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Temperature-Programmed Desorption and Reaction of CO and HZ

on Alumina=Supported Ruthenium Catalyst

Gordon G. Low
Materials and Molecular Research Division
Lawrence Berkeley Laboratory
University of California
Berkeley, California

ABSTRACT
The temperature-program desorption of CO and temperature~
programmed reaction of CO in flowing HZ has been studied on a
5 wt# Ru/AlZOB catalyst. CO adsorbs molecularly on Ru/AlZOS
at room temperature. Two distinct CO desorption peaks were
observed. The activation energies of desorption were calculated

to be 27 and 37 kecal/mole.

Upon heating CO dissociates on Ru/A1203 at approximately
4159K to form CO, and carbon. The carbon remaining on the
catalyst surface enhanced the strength of adsorption of Cco,
probably by donating electrons to increase the degree of back
bonding of the adsorbed CO. The surface carbon reacted
readily with Hy at BOSOK9 forming CHy and small amounts of CoHgs
whereas absorbed CO was inert to Hy at this temperature.

The surface carbon could easily be deactivated by heat treatment,
and a very high temperature was required to remove

the deactivated carbon from the catalyst surface with Hyo
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These results strongly supgest that carbon is & reactive
intermediate and that the disscciatlon of €O is & necessary

step in methanation and Fischer—Tropsch synthesis,
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I. Introduction and Literature Review

A, Intvoduction

The gasification of coal produces a carbon monoxide and hydrogen
mixture which can be converted into methane, hydrocarbons, alcohols
and a variety of basic chemicals. Although the synthesis of methane
(methanation) and hydrocarbons (Fischer-Tropsch synthesis) from CO and
Hoy has been studied for over 70 years, the basic mechanisms underlying
these reactions are still the subject of active research. As a result
little is known about the factors controlling catalysts activity or
selectivity. The purpose of this work is to investigate the reactions
of €O and Hy over an alumina supported ruthenlum catalyst. Ruthenium
is chosen because it has high intrinsic activity compared to the other
transition metal catalysts and because it yields mainly hydrocarbon
products. Two investigative techniques, temperature-programmed

desorption (TPD) and temperature-programmed reaction (TPR), are used to

§tudy the interaction and reaction of CO amd H; on the Ru/élZGB catarysts
In the balance of this chapter a review is given of the TPD and TPR
techniques and the studies on CO and H, chemisorption and reaction

on Ru catalysts. Current proposals conceruning the mechanisms of

methanation and Fischer-Tropsch synthesis are also discussed.

B. Literature Review
1. Temperature-Programmed Desorption (TPD) and Temperature=
Programmed Reaction (TPR)

Thermal desorption of gases from catalytic surfaces is a useful
technique for the study of the details of bounding between an adsorbate
and a catalyst. There are many reviews written on this subject [1-5].

One version of thermal desorption is flash filament desorption in which



the desorption of an adsorbate from an electrically heated "filament"
is followed by monitoring the total pressure or the partial pressure
of the adsorbate in an ultra~high vacuum system. This technique has
been widely used in adsorption studies on single crystals, polycrystalline
films, ribbons, and wires. Amenomiya and Cvetanovic [6] extended the
thermal desorption technique to the study of conventional supported
catalyst by using a flow system. They coined the term temperature-
programmed desorption (TPD). During a TPD experiment, the adsorbate
{s desorbed from the catalyst into a carrier gas by programmed heating.
A linear heating schedule is most commonly used. The concentration of
the adsorbate in the carrier gas stream 1s monitored as a function of the
temperature of the catalyst, and the resulting concentration versus
temperature plot is called a desorption spectrum.

A typical desorption spectrum is shown in Fig. 1. The rate of

desorption is determined from the concentration of desorbed gas present

in the gas phase. The number of peaks in a desorption spectrum is equal
to the number of different types of adsorption sites on the catalyst
surface, and the temperature at a desorption peak maximum is related

to the activation energy of desorption for that adsorption site.

Mathematical analysis of a first—order desorption process using certain

simplifying assumptions results in KEq. (1) which relates the
temperature at peask maximum to the heating rating and to the activation

energy of desorption [5].
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The two basic assumptions used in the derivation of Eq. {1y are (i)

that the catalyst surface ls homogeneous, is independent of

coverage, and (ii) that desorption occurs at conditions where readsorption

ig negligible, i.e. high carrier pas flow vate.
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1f the second assumption is not valid, ely readsorption does

occur freely, then an equation simil can be derived by

assuming that equilibrium exists between the phase specles and

the surface species during desorption.
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line, depending whether readsorption occurs or not during desorption.
If adsorption is non—activated (i.e. the activation energy of adsorption,
E = 0), the differential heat of desorption is equal to the activation

energy for desorption (Aﬁd = Ed = E_). Under this condition Eq. (1) and

a
Eq. (2) yield similar information.
In order to determine Ey or AHd with a fair degree of accuracy,
the heating rate must be varied by at least two orders of magnitude.
Due to the experimental difficulties involved in doing so, a simplified

form of Eq. (1) is commonly used [7] if readsorption is negligible at

the desorption condition.
Ed/RTm = In{A Tm/S) ~ 3.64 (3)

Using thils equation Ey can be calculated from the data of one
TPD experiment by assuming a typical value of 1013 Secﬁl for the pre~

exponential factor.

Although Eq. (1) was derived by assuming a first order desorption
process, Lord and Kittleburger [8] have shown that Eg. (1) can also
be used to calculate Ey for a second-order process 1f care were taken
to start with the same initial coverage for each desorption experiment.

An equation similar to Eq. {(3) can be used for a second-order Process.

Eq/RTy = 1n (A,6,T,/B) - 3.64 (4)

where 90 is the initial coverage and Ay is the preexponential for a second

order process, typically equal to 1Oﬁ2 sz/secg
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The utilization of Egq. {(1-4) provides an easy means for determining
the heat of desorption for the different adsorption sites on a catalyst
surface. Also TPD experiments are useful for characterizing and
identifying these different adsorption sites. However, care must be
exercised in the interpretation of TPD spectra. The assumptions used
in the derivation of Eq. (1) and (2) are often not valid at the desorption
condition. Energetic non-homogeneity of the catalyst surface and adsorbate~
adsorbate interaction can cause the activation energy to be coverage
dependent. Also, increase in the moblility of the surface species
as the temperature of the catalyst increases can lead to the

interconversion of energetically different adsovbed species, thus adding

to the complexity of intexp
After identifying the different adsorption sites on a catalyst
surface using the TPD technique, the activity of these sites for a

catalytic reaction can be examined using the temperature~programmed

reaction (TPR) technique. During a TPR experiment a gas

is first adsorbed on the catalyst, but instead of using a carrier gas
as in a TPD experiment, a gas which can react with the adsorbate is
passed over the catalyst as the temperature of the catalyst 1s

increased. The products of the monitored as a function of

jucts appear is an indication

temperature. The temper

of the rveactivity of the adsorbed speciles.

2

2. Mechanism of Methanation and

seh Synthesis
Since Sabatier reported the synthesis of methane over a nickel

catalyst in 1902, there has been a great deal of work done on the
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synthesis of organic products from CO and Hyo The reaction of CO and
H2 to produce hydrocarbons is commonly referred to as Fischer-Tropsch
synthesis, By the proper selection of catalyst and reaction conditions,
it 1is possible to selectively produce a wide spectrum of products such
as paraffins, olefins, alcohols, ketones, aldehydes, and fatty acids.
Many excellent reviews of the history, kinetics, thermodynamics, reaction
mechanisms, and technological developments pertaining to Fischer~Tropsch
synthesis have been published [9-19]; therefore, a comprehensive review
on this subject will not be given here. This review will be concerned
mainly with studies of the intevaction and reaction of CO and HZ on
Ru, and a major emphasis will be placed on the proposed mechanisms of
methanation and Fischer-Tropsch synthesis.

