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Temperatyre~FProgrammed Desorption and Reaction of CO and HE

ﬁn Alumina-Sﬁpparted Bonthenium Catalyst

Gordon G. Low
Materials and Molecular EResearch Division
Lawrence Berkelay Laboratory
Univarsity af Califernia
Berkeley, California

ABSTRACT

The temperature—progran desorption of CO and temperature-
programmed reaczien of CO in flowing H, has been studied on a
5 wtd Ru/Al,04 catalyst. CO adsorbs moleculariy om Ru/Al,0q
gt room temperatura. Two distinct CO desorption peaks were
ebsarved. The activation energies of descrﬁtion were calculated
to be 27 and 37 keal/mole. |

Upen heating CO dissociates on BufAl,0, at approximately
415%K to form C0, and carbon. The carbon remaining on the
catalyst surface anbanced the strength of adzerption of CO,
probably by donating alectrons fo increase the degree of back
bonding of the adsorbed C0. The surface carbon reactaed
readily with By at 303%K, forming €, and small amounts of Cgig,
whereas sbsorbed (O was inert to Hy at this remperaturce.
The surface carbon could easily be deactivated by heat treatment,
and a very nigh temparaturs was required to remove

the deaccivated carbon from the catalvst surface with HZ‘



—_—ie

These results strongly suggest that carbon is & resctive
intermediate end that the dissociation of CO {s a necessary

ttep in wethanation and Filecher-Trapsch eynthesis.
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I. Introductiom and lLiterature Review

4. Introduction

The gasification of coal produces a carbon munﬂxide and hydrogen
pmixture woich can be converted inte methane, hydrocarbons, alcohols
and a varisty of basic chemicals. Althcugh the synthesis of methane
{methanation) and hydrocarbous (Fischer-Tropsch synthesis) from CO and
H, has been studied for over 70 years, the basic mechanisms underlying
these reactions are still the subject of active Tesearch. 4&s a result
1ittle is known about the factors contralling catalysts activity or
seglectivity., The purpose of this work is to investigate the reactions
of L0 and Hy over am alumina supported ruthenium catalyst. BRuthenium
is chosen because it has high intrinsisc activity cemparaed to the ather
transicion metal catalygts and because it vields mainly hydrecarbon
products. Two investigative technigues, temperature—programmed
desorption (TPD} and tempefature*programmed reaction (TPR), are used to
study the intaraction and reaction of CO and H, on the Ru/4l,0, catalyst.
In the.balance of this chapter a review is given of the TPD and TPR
teciniques and the atudies on €0 and H, chemisorption and reactieon
on Bu catalysts. Cﬁrrent propesals concerning the mechanisms of

methanation asnd Fischer=Trapsch synthesis are alsc discussed.

B, Literature Review
l. Temperature-?:ngrﬁmmgd Desorption (TPD} and Temperature-—
Programed Reaction (TPR)

Thermal dgsnrptinﬁ of gases from catalytic surfaces is a useful
technigue for.thg study of the details of bcﬁding betwaen an adsorbats
and a catalyst. Thera are many reviews written on this subja;t-{l—ﬁ]-

Ome version of thermal desorption is flash filament descorption in which



the desprption of an adsarbate from at electrically heated "filament'

is fcllowed by moniteTing the total pressure or the partial pressure

of the adsorbate in an ultraz-high vecuum system. This technigue has

been widely used in adsorption studies on singl; erystals, polyerystalline
films,_rihbans,'and wires. Amenomiva and Eyetancvié [6] extended the
thermal desurpﬁiun techndque to the study of cooventlonal supported
catalvyat by using = flow system. They codined thg term temperature~
pragrammed @eénrptiun {TPL}. Du;ing a TPD experiment, fhe adsarbate

is desorbed from the catalyst imte a carrier gas by programmed heating.

A linear heating_s:hadule is most commenly used. The concentration of
the adsorbate in the cerrier gas stream iF momitored as a funetion of the
temperature of the catelyst, and the resulting concentration versus
temperature piot is called a desorption spectrum.

A typical desorption spectrum is shown in Fig. 1. .The rate of
desorption is determined from the comcentraiion of desorbed gas present
in the gas phase. The number of peaks in & desorption spectrum is equal
- to the number of different types of adsorption sitgs on the catalyst
gurface, and the temperature ar a desorption peak meximum is related
te the ﬁ:tivation encrgy of desorption for that adsarptiuﬁ site.
Mathematical analysis of a first—order desorptiom process using certain
gimplifving ass;mptiuns results in Eg. (1) which relates the

temperature &t paak marimum to the heating rating and to the activation

energy of desarptien [5].

In = — + 10 @ —
{1}
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Figure 1. A typigal degorption spectrum.
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Ed — activation enpgrgy of desorptiom

temperature of peak maxiopum

™
] 1

linear heating rate

& - preexponentiel factor

The twe basic assumptions usaed im the derivation of Egq. (1) are (i)
that the cetalyst surface is homogeneous, if.e. E; is independent of
coverage, and {ii)} that desorpilon oecurs at conditions where readserption
is negligible, 1.e. high carrier gas flow rate.

