but

2
hydrogen is not necessary to produce the high temperature state. The
thermal desorption spectra after heating in CO alone look identical to
the CO-—H2 and C02-H2 cases. Pretreatment of the surface with acetylene
reduces the high temperature state.

(b) The active rhodium surface is covered with a carbonaceous
depésit under reaction conditions and both carbon and oxygen are
dissolved in the surface, as evidenced By co desofption at high
temperatures. Little or no oxyéen is present on the surface after
reaction. Interactién of hydrogen with the reaction 1ayer.aftér CO—H2
catalysis produces only methane.

(c) Any oxygen present in the reaction iayer during synthesis
must be removed rapidly by CO or H2 to form CO2 or H20; as thése
reactions (particularly the CO—O2 reaction) are rapid at low pressures
and tempefatures.

(d) The methanation rates, product distribution and activation
energy for methanation from CO—H2 mixtures agrees well with that reported

for a supported, dispersed rhodium catalyst. The major difference lies



in the production of ethylene as the major C2 product oniRh,foils ati
less-than 300°c.

(e) The reaction pf’COz—Hz-ﬁigtures 6n the'initia11y_clean Rh
surface produces methane only, and at a fastér raté; with a lower
activation energy (16 kcal). At low temperatures (< 2$Q°C) the COZ—H2
methanation rate is an order of magnitude higher than thé equivalent
CO—Hz_rate. |

(f) The pretreatment of the rhodium surface with §xygen.or acetylene
markedly changes the‘fate and/or product-disﬁribﬂtion. Oxygen increases
the.rate Qf CHavformation.by mote than a_faétor.of fiveAfr'om_COZ—H2
mixtures, whilé acetylepe'facilitates chain growth, and reducés methanation.

Evidence is presented in thisrwork tp show that CO.is.p:esent in
both molecular and dissociated'fo;m 6n rhodium surfaces during the
CO—B2 and.COZ—Hz-éyﬂtheses. Furthermore, hydrogen is not a necessary
agént for dissociation,'és CO and _CO2 alone produced the bigh-température
peﬁks duripg.héating in these gases at pressures as low as 10-7 Torr,
and 300°C. The dissociation of CO was alsolfoupd to occur on surfaces
contaminated with trace'aﬁdunts of carbon and oxygeh from previous
experiments;

The obSer§ation of a ﬁigh temperéture binding state of CO has
also been observed on iridium single crystals in this laboratory,(s)
after heéting in CO to seyeral hundred degfées at low préssures
(o 10~7ATorr). The formafion of this state on fhodium-foils may be.
affected by the polycrystailine nature of the su:faces, and further
experimenté on single crystéls are‘needed'to'clafify the mechanism

of dissociation.
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Hydrogen-carbon monoxide interactions have been investigated

9)

recently on metal single crystals and films. Wedler et al interacted

H2 and CO on nickel films at temperatures as high as 353K. - They
observed no reaction products desorbed at low pressures, but found a
considerable increase in the amount of CO adsorbed in the presence of

hydrogen at 353K. Other work on (111) platinum(lo)

at low pressures
showed slight changes in the thermal desorption spectra of a co—adsorbed
CO-H, mixture, and EID evidence of a surface "complex" containing

(11)

carbon, hydrogen and oxygen. On a (100) Tungsten surface Yates and
Madey fbund evidence for significant interactions between adsorbed Hz
and CO, but could find no mgthane or any other hydrocarbon products
desorbed. In this work, we observed an effect similér to Wedler,
namely an increase in the amount of CO adsorbed in the presence of
hydrogen at low pressures, but desorption of methane, or any other
hydrocarbon products were absent, even in catalysis experimentsT
Thermodynaﬁically, ;he formation of methane and higher moleculér
weight products from CO—H2 mixtures at atmospheric pressure is quite
favorable in -the températuré range of interest (250—350°C).(12) At
low pressures, however, the thermodynamics is quite unfavorable and
this is outline@ in the ;ppendix. This is simply a consequence of ;he‘
pressure dependence of a condensation reaction, which is favored only
by an increase in pressure. It is not surprising, therefore, that ét
low pressure,catalysis products are absent in tﬁe CO—-H2 reaction, and’