One of the earliest wmechanisms proposed for the CO“HZ synthesis
reaction was the carbide theory of Fischer and Tropsch [19]. This theofy

postulated that the synthesis reaction is initiated by the dissociation

of carbon monoxide on the catalyst surface to produce a surface carbide.
The surface carbide then reacts with adsorbed hydrogen to form a CH,
intermediate which can be hydrogenated to form methane or undergo
polymerization to form higher molecular weight hydrocarbons. The mechanisnm

can be represented by the following steps.

(1)
(2)
M—CO 4 Mo M~ + M~0 (3)
M~0 + HeM ey MOl (4)
M~-0OH -+ E“M«mﬁm»M%HZD 4+ 2M (5)

2 H-M 7 H-M
M=C v M=CH == CH, + M {(6)



H=M
M=CHy + M=CHy —p M~CHy=CHg + M (7)

H~M

M=CH, + M=CHy =R s > paraffins, olefins (8)

H-M
M~CHy=R  + M~OH comeemy OXygenated hydrocarbons (9)
Steps (7) and (8) are the chain-growth steps, and step (9) is
proposed in order to explain the formation of oxygenated hydrocarbons.
It has also been proposed that a possible mechanism for chain growth
is the direct insertion of adsorbed CO into the MxCHZ intermediate [20].

1f this occurs then steps (4), (5), and (7-9) can be replaced by

Eoi E* Og | CHsy OH
8 e
cH, c é CHyr+:C 2 H-M \c/
[ | — I
M M M M M (10)
CHy OH
NS
C 3 H-M CHy
1% — g + H,0 (11)
i CH,
M %
M
H-M
M-CHy=R g paraffins, olefins (12)
Reg OH
co i, S H-M oxygenated
M-CHy~R g%; %\%g -3  hydrocarbons (13)

M



The carbide theory was later rejected because it failed to explain
the synthesis reaciion over the iron group (Fe, Co, Ni) catalyst.
Tracer studies with 14‘C [21-231 and kinetiec studies [24-29] showed
that the carbide could not be the intermediate in the syanthesis reaction.
A summary of the reasons for the rejection of the carbide theory was
discussed by Pichler [12] and by Kini and Lahiri [30].

Storch, Golumbic, and Anderxrson [16] proposed a different
mechanism involving a hydrogenated CO intermediate, an enol. The
enol intermediate can be hydrogenated to form either methane or methanol,
or it can undergo a condensation reaction to form higher molecular
welght hydrocarbons. This mechanism can be représentad by the following

steps.

—

(1)

[

conrs
(—

e

o
fan
o

e

Chain initiation: C +  ZH ey C -y methane or
Il i methanol  (2)
M
{enol)
Chain growth:
H OH H OH H OH CHq OH
A4 N/ -H0 \ /s N/
C + ¢ s C=C —> c (3)
I I ol i
J i L
M M M M M
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R OH H OH Rx OH
\\/ \/ CH, /
+2H N
C + C } C
I I ~H,0 Il (4)
M M M
Chain termination: X OH
CH, /
X\C 24 oxygenated hydrocarbons (5)
I —
M
R OH H CH

\cgé\\ﬁ //// ) \X // )

iy R=CH + C e R-=CH (6)
I ? [ .
M

This mechanism was widely accepted after its introduction, but

‘there was very little direct evidence to prove the existence of an

enol intermediate on catalyst surfaces. Bhyholder and Neff [31] observed
0-H and C~H infrared bands on Fe/SiOZ exposed to CO and Ho. They

assumed that these bands were due to the presence of an enol intermediate.
Other indirect evidence which seemed tovsupport the existence of an enol
intermediate was obtained from studies of the coadsorption of CO and

Hye It was found that, irrespective of the initial Hz/CO ratio of a

gas mixture exposed to an Fe catalyst, a 1/1 HZ/CO mixture was desorbed
from the catalyst [32]. This observation was explained by postulating

the existence of an enol type surface complex. A recent study by
Matsumoto and Bennett [33] presented similar arguments for the existence of

an enol intermediate. They observed that when a reaction mixture of €O and
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H, flowing over a promoted Fe catalyst at 523°K was suddenly changed
to flowing He, only HZO was detected in the He stream. They proposed

that HZO was formed via the reaction,

HO 3
% // He
C — Hy0 + FC .
[¢]
I 5239K
Fe

The carbide remaining on the catalyst surface was found to be less
reactive toward HZ than CO.

Due to the renewed interest in methanation and Fischer-Tropsch
synthesis, there has been a large investigative effort directed toward
the identification of the reaction mechanism. Recent studies on
the mechanism of methanation have revived the carbide theory. Wentrek,
Wood, and Wise [34] pulsed a known volume of CO over a Ni/A1203 catalyst

at 553°K. They found that some of the adsorbed CO dissociated into

carbonand CO5 via the Teaction (2 CO—=»C + COz)@‘When this same
catalyst was pulsed with Hz at 553OK, the methane produced was almost
exactly equal to the amount of carbon deposited on the catalyst surface.
No correlation was found between the amount of chemisorbed CO and the
amount of methane produced. When the catalyst was heated at 723°K

for 10 min after carbon deposition at 553°K, deactivation of the carbon
was oserved. The authors distinguished the reactive form of carbon

as carbidic carbon and the unreactive form as graphitic carbon. It was
probably the latter which investigators in the past [23-25] had found
to be unreactive. In a later study McCarty, Wentrek, and Wise [38]
found that the carbon deposited on a Ru/AlZOS catalyst was reactive

in HZ to form CH4 below room temperature, but undissociated CO adsorbed

on the catalyst was inert to HZ at room temperature.
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Similar experiments were performed by Rabo, Rish, and
Poustma [20] using Ru, Ni, Co, énd Pd supported on silica. The
adsorption of CO was nondissociative on these catalyst at room
temperature, and the chemisorbed CO did not react with H, at this
temperature. But when carbon was first deposited on the Ru, Ni, or
Co catalyst by CO adsorption at 573°K and subsequently cooled to room
temperature, methane was produced when the H, was pulsed over the catalyst
at room temperature. CO did not dissociate on the Pd catalyst at 573°K,
and the chemisorbed CO (adsorbed at 573°K) was inert to H, at room
temperature. These results are consistent with the fact that Ru, Ni,
and Co are excellent methanation catalysts, while Pd is only slightly
active in methanation, but it is a good catalyst for methanol synthesis
under moderate pressure. Therefore, it was concluded that the dissociation
of CO leads to the formation of methane; and the direct hydrogenation

of undissociated CO leads to the formation of methanol.

Araki and Ponec [36] also examined thé reactivity of the carbon
deposited on a Ni film. 13¢0 was exposed to a clean Ni film at 573°K

for 30 min to deposit a layer of carbon on its surface. The chemisorbed

13C,

l3CO was then pumped away, leaving only the surface carbon then

a reaction mixture of 12CO and HZ (5/1) was introduced at 523%°K. The

£ 13 12

formation o CHy, 1ZCH43 13COZ9 and €Oy was monitored as a function
of time. At first only 13CH4 was observed. The formation of 12CH4
and 12602 was accompanied by an induction period of approximately 25
min and 13002 was not detected. These facts clearly demonstrated that

the surface carbide was the intermediate in the methanation reaction.
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3. Studies of CO and HZ Reaction and Interactions on Ruthenium

Ru 1s an excellent methanation catalyst at atmospheric pressure.