1f the second assumption is not valid, namely readscrpticn does
opcur freely, then an equetion similar to Eg. {i} can be derived by
assﬁming that equilibrive exicte betweer the gas pheee gpecies and

the surface species during desorption.

. 2
Tmz EEE .y {I*Em} v ﬂHd
n 5 . RTm T F A% R (2)

differential heat of descrption

=
o
I

6~ coverage at pesk maximum
Y, . = solid volume of catalyst
E - cerrier gas flow rate

exp (AS/R) where A5 is the entrnpy'nf desorption

b
*
]

For esch desorption peak, a plot of In ETEEIB} VEIGUS lme at

different heating rates glves either E, /K or ﬁHdRR as the slope of the
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line, depending whether readsorption occurs or not during desecrption.
if adsarpfion is non—activated {i.e. the activation emergy of adsorption,
E,6 = 0}, the differential heat of desorption ig equal to the activation
anergy for desorption (AH,; = E; - Ea}. Under this condition Eg. (1) and
Eq., (2} yigld similar informatiom.

In order to detzrmine Ed ot &Hd with a falr degrees of accuracy,
the neating rate mﬁst be varied by at lgast two orders of magnitude.
Due to the experimental difficulties invelved in dolng so, a simplified

form of Eq. (1} is commenly used [J] if readsorption is nmegligible at

the desorpticon condition.
By/RT, = in(a Tp/B) - 3.64 | (3)

Using this equatien Ejy can be calculated from the data uf:ﬂne
TED experiment by assuming a typical value of lﬂlj secl for the pre=
exponential factor.

4lthough Bg. (1) was darived by assumiag a first order desorption
process, Lord and Kirtleburger [8] have shown that Eq. (1} can also
ﬁe used to calculate Ed for a second-order process if care were taken
ta start with the szame inftial coverapge for each desorption experiment.

4n equation similar to Eq. (3) can be used for a second-order process.

E4/RT; = In (498,T,/B) — 3.64 {4)

where Bﬂ is the initial coverage and A, 1s the preexzponential for a second

arder process, typically equal to 1072 caf/sec.
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The utilization of Bg. {I-4) provides an easy means for determining
the hest of dasorptioﬁ for the different adsorptiom sites on a catalyst
surface. Also TPD experiments are useful for characterizing and
jdentifwing these different adscrption sites. However, care must be
exercised in the interpreﬁatian af TPD speétra. The assumptions used
in the derivation of Eg¢. (1) and {2} are oftem not ?alid &t the descrplion
condition. Energetic nuﬁ-hamogeneity of the catalyet surface and gdsorbate-
adsorbate interaction can cause the activation energy to be coverage
dependent. Also, jncreasa in the wmobility of the surface species
ag the temperature of the catalyet increases can lead to the
interconversion of energeticelly different adsorbed species, thus adding
to the cnmﬁlexity pf interpreting the TPD results.

After identifiving the different adserptiom Eites on a catalyst
Eu;face wging the TPD techrnigue, the activity of these sites for s
catalytic reaction can be examined using the temperature-programmed
Teaction {TFE} technigque. During a TPE experiment a gas
iz firset adsorbed on the caizivst, but Instead of using & carrtier gas
a5 in a TPD experiment, a gas which can react with the adsorbate ig
passed over the catalyst aé the temperature of the catalyst is
increased. The products of the reaction are monitored as a functionm of
temperature. The Femparature at which the products appear is an indlcationm

of the rTeactivity of the adsorbed species.

2. Mechanism of Methanation and Figcher~-Tropsch Synthesis
Since Sabatler reporred the synthesis of methane over a mickel

catalyst din 1902, there has been & great gdeal of work done on the



synthesis of organic.praducts from €0 and Hy. The reactiun of OO0 and

Hz to produce bhydrocarbons is cowmmonly referred to as Fischer~Tropsch
synthesis. By the proper selecﬁian of catalyst and reactiom conditians,
it 1s possible te selectively produce a wide spactrum of products such
as paraffins, clefins, alcohnls; ketones, sldenvdes, and fatty acids.
Many excellent reviaws of the history, kinetics, thermodynamics, reaction
mechanisms, and technological developments pertraining to Fischer—Tropsch
synthesis 'have been published {9-1%]; therefors, a romprehensive reviasw
on this subject will not be given here. This review will be concerned
painly with studies of tﬁg interaction and reaction of C0 and H, on

fu, and & major emphasis will be placed on che proposed mechanisme of
methanation ang Fischer<Tropsch synthasis.

Une of the earliest mechanisms proposed for the CG?HE synthesis
reaction was the carbide theory of Fischer and Tropscht [1%). This theory
postulated thart the synthesis reacticn is initiated by the dissaciatian
of carbon monoxide on the catalyst surface to p;aduce a surface carhbide.
The surface carbide cthen teacts with adsorbed hydrogen to form a CH,
intermediate which can be hydrogenated to form mechane or undergo
polymerization fo form higher molecular weight hydrucarhﬁns. The nechaniza

can be rvepresented by the following steps.