the importance and necessity of studying this reaction at atmospheric

pressure and above 1is apparent.
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The presence of a carbonaceous deposit on the rhodium surface
during the synthesis reactions, and the complete absence of oxygen
in the Auger spectra is surprising, as rhodium oxides are thermodynamically

stable, whilst the carbides are unstable.(l3)

The carbonaceous layer
must therefore consist of some Rh-C complex which forms in preference
to a surface oxide. Oxygen is incorporated into the rhodium surface
during feaction, hoﬁever, as evidenced by desorption of a high
temperature form of CO after reaction, alfhough it 1s not detectable
with AES. Even after oxygen treatment at high pressures (1 atm) and
heating to 300°C, only small oxygen'Auéer emissions were seen,
indicating sub-monolayer coverage. This 6xygen pretreatment does,
however, have a marked influence on the rates of ﬁethanation on this
surface indicating that sub-surface oxygen cah influence the reaction.
The Auger spectra after reaction showed tﬂe same carbonaceous over-
layer observed in all experiments. We therefore conclude that oxygen,
dissolved in the rhodium lattice below the surface ﬁromotes the
‘methanation reaction without significantly influencing the product
distribution.

The total absence of oxygen in the surface layer after reaction
is.easily explained with reference to the low pressure CO-O2 and HZ—O2
experiments. Both thesé reaétions proceed at low teﬁperatures and
pressures _(10—7 Torr and 100°C) and the removal of surface oxygen to
form CO2 and HZO at atmospheric pressure is expected to be rapid. In

,'fact.experiments on supported rhodium catalysts near atmospheric

pressure have shown that the CO—OZ_and H2-02 reactions do proceced
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rapidly.(lé)

The lifetime of an oxygen atom.on the rhodium surface
under Fischer-Tropsch conditions_is therefore short, as the strongly
bound carbon overlayer rapidly forms, preventing surface oxide
formation, and oxygen atoms may either dissolve in the sub-surface
layers or be hydrogenated. This mechanism is supported by the
observation of a complete ébsence of oxygenated hydrocarbons in the
synthesis under our conditions of the experimen;.

There is excellent agreement between the methanation rates and
activation'énergies reported here, and by Vannice for supported,‘
dispersed rhodium catalysts (Table 3). This is gratifying as we can now
use small surface area rhodium foils as model systems, representative
of high surface area rhodium catalysts. The.product distribution
is somewhat different; more etﬁyiene forms in the absence of the high
surface area support. Future studies should verify whether the support
is indeed responsible for the hydrogenation of unsaturated hydrocarbons,
thereby partly masking th; cafalytic behavior of rhodium.

One of the significant findings of this study is the marked
increase in selectivity to methane when CO2 is used as a reactant
instead of CO. The chain growth is arrested completely, élthough the
AES analysis shows a similar carbonaceous deposit after reaction.  The
" methanation rates, however, are more rapid than CO at temperatures
< 440°C, as the activation energy is 16 kcals as opposed'té‘Zh kcals
for the CO¥H2 reaction. The excess chemisorbed oxygen that forms as
a result of partial dissociation of CO2 therefore has a different

effect than pretreating the surface with oxygen. It appears that with
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CO2 as a reactant either the nature of the surface intermediates in the
reaction is aifered significantly, or atomic oxygen diéperses the carbon
species on the surfa;e, ihcreasing the seleétivity to methane formation.
Anothef explanation is th#t atomic oxygen bloéks sites responsible for
chaiﬁ growth, or that.the metal-carbon complex that fofms is
ré—hydrogenated rapidly enough to minimize the surface concentration

- of partially hydrogenated species that could link up to form higher
molecular weight prbducts. Clearly, unraveling the nature of the surface
intermediates that form during the COZ-Hé reaction should help us control
chain termination'in the Fischer-Tropsch reaction.