It also has the unique ability to synthesize high molecular weight
paraffinic waxes at high pressure. Table 1 summarizes the results of
the kinetic studies on the hydrogenation of CO over different Ru
catalysts [17]. These studies generally show that CO inhibits the reaction
while HZ has a positive-order effect on the reaction rate.

Vannice [37] compared the turnover numbers for the methanation
reaction for the Group VIII transiton metals and found that Ru
has the highest activity (see Table 2). Dalla Betta et al.
[38] measured the initial methanation activity of supported Ru
and Ni catalyst and found that Ni was twice aé active as Ru at
553°K. However, a later study by the same authors [39] showed that

Ru, Ni, and Re catalyst have similar steady state methanation activity.

Dalla Betta and Shelef [40] performed an infrared study of the

hydrogenetion of CO, They found that the adsorption band for CO in

the presence of HZ was very strong. The catalyst surface was almost
saturated by adsorbed CO during the reaction at temperatures from 353°K
to 523°K. No evidence for an enol type reaction intermediate was
detected. However infrared bands attributable to hydrocarbons and
formates species were observed. Isotopic~exchange experiments indicated
that these species were inert énd were adsorbed on the alumina support.
At high reactlon temperature the metal surface was altered, possibly

due to carbon deposition, and an adsorbed CO exhibiting a much lower
stretching frequency and a greatly reduced intensity was observed. The

catalytic activity was also reduced.
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Table 2. Specific Methanation Activity of Group VIII Transition Metals [37]

Metal { Turnover no. @ 548°K x 103 )
Ru 181
Fe 57
Ni 32
Co 20
Eh 13
Pd 12
Pt 2.7

ir 1.8
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Kraemer and Menzel [41] examined the interaction of CO and HZ on
a Ru field emitter. They found that a saturated layer of CO at 300°K
did not adsorb any H,, but a saturated layer of the H, was very effectively
replaced by CO. Dufiné the displacement of Hy by CO, a mixed layer
was formed and a change in the work function of the surface was detected,
which suggests the existence of a complex. This complex was wmore strongly
bonded to the surface than CO or H, alone. Goodman et al., [42]
observed similar interactions between CO and HZ adsorbed on a Ru (110)
surface. The addition of CO to a saturated H, layer increased ihe

desorption temperature of H, by approximately 459K,

4. Studies of CO and H, adsorption on Ruthenium
In order to fully understand the mechanistic steps involved in
methanation and Fischer-Tropsch synthesis, 1t is essential that the

adsorption of CO and Hy on catalyst surface is well understood. This

o

section—ts—devoted—te—a—review-of-LC0-and-H,chemlsorption on Ru surfaces
A model for the bonding of €O on transition metal is shown in

Fig. 2 [43]. The electron pair from the 30 orbital of the carbon

atom is donated into the vacant d orbits of the metal atom. This

bond is very weak because the donor ability (Lewis basicity) of thé o

molecule is extremely small, so the metal-carbon bond is stabilized

by back donation of electroms from the filled d orbitals of the

metal into the vacant antibonding orbitals of the €O molecule. Since

the electrons are donated into the antibonding orbitals of the CO

molecule, A weakening the CO bond would be expected. The ability of

the CO molecule to bond to the transition metal depends on the

availability of filled and vacant d orbitals with the correct symmetry and

range of energies. A CO molecule can form bonds with one metal atom,



17

*{el1SU UOTITSuUBIY

uo uoridiospe @) jo uopidyiosap Pe31TqI0~IBINOOTON °7 2and1g

60€L-£32 19X

uoLjeuop yoeq

(-

s

Y
EN

uoLjeucp yoeq




—1 8-

two metal atoms, and even three or more metal atoms 1f a favorable energy
configuration can be achileved.

Quantitative measurements of CO adsorption on Ru have been performed
by a number of authors [44-46], Hy chemisorption and BET surface area
determination (for powdered metal only) were used to determine the number
of surface Ru atoms. The ratioc of the number of adsorbed CO molecules
to the total number of surface Ru atoms vanges from 0.6 to 3.8. The
adsorption stoichiometries were explained by postulating the existence of
bridge~bonded CO and multiple adsorption of CO on a Ru atoié

Infrared spectroscopy is a common technique used to study the structure
of CO adsorbed on metals. A number of infrared studies on the adsorption
of CO on Ru surfaces has been published. Table 3 summarizes the results.
The earliest study of CO adsorption on Ru was by Lynds [47]. He reported

two bands at 2151 em™d and 2083 em™! for Ru/Al,04 and two bands at

2125 em”t and 2060 em L for Ru/SiOZs Guerra and Schulman [48] found
t@o broad bands at 2010-1990 cm ™t and’1970&18?0 em™d for €O adsorbed
on Ru/8i0,. They assigned the high frequency band to linearly
adsorbed CO (Ru—CO) and the low frequency band to bridge-bonded CO
(RuZmCO)g Kobayashi and Shirasaki [49] assigned bands observed at

2040 cw™t and 1980 cm ™+

£0 Ru(CO)Z and Ru(CO0)4 respectively for CO
adsorption on a RU/SiOZ catalyst. These structural assignments were
based on the infrared spectra of Ru carbonyl clusters and the results

of CO chemisorption experiments which suggested that multiple CO

adsorption occurs on Ru surfaces.
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A vecent infrared study by Dalla Betta [46] on CO chemisorption
on Ru/AlZO3 samples having different crystalline sizes showed some
interesting results. Only one band was observed at 2028 mel for CO
adsorbed on Ru/A1203 with average metal crystallite size greater than
01 f. However, three bands at 2028-2092 cm ™+, 2070-2086 cm™t,
and 2133-2148 em ™ were observed when CO was adsorbed on Ru/Al,04 with
average metal crystallite size less than 60 A. Comparison of CO and
Hy adsorption revealed CO/H ratios as high as 3.8 on Ru particle of
11 i, implying multiple adsorption of €O on low coordination sites.
Based on this evidence Dalla Betta concluded that the observed bands
were due to CO adsorption on different coordination sites.