€0¢gy + M ———* Mo (1)

Hy(gy + 2 ——=32 B-Y | (2}

M—CO + Moy M—C + M) ' (3)

H=C 4+ H=M —eeed 4~ (&3

H—OH + E~M ————3 {50 + 2M {51
2 - 2 H-¥

M~C e MumCH, =P CH, + M (&)



H=Y
- H-N
M=CH; 4 H-CHy~R =m=————wmp paraffine, olefins {8
F=M

H-CH,~R  + M-OH —— oxygenated hydrocarboms {93}

Steps {7) and {B) are the chain-growth steps, and step (%) is
preposed in order teo explain the formetion of oxygenated hydra:arbnné.
It has also been proposed that & possible mechanism for chain growth
15 the direct insertion of adsorbed CO into the M=CH, intermediste [20}.

If this cccurs then steps (4}, (57, end (7-9) can be replaced by

0 -
Il / ﬁ N
CHo c EHE*““C 2 H-M C
™+ 4= ] | | —=>
M M M M M . (1)
CHy OH
N~
C 3 HeM CHy
H — ! + Hy0 {11}
[ CHy
i
M
H-M
M-CH,-R =y paraffins, clefins ' (12)
OH
co CHy / B-M . oxygenated
.H—CHZ—R }TT{ H"":.‘i —-ip hydrocarbons (13}

M



The carbide theory was later re jected because it failed to explain
tha synthesiz reacfinn over the iron group {Fe, Co, Ki} catalyst,
Tracer studiss with 14g [21-23] and kinetic studies [24-29] showed
that the carbide ¢ould not be the intermédiate in the synthesis reaction.
& summary of the reasons for the rejectlon of the carbide theory was
discussed by Pichler [12] amd by Xini and Lshiri [3C],

5torch, Golumbic, and Anderson [16] propeosed a different
mechanise invelving a hydrogenated OO intermediate, an ensl. The
encl Intermediate can be nyvdrogenated to form eicher methaoce or wmethanol,
or it can undergoe 2 condensaticn reaction to form higher melecular

weight hydrocarbons. This mechanism can be represented by the following

steps.

0
[
CO(,y* M & (1)
- )
M
o H XPR
. § AN H
Chain initiacion: CF+ 2Hwwrmep G —p Wethape or
fi i methanol {2}
M M
{enol)}
Chain growth:
H 9]-1 H OH H OH CH3 COH
AN / NS —H,0 \ /  +m . / .
E + C e L -L —=— G (3}
| o i
M M M M M



R OH H OH (I
/ \/ “er, /
. : +2H \\

c + C E— o

i i 80 | {4}

M M H

Chain terminztion: R On
"
AN .

C 2H oxygenated hydrocarbons {5)
i . '
M

OH

R ok ®
%/ s N/
Irr; —-> R=CH, + € = BR=CHy (&)

it
M

This mechanisnc was widely accepted after its introductinﬁ, but

- thers was wvery little direct evidence to prove the existence of an

anol intermediaste onm catalyst surfaces, Bhyholder and Neff [31} observed
O=H and C-H inffared bands on Fe!EiDz exposed to CC and Hp. They

assumed that these bands were due to the presence ol an encl intermediate.
Dther indirect evidence which seemed toISuppurt the existence of an enol
intermediate was obtained from studles uf the goadsorption of CO and

Hp. It was found that, irrespective of the initial H,/CO ratic of 2

gas mixture exposed to an Fe catalyst, a 1/1 H,/CO mixture was désorbed
from the catalyst [32]. This observation was explained by postulating
the existence of an enol type surface complex. & recent study by
Hatsumnﬁn and Benmett ]33] presented similar arguments for the existence of

an enol intermediste. Tﬁey ocbeerved that when a reaction mixture of CO and
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Hy flowing over a promoted Fe catalyst atISEEQK wasz suddenly changad
to flowing He, anly Hzﬂ was detected in the He stream. Thay propased
that HED wvas formed wvia the reaction,
HO H

\/ e

c —>  Hy0 + FC .

ff 523°K

Fe
The carbide remaining on the catalvst surface was found te be less
razctive toward HE than CO.

Lue to the renewed interest in mecthanation and Fischer-Tropsch
syathesis, there has been 8 large investigative effort directed toward
the identifiecation of thg reaction me;hanism. kecent studies on
the mechanism of methanation have revived the carhide theory. Wentrek,
Wood, and Wise {34] pulsad é known volome of £0 over a Hi!ﬁ1203 catalyst
at 533°K. They found that gome of the adsorbed CO disspciated into
carbon and GOy via the teaction {2 0=l + Cﬂzj. Hhen.this same
catalyst was pulsed with Ho at 553°K, the methane produced was almost
exactly equal to the amount of carbom deposited ol the catalyst surface.
No correlatien was found Tetween the amount of chemisorbed €0 and the
ampunt of methane prnduced.. When the catﬂlyst.uas heated at 723%K
for 14 min after carbou deposicion at 553“3, deactivation of the carbon
wag oserved. The authors distinguished the reactive form of carbon
ag carbidie carbon and the unreactive form ag graphirie :arbnﬁ. Iz was
probably the latter which Iinvestigators in the past [23-25] had found
te be unreactive., In a later study Mclarty, Wentrek, and Wise [33]