The ﬁretreatments §f the surface have marked and controlling
effects on both the réaction rates and prbduct distributions. While
oxygen pretfeatment increases the COZ_HZ réte five-fold, acetylene
pretreatment reduces ﬁethanation and increases chain growth in both
fhe CO2 and CO—H2 reactions. 'These obéervations indicate that the
surface compoSition‘énd perhaps also the surface structure that is
pre—determined by the oxygen or écétylene pretreatments control the
'rate and product distribution in the Fische:—Tropsbh reaction. Since
the surface is covered with a carbonaceous errlayer during the
reaction it is feasdnabie to coﬁclude thdt the structure and nature
of‘the rhédium—carbon bbhding'detérmines the reaction rate and patﬁ.

The carbon on the rhodium surface is activgg we have shown that it
re;hydrqgenates readily to form methane.. It appears that thesé
rhodium-carbon or_fhodium-_carbon—oxygen compounds at thé surface are

those that react with hydrogen to form the products.

r'd
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The hydrogenation, or gasification of carbon using rhodium as a

catalyst has been investigated by Tomita et al.(ls)

The éonversion
of carbon to CH4 occurred at tempertures in excess of that in the
Fischer-Tropsch reaction, but much lower than that required to
&irectly hydrogenate carbon in the absence of a catalyst. Rhodium was
the most efficient gésification catalyst investigated.

| We cannot deduce the exact nature of the reac;ion intermediates
in the CO—H2 reaction without further experiments. It isbsigpificant,
however that both molecular and dissociated carbon monoxide are present
under synthesis conditions. It is alsd significént that large amounts
of carbon at the surface (from deqomposed acetylene) retarded methanation,
but increased chain growth. The high temperature, or dissociated CO,
was much less evident on thesé surfaceé, while molecular CO was present.
There may in fact be a distinction between the methanation reaction,
and the chain growth reaction, as methane can be produced readily, from
carbon but chain growth products require the presence of adsorbed
molecular CO.

Future studies will be carried out with single crystals to
determine the effect of surface structure on the reactiQity, and
elevated pressures will be used'to increase the chain growth probability
and investigaﬁe this mechanism further. Since the surface cbmposition
of the catalyst appears to be all-important in the Fischer~Tropsch
reaction on rhodium, other transitidn metals should also be scrutinized
to explore the presence of similar effects. . Electron ‘spectréscopy

and ion scattering spectrdmetry techniques appear promising to identify

4
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the bonding of vaFious metal-carbon surface complexes.
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APPENDIX

The Pressure Dependence of the Free Energy
of a Condensation Reaction (16 :

. For the reaction

aA + bB > cC + dD (1)

The'équilibrium constant in terms of partial fugacities is

Ke = 23 g | @

In terms of partial pressures, this becomes

(ch)c (PxD)d :
Kp = a b » . (3
(PxA) (PXB) |

where p = total pressure and X,s Xp are mole fractions. It follows

that _
K, = KP-KY ~ where Yy = f/P : - (4)
. d
(r)< vy |
and _ KY = f—SL;;‘—JET; . (5)

We approximate KY ~ 1 for Fischer-Tropsch reaction conditions

(< 100 atm). Then

I
>
o

- o ‘ 6)



where

-An = atb - c~-d

Thus condensation reactions, where atb > c+d are favored by a
pressure increase. For all of the Fischer Tropsch reactions,
atb > c+d is the general rule.

As an example, for the reaction

3H, + CO > CH, + H,0 .

2 4 2

(AGf) 430°C, 1 atm = -11.42 kcals

bR = 3.68x10°

At 10‘4 Torr total pressure;

g ' v . . -2 3.68X103 4

x1.73x1071
1

~
-]
1

6.4x10

The equilibrium méthane concentration under these conditions would

therefore be very low.