Brown and Gonzales [50] conducted infrared studies on the adsorption

0f CO on reduced and oxidized Ru/SiOza The intensities of the bands

]

at 2030 cmmlE 2080 c:mmls and 2135-2150 em™ ! were dependent on the degree

of oxidization of the Ru/SiOza They concluded that the observed bands

were due to linearly adsorbed CO perturbed To a cillerent degree by

an oxygen atom., The following structures were proposed:

0 O 0
f i H
c C ¢
t i i
=Ru=Ru~ ~Ru0-Ru~ RuO~Ru
2030 em™* 2080 em™ T 2135-2152 cm ©

Davydov and Bell [51] also studied the adsorption of CO on oxidized

and reduced samples of Ru/8i0,. They found only one band at ZOéOcmgl for
CO adsorbed on fully reduced Ru/Si029 to which they assigned the structure
of Ru-C0. The bands observed on fully oxidized RU/SiOZ at 2130 cmml

-1 4 .
and 2070 em — weve assligned the structure Ru+m{Csze
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Madey and Menzel [52] used a combination of surface techniques,
LEED, Auger, Kelvin probe contact potential changes, and flash
desorption to study the adsorption of CO oun Ru (001). Two binding
states of CO were identified by flash desorption from a saturated Ru
surface, but only the higher temperature peak was observed at low CO
coverage. The LEED pattern indicated a @§§ X@j?) structure at low
CO coverage, but this ordered pattern decreased in intensity as CO coverage
increased beyond 1/3 of a monolayer. This evidence seems to indicate
that the two binding states at high coverage arises from the repulsive
interactions between neighbors. It was found that bombardment by LEED
electron beam changed the %Ji)x yg) pattern to a (2 x 2) pattern.
This observation was later studied in more detail by Fuggle et al.
[53] using flash desorption, UPS, XPS, and XAES techniques. Slow electron
bombardment of adsorbed CO on Ru (001) gave rise to a new peak in the

flash desorption spectrum. This new peak desorbed at a higher temperature

thanthetwoCO peaks previously identified. XPS and UPS results seemed
to show that this new binding state was dissociated CO occupying two
surface sites. It is of interest to note that this new binding srtate
of CO cannot be obtained even by exposing the Ru surface to lOwS torr
of CO at 490°K for 20 min.

Goodman et al. [42] studied CO adsorption on a Ru (110)
surface having a high density of kinked atomic rows. Ony one peak was
observed during the flash desorption of CO at different coverages. At low
CO coverage no ordered LEED pattern was observed, but at high coverage
an ordered structure appeared and persisted to saturation. UPS studies

showed no detectable change in the molecular—orbital structure of CO
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between low and high coverage; therefore it was concluded that only one
CO binding state exists on Ru (110). Auger spectra taken of the surface
showed no surface carbon species on the Ru(110) surface after exposure
to 10“3 torr of CO at 630°K for 30 min. Also no detectable CH, was

3 tory in the temperature

formed in a 4/1 H,/CO mixture at 107
range of 300-1400°K. Thermodynamic calculations showed that this is due
to kinetic limitation.

Reed et al.[54] studied CO adsorption on a Ru (101) surface
using LEED, Auger, and thermal desorption. Two poorly resolved peaks
were evident in the flash desorption spectrum at all CO coverages;
therefore the authors concluded that CO adsorbs on ﬁwo distinct surface
sites on Ru(101). An ordered LEED pattern was observed at low CO coverage
and reached a maximum degree of perfection at saturation coverage.
7

Dissociation of CO was not detected after exposing the surface to 107

torr of CO for 5 min in the temperature range of 373-1073°K. However,

bombardment by the LEED electron beam did cause dissocilation. Adsorption
on carbon contaminated surface shifted the thermal desorption peaks
to a lower temperature and a new high temperature shoulder appeared at

high CO coverage.
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Using the same surface techniques as Reed et al. [54], Ku et al.
[55] studied the adsoyption of CO on a Ru(100) surface.
They observed two desorption peaks at high CO coverage and only the high
temperature peak was observed at low CO coverage. No ordered LEED
pattern for CO adsorption was observed.

McCarty et al. [35] recently studied the desorption of CO from
a l.5wt % Ru/A1203 catalyst and observed three desorption peaks. This
is the only result available for CO desorption from a supported Ru
catalyst. Table 4 summarizes the results of the studies on the thermal
desorption of CO from Ru. The values of the activation energy of desorption
were calculated using Eq. (3). The results from this work which will be
presented in greater detail in the latter sections are also shown in
Table 4.

The adsorption of Hy on Ru will be briefly discussed here. It is

well known that H, adsorbs dissociatively on many transition metals.
HZ chemisorption has been widely used as a teol.in the determination
of metal surface area. Dalla Betta [56] studied the chemisorption of
HZ on powdered Ru. The adsorption of Hy was found to be slow at
room temperature; approximately 200 min was needed to attain equilibrium.
The particle size of the RBu powder determined by electron microscopy
was consistent with the particle size calculated from the results of H,
chemisorption experiments by assuming one hydrogen atom absorbs on one
surface Ru atom.

Using the BET method to determine the surfce area of a powdered
Ru sample, Taylor [57] found that the ratio of adsorbed hydrogen
atoms to surface Ru atoms (H/Ruig)) to be l.1. Identical H, uptakes

on Ru were obtalned by extrapolating the 23YC and 100°C isotherm to
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zero pressure and therefore the same H/Ru(s) stoichiometry of 1/1 holds
at both temperatures. Thus surface arvea determination of Ru catalyst by
Hoy chemisorption can be carrvried out at 100°C where adsorption equilibrium
caﬁ be reached in approximately 30 min.

Goodman et al. [42] studied the flash desorption of Hy from a
Ru (110) surface. Hy adsorption was carried out at 300°K and only
one desorption peak at 3539K was observed. The desorption characteristics
resembled a firet order desorpticn process. The activation energy of

desorption Ey was calculated to be 17.5 keal/mole using a preexponential

factor of 1012 sec™l, Analysis of the desorption products obtained from

the adsorption of 1/1 H,/D, mixture revealed that hydrogen was adsorbed

atomically.
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I1. Experiment
A. Experimental Apparatus

A diagram of the experimental apparatus is shown in Fig. 3. The
apparatus consists of a flow system, a veactor, and a high vacuum
system which houses the quadrupole mass spectrometer,

The flow system was designed so that it was possible to provide
either a continuous flow or a pulse of CO, HZ, He9 or a mixture of these
gases to the reactor. This was accomplished by using two 6-way valves
in series. The volume of each pulse was approximately 1.5 cc. The gas
flow rate was controlled by adjusting the needle valves located upstream
and downstream from the rotometers. Mercury monometers were used to
monitor the pressure at which the flow rate was measured. The flow
system was helium—-leak tested to insure that air could not enter the system

and thereby contaminate the catalyst. The entire system could be

evacuated with a mechanical pump to facilitate changing from one gas
to another during an experiment.

The gases used in the experiment were purified by using
appropriate cold traps. Hydrogen (99.9997% pure) from the gas cylinder
first goes through an Engelhard Deoxo Hydrogen Purifier to convert the
traces of 0, to water. The water was then trapped out by molecular
sleves kept at liquid nitrogen temperature. Helium (99.998% pure) was
also purified by using a liquid nitrogen trap filled with molecular
sieves. Carbon monoxide (99§8Z pure) was sent through a bed of potassium
hydroxide pellets kept at dry ice temperature to remove C(O; and metal
carbonyls.

A detailed drawing of the reactor and heater is shown in Fig. 4.

The reactor is a 21 cm long, 6 mm o.d. quartz tube with a 12 mm o.do
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List of Equipment

1. Hg manometer

2. Rotometer

3. LN, cold trap

4, Dry ice cold trap

5, Catalytic hydrogen purifier
6, Six-way valve

7. Sample loop for pulse adsorption
8. Reactor by-—pass

9. Reactor

10. Heater

11. Leak valve

12. Mass spectrometer probe

13. Mass spectrometer electronics
T LNZ cold trap

15, 0il diffusion

16. Mechanical pump

17. Temperature programmer

18. Two-pen recorder
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bulb-shaped mid-section. A quartz fritted disc, used to support the catalyst
sample, was fused into this section of the reactor. The reactor coulq

be removed from the flow system by disconnecting the top and bottom
compression o-ring fittings (Cajon). The heater was constructed in the
following fashiong Two pieces of nichrome wires with a resistance

of 6.5 ohms each were wound on a 1.9 cm o0.d. quartz tube such that

the two coils were located one above the other. These two colls were

then connected in parallel to the power supply.