' found that the carbon depogited on a Rqulzﬂ3 catalyst was reactive
in Ho to form CY, below room temparature, but undissociated O adsorbed

ou the catalyst was inert to Hy; at room temperature.
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Similar expé:iments wire performed by Rabo, Bish, and
Poustmz [20] uvsing Ru, Ni, Co, and Pd supported on silica. The
adsorption of CG_NEE nondissociative on these catalvst at room
temperature, and the chemisorbed CO did not teact with HE ar this
temperature. bBut when carbon was first depasited on the Ru, Ki, or
Cq'c&talyst by CC adsorption at 573%K and subseguently cooled to room
temperatutre, methane wag produced when the B, was pulsed over the catalyst
8L roow tepperature. CO did not disspciate on the Fd catalyst at 573%K,
and the chemisorbed C0 {adsorbed atr 573YK) was inert to Lk, at roon |
temperature. These results.are consiegtent with the fact that Ru, Ni,
and Co are excellent methanation catalysts, while Pd is only siightly
active 1o methanation, btut it is a8 good catalyst for merhansl synthesls
unde¥ moderate pressure. Therefore, it was concluded that the dissociation -
wf CC leads to the formation aof methane; and the direét hydrogenation
of undissotiated CO leads to the formation of methanol.

Araki and Ponec [36] alsco examined the reactivity of the carbon
deposit;d.un a Hi film. 2300 was exposed to a clean Ni film et 573°K
for 30 min to deposit a layer of carbon on ifs surface. The chexrisorbed
13c6 was then pumped away, leaving only the surface carbon 13C, then

a reaction mixture of lzCG and H, (5/1) was introduced at 523%K. The

iz

formarion of leHﬁ, lzCHﬁ, IBCGE, and €0, was menitored as 2 function

of time. At first only ljﬂHﬁ was observed. The formatiom of lzCHﬂ
and 12C02 was accompanied by en induction period of approximately 25
d 13C02 wat not detected. These facts clearly demonstrated that

ain an

the surface carbide was the intermediste in the methanation reactiom.
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3., BStudies of CO and Hz Reaction znd Interactions on Futhenium

By 1s an excellent wethanation 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 kineric studies on the hydrogenation of CO over different Ru
catalysts [17]. These studies generally show that €O inhibits the reaction
while H, has a pnsitive-ﬁrder effect on the veaction rate. | -

Vannice [37] compared the turnover numbers for the methanation
reaction for the Group VIII transiton metals and found that Ru
has che higﬁest activity {(see Table 2}, Dallﬁ Batta =t al,
[38] weasured the initial merhanation activity of supported Ru
and Ni catalyst and found that Wi was twice a2 active as Bn at
553%K.  However, a later study by the same authors [39] showed that

Bu, MNi, and Re catalyst have similar stead? state methanation activity.

Dalla Betta and Shelef [40] performed an infrared stuﬁy of the
hydrogenetion of CO. Th;y found that the adsorption band for €O in
the pregence of Ho was very'strdng._ The catalyst surface was almost:
saturated by adsorbed CO during the reaction at temperaturas fromw 333°K
to 523%K. Yo evidence for an emol type reaction intermediate was
datected. However infrared bands attributable to hydrocarbons and
formates species were chserved. Isotopic-exchange experiments indicated
that these spe;ies ware inert and were adsorbed on the alumina support.
At high reasction temperature the metal surface was altered, possihly
due to carbon deposition, and an adsorbed €O exhibiting a much 1owe;
strektching freguency snd a greatly reduced intemsity was observed. The

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

‘Metal ( Turmover no. @ 5¢8% x 103 )
Ru 18l
Te . 37
Ni | 32
Ca : 20
Rh 13
Pd 12
Pt | 2.7

ir 1.8
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Kraeﬁer and Menzel [41] examined the interaction ef €O and Hy on
a Ru field amitter. They found that o saturated laver of €0 at 300K
did oot adsarﬁ any Hg, but a saturated layer of the H, was very effectively
replaced by CO. Duriné the displacement of H, by CO, 2 mixed layer
wag formed snd & change in the work function of the surface was detected,
which suggests the existence cof & Enmplex._Ihis cpmplex was more strongly
bonded to the suriace thav CO or B, alone. Goodman et al, [42)
observed similar interﬁctiuns between CO and B, adsorbed on a Ru (110
surface.  The additinﬁ of CO to a saturated Ho laver increased fhe