- ane v ——
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Table 1. Comparison of polycrystalline Rh foil with a 1% Rh/A1203

catalyst in the CO—H2 reaction at atmospheric pressure.

polycrystalline Rh supported 1% Rh{Alzo3
foil (this work) (Vannice)(7
%
Reaction 300°c, 3:1 H,/CO 300°C  3:1 H,/cCO
Conditions 700 Torr 760 Torr
Type of o .
reactor ' batch ‘ flow
conversion | <0.1%Z , < 5%
Product : 907% CH4 3 907 CH4
Distribution o e o
5% Czﬂa—l 8% 2“6
L/ + L/ :
2% C2H6—1 v 2% C3
L./ + -/
3% C3H8-l <1% C4 +
<1% C4 +
Absolute : o
Methanation ' 0.13t0.03 1 -.034 -1 -1
Rate at molecules site sec molecules site - sec
300°C o

(Turnover No.)

* ,
data adjusted from 275°C
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Table 2. Variation of reaction product distribution with HZ/CO Ratio

and Temperature, over Rh foils.

Cl = methane C2(=) ethylene C2 ethane C., propane

3
Temp. Product H,/CO = 1:2 Hy/CO = 3:1 H,/CO = 9:1

c, . 65% 84% ' 93y

C, (=) 16 9 4
250%¢ . c, | 9.8 3 2

Cy + | 9.2 . 4 1

c, - 7% | 89% 95%

C, (=) 13 7 ;
300°C , '

c, 2 2

Cyt 3 1

cl 83% 94 - 98%
350°C C, (=) 12 3 | 0

Y
c, 2 2
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Table 3. Comparison of activities for methanation of the CO-—H2 and

C02—H2

700 Torr).

reactions on the initially clean Rh surface (1:3 ratio,

CO—-H2 = 1:3 COz—H2 = 1:3

Spégific rate -0.017 0.12

at 250°C CH, molecules

4 -1 -1

(turnover No.) site sec
Specific Rate 0.13 0.36

at 300°C
Activation
Energy (kcals) 24%2 1612




iy
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Table 4. Variation in methanation activity, and product distributions

for the CO- HZ and CO,-H, reactions on clean and pretreated

2 2
rhodium surfaces. (Reaction conditions 1:3 ratio, 700 Torr,
300°¢C)
* . .
Reaction Surface Methanation Product
Gases Pretreatment Rate (300°C) - Distribution

(turnover number) .

88% C,
CO-H2 none 0.15%.05 9% C2
' 3% c3
€o,-H, ‘ | none 0.33%.05 100% ¢,
| 87% ¢,
— © . i . o,
CO-H, o, 0.33 705 0% c,
3% c,
co,-H, 0, o 1.7%0.2 984
4 . 2%
_ . _ 88% ¢,
Co-H, | co g © 0.15%.05 _ 9% ¢,
3% C,
- : . + ' ‘ ' 9 N
co,-H, co ©0.33:.05 - 100% C,
‘ - 8% ¢,
€o-H, | CoHy -07%.02 182 C,
4% Cq
| , | _ 96%  C
€o,-H, . C,H, 07,04 3% ¢,
1% Cy

Heated for 15 mins in 700 Torr of the particular gas, then thermally
desorbed to 1000°C in vacuo before reaction.
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FIGURE CAPTIONS

Fig. 1. Schematic of UHV surface analysis system equipped with sample
.isolation cell for catalytic studies at high pressures
(1-100 atm) and lpw pressures (10-8-10'—4 Torr);‘
Fig. 2. Auger spectra of rhodium surface (A) Before cleaning
| (B) After cleaning with 2000 eV Ar+ ions and annealing at
1000°C (C) After treatment wiﬁh oxygen (1><10“7 Torr, 500°C,
16 mins.)