A temperature programmer was used to power the heater. This device
was constructed in the College of Chemistry electronics shop (drawing
number 827A1). It could be used to maintain the reactor at constant
temperature, or be programmed to heat up the reactor at a constant
heating rate from an initial to a final temperature. The following

parameters could be set: (i) initial temperature, (ii) final temperature,

control was achieved by pulsing the

power to the heater. Depending on the heating rate, the size of the power
pulse can be adjusted. This added feature reduced the temperature
ripples on the linear heating curves for the lower heating rates. The
heating rate could be varied ffom 0,03°K/sec to 1.0°K/sec. The reactor
could be heated to a maximum temperature of 1100°K. The temperature
programmer was rated at a maximum output power of 320 watts (40 volts
dec. and 8 amp.).

Experimentally it was found that the rate of heating and temperature

control of the reactor were best achieved by placing the temperature-

control thermocouple for the temperature programmer nearest to the heating
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coils. A different thermocouple, inserted through a tee, was used to

monitor the temperature of the catalyst. The signal from this thermocouple

was recorded by one pen of a Leeds and Northrup Speedomax W/L Tw0w§en Recorder.
The gas leaving the reactor was analyzed by a UTI model 100C

quadrupole mass spectrometer. The probe of the mass spectrometer was

housed in a vacuum chamber. A Granville-Phillips series 203 variable

leak valve was used to allow a constant leak of the gas leaving the

reactor into the vacuum chamber. The leak opening was adjusted such

that the total pressure inside the chamber was 2.0 x 10~° torr with a

continuous leak of pure He. An ultimate vacuum of 5 x lOm9 torr could

be achieved by using a 4-inch oil diffusion punp (VHS series, National

Research Corporation). Total system pressure cold be measured directly

by the mass spectrometer. The mass spectrometer could be programmed

to lock in on four different masses. By rapid manual switching from

one program to another, it was possible to monitor up to four different

species at one time. The signal from the mass spectrometer was recorded

by the second pen of the two-pen recorder.

B. Experimental Procedures

The experiments can be divided into three main groups: temperature-
programmed desorption (TPD) of preadsorbed CO, temperature-programmed
reaction (TPR) of preadsorbed CO, and temperature~programmed reaction
of continuously flowing gas mixtures. In order to eliminate the effect
of carbon build up and catalyst sintering on the experimental results,
fresh catalyst samples were used for each experimental run. Tweénty five
milligrams of the Ru/A1203 catalyst was placed in the reactor and reduced

in flowing H, (1 atm) at 723%K for at least 9 hrs (Exceptions were
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the TPR experiments designed to examine the effect of aging on the
reactivity of the carbon deposit, where a reduction time of 2 hrs
at 673°K was used). At the end of the reduction period, He was introduced
to sweep away the H, and the catalyst was heated up from 723°%K to
9739 at a rate of 19K/sec in order to desorb any adsorbed Hyo The
catalyst was then cooled to the adsorption temperature in flowing He.
For the TPD experiments CO was pulsed ten times over the catalyst
in a period of 5 min. The catalyst was then swept with He at the
adsorption temperature for an additional 5 min and finally cooled to
303°K in approximately 15 min. WNext, the He flow rate was adjusted
to 30 ce/min (STP), and the catalyst sample was heated from 303%K to
973°K at the selected heating rate. During the heating period the
concentrations of €O (mass 28) and €0y (mass 44) in the He stream
were monitored as a function of temperature.

A nitrogen cold trap down stream from the reactor was used to

trap out the COy formed by the disproportionation of CO during pulse
adsorption. After pulse adsorption was completed, the cold trap was
warmed up, and the amount of CO, trapped was measured with the mass
spectrometer,

The TPR of CO preadsorbed by the pulse method followed the same
catalyst reduction and adsorption procedures described above. After
adsorption of CO, the catalyst was cooled to 303°K in flowing He.

The 6~way valve was then switch@d to the by-pass mode, isolating the
reactor from the flow system. The He flow was stopped, and H, was
introduced at a flow rate of 56 cc/min (STP) through the by-pass loop.
The 6-way valve was then switched back to the reactor mode, allowing H,

to flow over the catalyst. The amount of CH, {mass 15) and CoHg {mass 30)
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formed initially at 303°K was monitored. The catalyst was then heated to
a temperature of 973°K at a rate of 1%°K/sec in flowing Hyo During this
period the concentrations of CH, and CoHg in the H, stream were recorded
as a function of temperature.

The experimental procedures for the TPR of CO preadsorbed by
the continuous-flow method and for the TPR of preadsorbed CO by
the pulse method were the same except for two differences: catalyst
reduction was carried out at 673°K for 2 hrs and CO adsorption was
achieved by flowing pure CO over the catalyst for 1 hr at the adsorption
temperature. After the adsorption of CO the gas phase CO was swept
away with flowing He for 5 min, and the catalyst was cooled down to
303°K before H, was introduced to start a TPR experiment.

For the TPR of a flowing mixture of H,, CO, and He, the catalyst

sample was vreduced and cooled to 303°K in flowing He. The reactor was

then isolated from the flow system, while a gas mixture with a fixed

HZ/CO ratio was prepared. 1Ihe CO flow rate and total gas Ilow rate
were always set at 19 cc/min (STP) and 285 cec/min (STP) respectively.
The flow rates of Hy and He were adjusted to give an HZ/CO ratio of
3/1 or 1/1. The gas mixture was sent through the reactor, and the
concentrations of CH, (mass 15), together with C)H, (mass 30) and Cslig
{mass 29), or CoH, (mass 26) and CqHg (mass 41) were monitored as
the temperature of the catalyst sample was increased to 973°K at a
rate of 19%/sec.

in order to study the disproportionation of CO, an 8% mixture of CO
in He (total flow rate = 230 cc/min (STP)) was passed over a reduced
catalyst sample while its temperature was increased from 303%K to 973°K at
a rate of 19K/sec. The concentration of €0, was moniiored as a function

of temperature.
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C. Catalyst Preparation

The catalyst was prepared by incipient-wetness impregnation of an
alumina support (Alon C, Cabot Corp.) with a solution of RuClje. The
impregnation solution was prepared by dissolving 3,288 grams of RuCly®
3H,0 (Orion Chemical Co.) in enough distilled and deionized water to
make 25 cc of saturated solution. Any excess solid was removed by
filtration. An 8.2 cc volume (the volume required for incipient wetness)
was mixed with 10.00 g of powdered alumina in a glass bowl and stirred
until a thick black paste was obtained. The paste was spread into a
thin layer over the inner surface of the bowl and frozen solid using
liquid nitrogen. Th bowl was then put into a desgicator which was
evacuated continously by a mechanical pump. The dessicator was immmersed
in a ice bath, and evacuatiom continued for two days. At the end of the
freeze-drying period the bowl was removed from the dessicator. It was

observed that the surface of the dried catalyst cake was slightly darker

than the interior. This suggested that there was some nonhomogeneity
in the distribution of the RuClg in the alumina.