descTrprion temperature of s by approximately 459K,

4, Studies cf.CG:and Ry adsorption on Ruthenium
In order to fully understand the mechanistic steps involved in
methanation and Fischer-Tropsch synthesis, 1t i1s essentisl that the
adsorpticn of CC and Hs on catalyst surface is well understood. This
section is devoted to a review of €0 and H, chemisorption on Bu surfaces.
A model for the bonding of CO on transition metal is shown in
Fig. 2 {43]. Tne electron pair from the 3¢ orbital of the carbon
atom is dnﬁated intc the vacant ¢ orbits of the metal atom. This
bond is very weak because the donor ahility_(Lewis basicity) of the CD
molecule ie extremely small, B0 the metsl=carbon bond is etablilized |
by back donarien of electrons from the filled d orbitals of the
metal into the vacant antibonding orbitals of the CO molecule, Since
the electrons are donated into the antibonding orbitals of the CO
molecule, A weakening Ehe 0 bond would be expected. The ability of
the C0 molecule to bond to the transition metal depends on the
availability of filled and wvacant d orbitals with the correct symeetry and

range of energies. 4 CD molecule can form bonds with one metal atom,
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two metral atoms, and even three or moTe metal atoms if z favorable energy
configuration can be achieved.

Quantitative measurements of OO adsorption on Ku have been performed
by & mmber of authors [44-46). H, chemisorprion and BET surface area
determination (for powdersd metel only)} were used to determine the number
of surface Ru atoms. The ratio of the number of adsorbed CO molecules
to the total number of surface Ru atoms rangesffrum Uub to 3.5. The
adsorption Btoichiometries were explaiped by postulating the existence of
.bridgthﬁnded €0 and multiple adsorption of CO un.a Fu atom.

Infrared gpecirescopy 15 & common te;hnique used to study the structure
of CC adsorbed or metals. A number of infrared studies on the adsorption
of CO on Ru gurfaces has been published., Table 3 summarize:z the results.
The earliest study of CQ agdsorption onm Ru was Sy Lynds [47]. He reported
two bands at 2151 em > and 2083 cot for Ru/Al,0q and two bands &t
2135 cm-l and 2060 cmpl for RufSiGz. Guerrz and Schulman [48] found
two broad bands zt 20101990 em ! and 1970-1870 cm > for CO adsorbed
on Ru/8510;. They assigned the high frequency band to linearly
adsorbed CO0 {(Ru-C0) and the low frequency band to bridge—bonded CO
{Rﬂz"GG)- Eobayashi and Shirasaki [49] assigned_bands cbeserved st
2040 cx~} and 1980 em™? to Ru{CG}, and Ru{CO)4 respectively for CC
adsorption gn & Eufsiﬁz catalyst. These structural assighnments were
based on the Infrared spectra of Ru carbomyl clusters and the resﬁlts
of G0 chemisorprion experiments which suggested that multiple CO

adsorption occurs on Ru surfaces.
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4 recent infrared study by Dalla Berta [46] on €O chemisorprien
on Ru/Alalq saﬁples having different erystalline sizes showed szome
intereéting resulte. Only one band was observed at 2028 cm—1 for CO
adegorbed om Ruf£12ﬂ3 with ﬁverage metal crystallite size greater than
91 A, However, three bands at 2028-2092 cm L, 2070-2086 cz 2,
and 2133*2145 cmhl were observed when C0 was adsorbed on Rufﬁlzﬂj wirh
average metal crystallite size less than &0 ET Comparison of CO and
H, adeorption revealed CO/H ratlos as high as 3.8 on Ru particle of
11 &, implving moltiple adserption of CO on low coordination sites.

. Based on this evidence Dalls Betta concluded that the ﬁbserved bands
were due to Cﬁ sdsorption on different cnnrdinatioﬁ sites;

Brown and Gonzales [50) conducted infrared studies om the adsorption
of CO on reduted and oxidizeé Ru/Si0,. The intemsities of the bands

1 were dependent on the depgree

at 2030 ex” %, 2080 em T, and 2135-2150 cm
of oxidization of the Ru/Sil,. They concluded that the cbserved bands
were due to linearly adsorbed CO perturbed to a different degree by

an oxygen atom. The following structures were proposed:

o G 0
§ I i
C C c
! I |
~Ru-Ru- ~RuO—FRu~ Bul-Ruy
2030 cm * 2080 et 2135-2152 em

Davvdov and Bell [51] also studied the adsorprion of €O on pxidized

and reduced samples of Ru/S5i0,. They found only ome band art zﬂkﬂtm*l for
CU adsorbeg on fully reduced Ru/8i0s, to which they sssigned the structure
of Ru-CO. The bands observed on fully oxidized Ru/8i0, ar 2130 cw L

and 2070 co * were a2sgigned the structure Ru+~{CG]2.