Fig. 3. Thermal.desétption spectra of CO on Rﬁ'foils; Heating rate
25°K sec-l, adéorption pressures'lo_.9 Tofr to ld-é Torr CO,
at 300K. |

Fig. 4. Thermal desorption bf CO from Rh after various treatments.
(A) Clean surfacé,.BOL (B) Ion Bombarded surface, 30L
(C) Heated in CO/H2 1:1, 10”6 Torr, 300°C for lQ mins
(D)vAs in (C), but pure CO. (E) As in (C) but pure COZ'

Fig. 5. _Thefmal desorption of CO from Rh after various treatments.
(F) CO adsorbed on surface from Fig. 4(E), 30L. (G) co.
adsorbed on (F) rapidly by 2x107% Torr CO, 15 secs. (H) CO
adéorbed slowly from ambient on (H), for 120 mins. (I) HZ/CO
co—adsorbed (1:1, 1><l0“6 Torr, 30 secs, 300K) on clean
surface.

Fig. 6, Vériétion in the rate of CO2 production with temperature,

in the CO,—-O2 reaction on Rh(l(.)»7 Torr, i:l).
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Fig. 7. Production.of hydrocarbons from a 3:1 H2/CO mix on rhodium foil
| (700 Torr, 300°C), with the internal isolatioh cell operated
as a stirred batch reactor.
Fig. 8. (A) Auger anaiysis of the clean Rh surface, (B) the surface
after 30 mins. reaction, (300°C, 700 Torr, 3:1 HZ:CO)
(C) The surface after 5 hrs reactionf
Fig. 9. Variation in methanation activity of Rh foil with ion
bombardment pretreatment.
Fig. 10. Production of methane on initialiy clean rhodium foils as a
functidn of temperature.
Fig. 11, Arrhenius plot for methane production on rhodium foils, from
250-450°C.
- Fig. 12. Arrhenips plots for formation of hydrocafbons from CO-—H2
mixtures 6ver rhodium foils at atmospheric pressure, and
= 2:1 (B) CO:H, = 1:3, (C) CO:H

2 2 2

Fig. 13. Formation of CH4 from COZ-H2 over Rh foil. (1:3 ratio,

250-400°C, 700 Torr).

250-350°C. (A) CO:H = 1:9.

Fig. 14. Arrheniﬁs plo; for methane production from C02—H2 on Rh
(1:3 ratio, 250-400°C, 700 Torr). | | |

Fig. 15. Methanation_gctivity of tﬁe CO—Hé and C02'--H2 reactions on -
clean and pretreated rhodium surfaces. (3:1 HZ;CO, 700 Térr,
300°C. Surfaces pretreated with a'particular gas, 700 Torr,

300°C for 15 mins, then flashed to 1000°C in vacuo prior to

reaction).



Fig._l6.

Fig. 17.

Fig. 18.

Fig. 19.

_ hydrogenated with 800 Torr H
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Product distributions for the CO-H2 and‘COZ-H2 reactions on

clean and pretreated rhodium surfaces (See Fig. 15 and

Table IV). (A) CO-H,/clean (B) CO /clean (C) CO-H,/0,

27
treated (D) coz—HZ/o2 treated (E) CO—HZ/CO treated
(F) COZ—HZ/CO trgated (G) CO-—HZ/CZH2 treated (H) COZ-'-H2/C2H2

treated.

Thermal desorption of pretreated Rh surfaces after CO—H2

and C02—-H2 reactions (1:3 Ratio, 700 Torr, 300°C).

Hydrogenation of the carbon residues produced in the CO-H2

reaction on Rh (3:1 H,:C0, 700 Torr, 300°C, 30 mins, then

(-]
,» 300°C).

Hydrogenation of surface carbon formed by decomposing
acetylene on the Rh surface (pretreated with 800 Torr CZHZ’
29

300°c, 15_mihs, then hydrogenated with 800 Torr H 300°C)}
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