The dried catalyst cake was crushed and placed in a carborundum
tube which was hung in a quartz tube located in a reduction furnace.
The catalyst was first swept with Ny for 30 min and then with H,
for an additional 30 min. After that the furnace was slowly heated
up to 6739K in a 1 hr period, and was held at 673%K for 2 hrs in
100 ce/min (STP) of Hye At the end of the reduction period the catalyst
was ground and sieved through a 325 Tyler mesh screen. The catalyst
samples used in all experiments consisted of particles smaller than

495 L\me
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A catalyst blank was made by following the same catalyst preparation

procedures, except that distilled and deilonized water was used instead

of the saturated RuCl3 solution,

D. Catalyst characterization

A catalyst sample and a blank sample were sent to American

Spectrographic Laboratory for semi-quantitative spectrographic elemental

analysis. The vesults shown in Table 5 indicate that the catalyst did

not

was

the

BET

The

400

contain significant contaminants, and the Ru content of the catalyst

5wt %o
A catalyst sample was also sent to Pacific Sorption Service to determine
BET surface area and the Ru surface area by H, chemisorption. The

surface area determination yielded a value of 100 mz/g of catalyst.
%
adsorption of H, was performed at 100°C at a H, partial pressure of

torr. The amount of H, adsorbed was 71 umoles/g of catalyst. If

it is assumed that one surface Ru atom chemisorbs one hydrogen atom,

then the ratioc of the surface Ru atoms to the total Ru atoms in the

catalyst is 0.29., Using an average value of 8,17 A

2 [56] for the

surface area of a Ru atom and assuming that the metal particles are

cubes sitting on the alumina support, the average particle size was

calculated to be 50 K.

* :
Chemisorption of H, is too slow at room temperature.
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Table 5. Major Impurities in Ru/Al,0, Catalyst and Blank (except

for Ru, the reported values are wt % of the oxides of the element).

Element Ru/A1504 Al,04 (blank)

Al 95, 100

Ru 5. {(as metal) S—
Fe 0.1 0.025
N 0,025 0.010
si 0.025 0.004
Mg 0,008 0.006
Cr 0.006 0,004
Ca 0,006 R
Mn 0.001 0.001
L 0.001 —

Ti - -
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II1 Results and Discussions

A. Temperature~Programmed Desorption of CO

Fig. 5 shows the TPD spectra for the desorption of CO at five different
heating rates. Prior to taking each spectrum, the catalyst was saturated
with CO by exposing it to 10 pulses of CO at 303°K. A He flow rate of
30 cc/min (STP) was used during desorption. Two distinct CO desorption
peaks, labelled as < and oy in Fig. 5(a), were observed for all the
TPD spectra. In addition, CO, was formed during the desorption of CO,
and two CO, peaks were observed. The positions of the desorption peaks shifted
to lower temperature as the heating rate decreased, in agreement with
the prediction of Eq. (1) and (2).

Dalla Betta [46] and Arai and Tominaga [58] have observed that CO
adsorbs on alumina; therefore a blank run was performed in order to
determine the effect of support adsorption on the TPD results. The spectrum

for the TPD of CO from an alumina sanple is shown din Fig [3) The _amount

of CO desorbed from the alumina sample was less than 37 of the total
amount of CO desorbed from an equal weight of Ru/AlZOB; therefore the
adsorption of CO on the alumina support does not significantly alter the
main features of the TPD spectra of CO on Ru/AleBe

In order to test whether readsorption of the adsorbate has a significant
effect on the TPD results, a desorption run was performed using a He flow
rate of 210 cc/min (STP). 1In Fig. 7 the TPD spectrum for this run is compared
with a TPD run with a He flow rate of 30 cc/min (STP). A heating rate
of 1°K/sec was used in both runs. The peak temperatures in Fig. 7(a)
(He flow rate = 30 cc/min (STP)) are much higher than the peak temperatures
in Fig. 7 (b) (He flow rate = 210 cc/min (STP)). This result clearly

shows that readsorption of adsorbate does occur during the desorption
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of CO at He flow rate of 30 cc/min (STP). Therefore Eq. (2), which
was derived for a desorption process with freely occuring readsorption,
was used to calculate the heats of desorption using the data from the
TPD runs shown in Fig. 5 in which a He flow rate of 30 cc/min (STP)
was used. Plots of In Té/B vVersus l/Tm for the two CO desorption
peaks are shown in Figs. 8 and 9. A least square fit was used to generate
the slope of each line. The calculated values of the heat of desorption
for the ay and 0y peaks are 11 and 18 kcal/mole respectively.

The activation energies of desorption were calculated using Eq. (3),
using a value of 1013 secwl foi the preexponential factor. The TPD
data obtained in the TPD run with a He flow rate of 210 cc/min (STP)
was used in this calculation because Eq. (3) was derived for a desorption
process with no readsorption. The calculated values of the activation
energy of desorption are 27 and 37 kcal/mole for the two CO peaks.

The values for the activation energy agree quite well with the

o literature values listed in Table 4. FEspecially

with the Ej values calculated from the TPD data of McCarty et al. [35].
Slightly h@gher activation energies were obtained for the TPD of CO

from supported Ru than for flash desorption of CO from Ru single crystals.
"This is because it is impossible to completely eliminate the effect of
readsorption during the desorption from a layer of powdered catalyst.
Readsorption causes the desorption peaks to shift to higher temperature,
resulting in an increase in the calculated values of the activation energy
of desorption. The exact cause for the large difference observed between
the calculated values for the activation energy and the heat of desorption

is not known. It is difficult to believe that the activation energy of
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adsorption®* could be as large as 19 kcal/mole for the adsorption of CO on Ru.
One possible explanation is that the desorption of CO from Ru/AlZO3 is

not a simple process. The disproportionation reaction of CO occurs as

a parallel process during the desorption of CO; therefore the simple
relationship between the change in peak temperature and the change in
heating rate predicted by Eq. (2) was not valid.

When the present TPD results are compared with those in the
literature, good agreement is obtained (see Table 4). Flash desorption
studies of CO on Ru(001), (101), and (100) surfaces [52-55] showed
two CO desorption peaks having desorption temperatures correspoﬁding to
the desorption temperatures of the oy and ap peaks observed
in this study. However only one CO desorption peak was observed on
Ru(110) [42]. €Oy Qas never observed during the flash desorption of
CO from Ru single crystals under vacuum conditions. A TPD study by

McCarty et al. [35] found three CO desorption peaks for Ru/Al,04, and

they observed €O, formation during the TPD of CO. The low and intermediate
temperature CO peaks in their study corresponded to our Oy and 0o peak,
respectively, but their high temperature CO peak was not clearly
observed in our study, although the slight broadening at the high
temperature shoulder of the O, peak observed in the spectra shown in
Figs. 5 and 7 can be attributed to the existence of a poorly resolved
high temperature peak.

Based on the evidence from LEED and XPS [42, 52-55] studies, it is

generally agreed that the two desorption peaks observed in the flash

% The activation energy of adsorption is equal to the difference

between the activation energy of desorption and the heat of desorption.
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desorption studies are due to the desorption of molecularly adsorbed CO.
Therefore the oy and gy peaks observed in this study are probably due
to the desorption of molecular CO from the Ru surface. However it is
still unclear whether the two peaks arise from the desorption of CO
from two distinct adsorption sites or are merely due to CO-CO repulsive
interactions. Madey and Menzel [52] suggested that the two
adsorbed states of CO observed on Ru (001) are due to CO-CO repulsive
interactions, but Reed et al. {54] argued that the two adsorbed states
of €O observed on Ru(l01) are due to adsorption on different sites,
There has been no evidence which suggests the existence of a third CO
peak in all the flash desorption study of CO on Ru single crystals under
vacuum conditions. The nature of the high temperature CO peak
which was observed by McCarty ngggﬂ [35] and in this study will be
discussed in greater detail later.