_21_

Madey and Menzel [52] used 2 combination of surface techniques,
LEED, Auger, Kelvin probe comtact potential chanpges, and flash
deserption to study the.adsorption of C0 on Bu (001). Two binding
states of CO were identified by flash desorption from & sarurated HEo
suriace, but only the higher tewperatute peak was observed at low é@
coverage. IThe LEED pattern imdicated a &JE X1f§} Structute at low
C0 coverage, but this orderad pattern decreased in intensity as C0Q coverage
increased beyond 1/3 of a monolayer. This evidence seems to indicate
that the two binding states atf high coverage ardses from the repulsive
lnteractions between neighbors. It was found that bombardment by LEETD
electron beam changed the QJE x~d§} pattern to a (I = 2] pattern.
This observation was later studied in more detail by Fuggle et al.
i33] using flash desorption, UPS, XPS, and XAES techniques. Siuw electron
bombardment of adsarbed CO on Bu {001} gave rise to 4 new peak in the
flash deseorption spectrum. This new peak desorbed at a hipher temperature
than the tws CO peaks previously identified. XPS and UPS resuits seeged
to show that this new blnding staie was dissoclated CU cccupying two
surface sites. It is of interest to note that this new binding state
of &0 cannot he obtaiped aven by exposing the Bu surface ro 1672 rorr
of CO at 490K for 20 win.

Goodman et al. [42] studied CC adsorption on a Ru (118}
surface naving a high deﬁsity Qf.kinked atomic Tows. Uny one peak was
observed during the flash desorption of CO at different coverages. AL low
G0 coverazge no ovdered LEED patrern was ochserved, but at high coverage
an ordered structure appeared and pergisted to satﬁraticn. UPS studies

showed no detectable change Iin the oolecular~orhital structure of CO



" between low and_high coverage; therefnfe it was concloded that only cne
€0 binding state Existﬁ on Ru (110}, Auger spectra taken of the surface
showed no surface carbon gpecies on the Bu{ll0) surface after exposure
to 1077 torr of CO at 630°K for 30 min. Also no detectable CH, was

3

formed in a &4/1 HEICU mixture at 10 ° torr in the temperature

range of 300-1400%K. Thermodynamic calculations shawed that this is due
to kivetic limitation. |

Reed er sl.[34] studied CO adsorption on a Ru (101} surface
using LEED, Auger, and.thermal desorprion. Two pdnrly réﬁblvad paaks.
ware evident in the flash desorption spectrum at all CO caverages;
thergfore the authors concluded that €0 adserbs on tweo distinet surface
sites on Bu(l0l). An ordered LEED pattern was observed at low C0 coverage
and reached 2 maximum degree of perfectisn at saturation eoverage.
Dissaciation of CO was not detected aftey exposing the surface to 167~
torr of €0 for 5 min in the temperature range of 373-1073%K. However,
bombardment by the LEED electron beam did cause dissociation. ﬂﬂsnfptinn

ot carbon contaminated surface shifted the thermal desorption peaks

to 5 lower temperature end a mew high temperature shoulder appeared at

high €0 coverage.
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Using the same surface techniques 2& Reed EE;El' [34], Ko et al.
[533] studied the adserption of CU on a Ru{l00) surface.
They observed two desorption peaks at high OO coverage and only the high
temperature peak was observed at low CO coverage. DNo ordered LEED
pattern for CO adsoarptiom was obssrved.

Hcﬂarty_gﬁ_ﬁi. [35] recently studied the_desotptiﬂn sf CO from
a 1.5 wt ¥ Ru/Al.05 catalyst and cbserved three desorptien peaks; Thnis
is the omly result avaiiable for €O desorption from a supported Bu
catalyst. Table 4 summarizes the Tesults of the studies on the thermal
desorption of CO from Ru. The values of the activation emergy of desorprion
were caleulated using Eg. (3). The results from this work which «will e
presented Iin greater detail in the latfer sections are also sﬁnwn in
Table 4.

The adsorption of Hq on Bu wiil be Sriefly diseussed here. It is
well known that H2 adsorbs dissociatively on many transition metals.
Ho chemisorpticn has been Wideiy used as a tool in :the detsyminmaticn
of metal surface ared. Dalla Betta {56] studied the chemisorption of
H, on powdersd Ru. The adsorption of H, was found o be slow at
. Toom rempetraturs; approximately 200 min was needed to dctain equilibrium.
The particle gize af the Bu powder determined by gl&ctron ﬁiqrnscnpy
wag consiatent with the par;icle size calculated from the results of H,
chemisorprtion expériments by assuming one hydrogen atom absorbz on one
surface B akom.

Using the BET wmethod to determine the surice avea of a powdered
Ru sample, Tavier [57] found that the ratio of adSQrbéd hyvdrTogen
atoms to surface Ru atoms {HIEu(s}} to be l.l. Identical H, uptakeé

on Eu were obtalned by extrapolating the 239C and 1060°C isotherm to
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zero pressure and therefore the same H/Ru( stoichiometry of 1/1 holds

at both temperatures. Thus surfacé area determinatien of Ru catalyst by

Hy chemisorption can be carrisad ouc at 100°C where adsorption equilibrium

ran he reached In appraxim&teiy 30 min. ’
Goodman et al. [42] studied the flash desorption of Hy, from a