In this study and the study by McCarty et al. [35], €0, was always

—formed—during—the-TPD-of-L£0-

studied further in a continuous flow TPR run. A gas mixture in which
the CO/He ratio was 0.09 was passed over the catalyst while the
temperature of the reactor was increased from 303%K to 973°K at 1°K/sec.
The concentration of CO, in the gas stream was monitored. The result is
shown in Fig. 10. COy began to appear at 415°K and the concentration
reached a maximum at approximately 700°K. The decline in €O, concentration
at high temperature was probably due to the saturation of the Ru surface
by carbon, a product of the disproportionation reaction.

As mentiomned earlier CO, was not observed during the flash desorption

of CO from Ru single crystals under vacuum conditions, and attempts to
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thermally induce the disproportionation of CO on Ru single crystals in

low partial pressure of CO have been unsuccessful. Heating a Ru(110)
crystal in 10m3torr of CO at 630°K for 30 min [42] and heating a Ru(101)
crystal in 10“7torr of CO to 1073%°K [54] had failed to disproportionate

CO. However when a layer of adsorbed CO was bombarded by the electron

beam from a LEED gun, desorption and dissociation of CO were observed
[52-54]. Subsequent flash desorption of the bombarded CO adlayer

resulted in the appearance of a new desorption peak with a peak temperature
in the range of 550-600 K [53]. XPS evidence showed that the new state

was dissociated CO occupying two surface sites.

One must now address the question of why was C0, formed during the TPD
of a CO from Ru/A1203 in a flow system but not during the flash desorption
of CO from Ru single crystals in a vacuum system. The formation of ¢o,
is clearly not a support effect since Singh and Grenga [59]

have observed that by exposing a polycrystalline Ru sphere to 760 torr

of €O at 823°K, carbon was deposited on the Ru surface. This suggests
that the partial pressure of CO over the catalyst is an important

factor in determining whether CO disproportionation takes place or not.
An Eley-Rideal mechanism for CO disproportionation is proposed here in

order to explain the pressure dependency of the reaction.

CO(S)g_ﬁ C(S) + O(S) (slow step)

CO(S) + O(S)mwmﬁﬁcoz(g)

The equilibrium for the dissociations of CO is not favorable, but
the removal of surface oxygen by gas phase CO shifts the dissociation
reaction to the right. If the concentration of CO in the gas phase

is very low, which is true during the flash desorption of CO in a fast
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pumping vacuum system, CO, formation cannot occur. Also the concentration
of dissociated CO must be very small on the catalyst surface because even
under a significant partial pressure of CO (;1,0‘53 torr), disproportionation
does not occur on a Ru (110) crystal kept at 630°K, Other evidence
which supports the Eley-Rideal mechanism can be seen by comparing
the relative amount of €O, formed for the TFD runs with 210 cc/min
(STP) of He and 30 ce/min (STP) of He. The ratio of the amount of COZ
formed to the amount of CO desorbed is 0.08 for the run with 210 cc/min
(STP) of He and is 0.15 for the run with 30 cc/min (STP) of He. Relatively
less COy was fofmed for the run with the higher the flow rate because
the concentration of CO in the gas phase is lower during this run.

Carbon, accumulated on the catalyst surface during desorption,
can enhance the strength of adsorption of CO by donating electrons to
increase the degree of back bonding between the carbon atom of an adsorbed

CO molecule and the Ru surface atoms [60]. An increase In the degree

of back bonding weakens the C=0 bond but strengthens the C~Ru bond. This
phenomenon was observed by Dalla Betta [40] in the infrared study of
CO on Ru/AleBQ He observed that the presence of carbon on the Ru surface
lowered the stretching frequency of the adsorbed CO. This trend implied
a weakening of the C-0 bonds and a strengthening of the C-Ru bonds.
The strengthening of the C-Ru bonds of the adsovbed CO could explain
the fact that a high tem?eratur@ peak was observed during the desorption
of CO from Ru/A1203 but not from Ru single crystals (Carbon was not formed
during the flash desorption of CO from Ru single crystals.).

A series of runs which shows the effect of adsorption temperature on

the TPD of CO 1s shown in Fig. 11. The catalysi sample was first
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exposed to 10 pulses of CO at the adsorption temperature and then cooled
down to 303°K in flowing He. A desorption spectrum was taken while the
temperature was increased to 973°K at 1%K/sec. €0, was formed during
the adsorption of CO at an adsorption temperature of 423% or greater,
and the amount of CO, trapped in the liguid nitrogen trap increased with
increasing adsorption temperature. The results of these experiments
showed that it is possible to preferentially adsorb only the strongly
bound CO by adsorbing at high temperature. The enhancement of the
adsorption strength of CO by surface carbon can be seen in Fig. 11(d).

Here the desorption of CO occurred at very high temperature.

B. Temperature-Programmed Reaction of CO in Flowing H,
The reactivity of the CO adsorbed at different temperatures was
examined in the TPR runs shown in Fig. 12. The catalyst was first

exposed to 10 pulses of CO at the adsorption temperature and then

1900y )N

-3 4 b3 11
cooteddownrth-303 ¥ —in—{lowingHes-—TheFE

by

was trapped with the liquid nitrogen trap and quantitatively analyzed
using the mass spectrometer. After the adsorption of CO, He flow was
stopped and H, was passed over the catalyst. The amount of CH,
formed at 303%K was monitored, and then the catalyst was heated up in
flowing H, at a rate of 19K/sec while the concentrations of CH, and CyHg
in the H, stream were recorded.

No CO, was detected during the adsorption of CO at 3039K and only
a small amount of CO, was detected at 423°K. The CO adsorbed at 303°K
and 423°K did not react with H, at 303°K, CH, formation did not begin
until the reactor was heated up. The rate of CH, formation reached a

maximum at 460°K. But when carbon was deposited on the catalyst by
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TPR of CO adsorbed at different temperature
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adsorbing CO at 523 and 6239, as indicated by the appearance of €0y during
adsorption, a large amount of CH, was formed when H, was introduced at
303°K. A small amount of Collg was also detected. The narrow spikes

in Figs. 12(c) and 12(d) represent the rate of CH, formation at 303°K,

In Fig. 12(d) the initial rate of CH, formation at 303°K is an order of
magnitude greater than the maximum rate of CHy, formation during the TPR
Tun.