Ru (110} surface. H, adsorption was carried out at 300%K and anly

one desofpticn peak at 3153% was observed. The descrption characteristics

regemblad a first ordar desarptiun process. The activation energy of

desorption E; was calculated to be.l?.S keal/mole using & preexponential

factor of lﬂlz sec_l. Analysis of the desprption products obtfained from

the adsorptiom oi 1/1 H,/Ds mixture revealed that hydrogen was adsorbed

atowlically.
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Il. Experiment
A, Experimental Apparatus

4 diagram of the experimental spparatus is shown in Fig., 3. The
apparatus consists of a flow system,.a reactor, and & high vatuum
system which houses the guadrupcle mass spectrometer. |

" The flow systen was degigned so that it was postible to provide
either 2 continuous flow or a pulse of CO, HE’-HE' or a wixture of these
gages to the reactor. This was accumplishﬁd by'using twoe f—-way valves
in series. The wolume of each pulse was approximately 1.5 tc. The gas
flow rate was controlled by adjusting the needie valves loceted upstream
and downstream from the rotometers. Mercury monometers were used to
monitroer the pr&sgure a2t whick the flow rate was measured, The flow -
Eysten was helium-leak tes;e&'to Insure that air ¢ould not enter the svsten
and thereby contaminate the catalyst. The entire system could be
evacuated with a mechanical pump to facilitate chsnging from one gas
to another during sn experiment.

The gases used in the experiment were purified by using
appropriate cold traps. Hydrogen (95.999Z pure) from the gas eyvlinder
first goes through an Engelhard Deoxe Hydrogen Purifier to convert che
traces of O, to water. The water was then trapped out by molecular
sieves kept at liguid nitrogen temperature. Belium (99.995% pure} was
alse purified by using & liguid nitrogen trap filled with moleculsr
sieves. - Larbon monoxide {52.8% pure) was gsent through s bed of potassium
hydroxide pellets kept at dry ice temperature to remove Gl and metal
carbonyls.

A detalled drgwing of the reacter and heater is shown in Fig. 4.

The reactor is a 21 cm lang, & mr o.d. guartz tube with 2 12 me o.d.
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Listr of Equipment

Hg manometer

Rotometer

Lh, cold trap

Dry ice cold trap

Catalytic hydrogen purifier..
Six;way valve

Sample loop for pulse adseorpticn
Reactor by-paszs

Reactor

Heater

leak wvalve

Mass spectrometer probe

Mass spectrometer electronics

-LHE celd tcrap

0il diffusion
KHechanical pump
Temperature programmper

Jwo«pen recorder
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Catalyst sample
Ouart? reactor

tube.

Thermacouple for
temperature readout.
Thermocouple for
temperature cortrol

Heater
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Figute 4. Schematic of reactor and heataer.



bulb-shaped mid-section. & gquartz fritted disc, used te support the catalyst
sample, was fused intoc this section of the reactor. The reactor cnulq
be removed from the fiow system by disconnecting the top and bottom
compression o-ring fittings {Cajon). The heater was constructed in the
.fulluwing fasﬁipn. Two pieces of nichrome wires Hith & resistance
.nf 6.% ohme each were wound on 2 1.9 em o.d. guartz tube éu:h that
the vwo enils were locarted one above the other. These twoe coils were
then connected in paraliel to the power supply.

| 4 temperature programmer was used to power the heater. This deviee
was constructed in the College of Chemistry electromics shop {drawing
number 527410, It could be used te maintain thE.rEECtDI at constant
tepperaturs, of be programmed to hest up the.rea:tur &t a coustant
heating rate from an initial te a final temparature. The folluwiﬁg
parameters cowuld be get: (i) dinditial temperature, (ii} final temperature,
and (iii) heating rate. Temperature contrel 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 :ﬁrves for the lower heating rates. The
heating rate could be varied ffum 0.03°K/sec to 1.0°K/sec. The reactor
could be heated to a maximum temperacure of 1100°K. The tewperature
prograumer was rated at a maximum output power of 320 watts (40 volts
d.c. and & amp.).

Experimentally it was found that the rate of hezting and temperature

control of the reactor were best achiaved by placiﬁg the temperature—

contrpl thermocouple for the temperature programmer nearest to the heating
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coils. A different thermucouple, inserted through-a tee, was used ﬁu

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

was Tecorded by ome pen of a Leeds and Horthrup Speedomax W/L Two-Pen Recorder.
Thae gas leaving the reactior was analyzed by a UTI model 1GOC

quadrupole mass spectrometer. The probe of tﬁe mass shecirometer was

housad in a vzcuum chamber. A Granville-Phillips series 203 variable

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

Tesctor Into the wvacuum chamber. The leak ¢pening was adjusted such

thatr the tatal pressure inside the chamber was 2.0 = 167% torr with a

9

cantinuous leak of pure He. 4An ultimate vacuum of 5 x 10 - torr ;Duld
be achieved by using a 4~inch oil diffusion pump {(VHS series, ¥ational
Resegarch Corporation}. Total system pressﬁre cold be measured directly
by the mass spectrometer. The ®mass spectromefer could be programmed

ts loek in on foﬁr differsnt masses. By rapid maouzl switching from
one program to aneiher, it was pessible to munitor.up to fonr diffarent

species ai pne time. The sipgnal from the mass spectrometer was recerded

by the second pen of the two—pen recorder.