Table 6 summarizes the TPR results quantitatively. The quantities
listed in Table 5 are in units of uncalibrated area obtained by integrating
the TPR spectrum (The sensitivity of the mass spectrometer is different
for different masses, and this was not accounted for in Table 6.). The
greater the émount of carbon deposited during CO adsorption, the greater
the amount of CH, was ?roduced at 303°K. These results strongly suggest

. that carbén was the reactive species responsible for the formation of CH,

at 303°K., One would expect that the amount of carbon deposited (or the

amount of COy formed during adsorptibn) to be equal to the amount of CHy,
formed at 303°K. However such a mass balance was not observed as shown in
the last column of Table 6. Even though the areas are uncalibrated and
therefore the ratio of CHQ(@303°K)/COZ has no direct physical significance,
one should expect that this ratio to be constant at different adsorption
temperatures if the mass balance between carbon {or COz} and CHQ(@303°K)
holds. This discrepancy is due to the fact that thermal aging of the
carbon deposit leads to a loss in its reactivity. Thermal treatment
converts the reactive form of carbon (carbidic carbon) to an unreactive
form of carbon (graphitic carbon). The graphitic carbon is even less
reactive in H, than molecular CO, and a very high temperature is required

to hydrogenate it to form CH,. The hydrogenation of this graphitic carbon
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leads to the appearance of a high temperature CH, peak, which can be seen
at 570°K in Fig. 12 (c) and at 660°K in Fig. 12(d). Similar deactivation
of the reactive carbon at high temperature has been reported on Ni [24].
A low temperature CH, peak can also be seen in Figs. 12(c) and 12{(4d)
at approximately 350°K. As discussed in the previous section the presence
of surface carbon weakens the C-0 bond of the adsorbed CO by donating
electrons to enhance the back bonding between the metal and the carbon atom
of the adsorbed CO. Therefore the "weakened" CO can dissociate at a lower
temperature to react with H, to form CH,, which explains the appearance of
the low temperature CH, peak at approximately 350°K in Figs. 12(c) and 12(d).
The effect of thermal aging on the reactivity of the carbon deposit
was further examined in the series of runs shown in Fig. 13. The catalyst
was exposed to flowing CO at 760 torr for 1 hr at the adsorption temperature.
The excess €O was then swept away with He, and HZ was introduced to begin

the TPR run, the TPR spectra in Fig. 13(a) to 13(d) are similar to the

ones shown in Fig. 12. Only one CHj, peak was observed for the Tuns with
adsorption temperature at 303°K and 373°K, but three CH, peaks were observed
for the runs with adsorption temperature at 473°K and 573°K. The highest
temperature CH, peak first appeared as a tail on the major CH, peak in .
Figsg_13(%> and 13(b), and it grew into a major peak in Figs. 13(c¢) and
13(d). 1In fact, for the run with an adsorption temperature of 623°K, the
highest temperature CH, peak became the only peak as shown in Fig. 13(e).
The aged carbon was so unreactive that in Fig. 13(e) the rate of CH,
formation did not reach a maximum until the temperature was 890°K.

The effect ofktempefature and HZ/CO ratio on the rate of methanation
and product distributlon was investigated in a series of continuous flow

TPR runs. A CO-H, mixture diluted in He was passed over the catalyst
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TPR of (0 adsorbed at different temperature by

Flgure 13.

continuous flow adsorption for 1 hr.
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Figure 13.
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while the temperature of the reactor was increased at a rate of 1°K/sec
The concentrations of CHy, C2H6, and C3H8 or the concentration of CH,,
CoHy, and CqHg were monitored as a function of temperature. The results
are shown in Figs. 14 to 17.

CHQ was the predominant product for all the run. Only a small
amount of CZ products were detected, and no Cq product was detected
at all. Low reaction temperature favored the formation of Cy products
over the formation of CHQ, but the opposite was true at high reaction
temperature. The rate of CH, formation decreased by three orders of
magnitude when the ratio of HZ/CO was changed from 3 to 1. The drop
in the rate of of CH, formation at very high temperature was due to
thermodynamics limitation because the methanation rate increased when
the reactor was cooled down. For the runs with HZ/CO ratio of 2.8 and
3.0, the large amount of heat released during the formation of CH,

affected the linearity of the temperature ramp. For the runs with

HZ/CO ratio of 1.0, a change in the rate of CH, production was observed
near 650°K. This observed change in the methanation rate can be explained
by the following discussion. At a Hz/CO ratio of 1.0, the conditions

of the reactlon are such that the formation of carbon by disproportionation
of CO is favored. Because the partial pressure of Hy is low, the rate of
carbon removal by formation of CHQ is lower than the rate of carbon
formatlon. A decrease in the methanation rate is observed when the
catalyst surface is covered with an unreactive carbon layer. However,

at a sufficiently high temperature, the methanation rate picks up again
because the unreactive carbon can be hydrogenated, and the catalyst

surface is regenerated for the reaction to take place once again.



=58

6 T ‘ 7 E T i Y i ¥ { 7 T ’
> o
w
c 4 ]
=3
=y n .
N,
é§ 3 b _
e |
o L
<
2 ]
= _
O 4 s A | i
300 400 500 600 700 800 900 1000

Figure 14.

T (°K)

XBL 787-1295

Continuous flow TFR of COsz mixture.



~59-

[ L B B B
10 —
R .ﬁ
1O X 1O " amp
w 8 —
b H,/CO = 2.8
5 [ B=1°Ksec i
> 6 —
-
O - -
-
= a4 _
<T
2 = ~ —
- (%100} )
@ i g i ! ,%L 1 i i
300 400 800 900 1000
XBL 787-1300
Figure 15. Continuous flow TPR of CO-H, mixture.

2



-60-

Fligure 16.

o o N
= )
=
=5 e —
.
@ =
g t
o o2l ]
.
<< | -
géxgﬁg} N
300 400 500 600 700 800 900 1000

XBL 787-1301

Continvous flow TPR of COwHZ migture.




61—

Yo | L L L B
v 1.O % %@Egggmp N
= i
=3 — —_—
= | Hp/CO =10 )
2 B = [°K/sec
35 e
g == =y
- ___ CpHytx100) .
| o | | i | |
300 400 500 600 700 800 00— 1000
T(°K)
XBL 787-1299
Figure 17. Continuous flow TPR of CO-H, mixture.

2



=) e

1V, Conclusions

CO adsorbs molecularly on Ru/AlZOB at 303Y%K in two different states.
TPD of CO from Ru/A1203 gives rise to two distinct CO peaks with activation
energies of desorption of 27 and 37 kcal/mole. €O, was observed during
the TPD of CO from Ru/A12039 but €O, formation was not observed during
the flash_desorption of CO from Ru single crystals. This observation
was explained by postulating an Eley-Rideal mechanism for CO, formation
in which gas phase CO reacts with the adsorbed oxygen derived from the
dissociation of CO to form CO,. Carbon left on the catalyst surface
by the disproportionation reaction can enhance the strength of adsorption
of CO by providing electrons to increase the degree of back bonding between
the carbon of the adsorbed CO and the metal atoms.

The results of the TPR experiments are in general agreement with the

carbide theory proposed for the reaction of CO and H, to form methane

“and hydrécarbcnse A reactive éafb@é can be deposited on the Ru/A1203
catalyst by the disproportionation of CO at high temperature (T > 415°K).
This carbon can react readily with H, at 303°K to produce CHy, and small
amounts of Colgs but adsorbed CO was inert to H, at this temperature.

The reactive carbon can be easily converted into an unreactive carbon

by thermal treatment. This unreactive carbon is even less reactive toward
Hy than CO. These results strongly suggest that carbon is the reactive
intermediate in the methanation reaction. The rate determining step in
the formation of CH, is the dissociation of CO on the catalyst surface.

In the presence of H, the dissoclated CO reacts rapidly to form CH,

and Hy0, The mechanism of CO disproportionation is similar to the mechanism

of CH, formation. The dissociation of CO is also the rate determining
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step in the disproportionation of CO. Once dissociated CO is formed
on the catalyst surface, the CO in the gas phase reacts with the
surface oxygen to form 6029 leaving carbon on the catalyst surface.

The mechanism of chain growth in the formation of higher molecular
hydrocarbons cannot be deduced from the results of this study. The
fact that a small amount C2H6 was formed when the carbon-covered catalyst
was exposed to H, at 303°K seems to indicate that a possible mechanism
for chain growth is the polymerization of the CHy units, but further

studies are needed before a plausible mechanism can be proposed.
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