k. Experimenctal Procedutres

The sxperiments can pe divided inte thrae main groups: temperature-
Programmed desarptiﬂp {TPD} of preadsorbed €0, temperaturs~programmead
reaction (TPR) of preadsorhbed CO, and temperature-programmed reaction
of continuously flowlng gas mixtures. I order to eliminate the effect
of carbon build op and catalys; sintering on the experimental results,
fresh catalyst samples were used for each experimental run. Twenty five
milligrams of the Rufﬁ1203 catalyst was placed im the reactor and reduced

in flowing B, (1 atm) at 7239 for at least 9 hrs {Exceptions were
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the TPR experiments desigﬁed to examine the effect of ;ging on the
reactivity of the carbon deposit, where a reduction time of 2 hrs

.at 673% was used)., At the end of the reduction period, He was introduced
to sweep away the H. aﬁd the catalyst was heated up from 723°%K teo

973K at a rate of 1%K/sec in order to desorb any adsorbed Hy+ The
cagalyst was ther cocled to the adsorpticn temperature in fiswing He.

For ;he TPD experiments 00 was pulsed ten times owver the catelyst
in a pariod of 5 min., The catalyst was ther swept with He at the
adsarption temperature for an addifional 5 min and finally coocled to
303°K in approximately 15 min. Next, the He flow rate was adjusted
to 30 ee/mirc (S5TP), and the catalyst sample was hested from 303%K to
$73% at the selected heating rate. During the heating period the
concentrations of CU {(mass 28) and Coy {mass 44} in the He strean
were monitored #s a founetion of temperature.

& nitrogen colé trap down stream from the reactor was used to
trap out the CO, formed by the disproportionation of GO during pulse
adsorptien., After pulse adsorption was completed, the ¢old trap was
watrmed up, and the amount of C0-» trapped wa2s measured with the mass
EpectTOmater.

The TPR of CO preadsorbed by the pulse method followed the same
catalyst redu:t;on and adsorption procedures described above. Aftér
adsorption of C0, the catalyst was cocled te 303°K in flowing He.

The 6-~way valve was then_switched te the by=-pass mode, isclating the
reactor from the flow system. The He flow was stopped, and Ho was
introduced at a flow rate of 56 ccfmin {STF} through the.hy—pass loop.
The &-way valve waz then switched back to the reactor mode, allowing H,

to flow over the cétalyst. The amount of CH; {(mass 15} and Collg (mass 30)
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formed imitially at 303°K was wonitored. The catalyst was then heated to
a temperature of 973°K at a rate of 19K /sec in flowing Hs, During this
period the concentratiens eof CH; and CoHg in the H, streaw were recorded
as a function of temperaturea.

Thé axperimental procedures for the TPR of CO preadsorbed by
the continneus—-flow method and for the TPR of preadsorbed CO by
the pulse method were the same except [oT two differencaes: catalyst
reduction was cérried gut at 873°K for 2 hrs and CC adserption was
achieved by fiowing pure {0 over the catalyst for 1 hr at the adsorption
tezperatula. Aftef the adscrpticn of CO the gas phase £O was swept
aﬁay with flowing He for 5 min, and the catal}st was cuéled down o
303°K before B, was introduced to start a TPR experiment.

For the TPR of a flowing mixture of Hy, €O, and He, the catalyst
sample was raduced and cooled to 303%K in flowing He. .The Teactgr wWas
tHen isoclated from the flow svstem, while & gas mixture with a fixed
Hy/CO ratio was prepared. The Cf flew Tate apd total gas {iow rata
were always set at 19 cc/min (STP) and 233 co/min (512} raspectively.
The flow rates of H, and He were adjusted to give an H,/CO ratic of
3/1 or 1/1. The gas mixture was sant through the reactor, and the
concentrations of CHQ:(mass 13), together with Colg {mass ﬁﬂﬁ and Cqlg
(mass 2%}, or C.H, (mass 26} and GjHﬁ (mass 41) were moﬁitared as
Di=r

the temperature of the catalyst sample was increased to V37X at a

rate of 1%K/sec.

in order to study the disproporticmation of CO, an 3% mixture of 0
in He (total flow tate = 230 cc/mwin (STP)) was passed over s reduced
catalyst sample while its temperarure wag increased from 303°K te 9739K 2t
a rate of 1%K/sec., The comcentration af EUZ was monitored asz a function

of temparature.



C. faralyst Preparatiup

The catslyst was prepared by incipient—wetness impregnation of an
alumina sopport (Alen C, Cabet Corp.)} with 2 sclutiom of RuCls.  The
impregnation solution was prepared by dissolving 31.288 grams ﬁf BuCls”
3h,0 (Orion Chemical Lo.) in encugh distilled and dejonized water to
moke 25 cc of saturated solution. ANy excess solid was rewoved by
filtration. 4n 8.2 cc volumme (the volume trequired for incipient wetness)
wzs mixed with 10.00 g of powdered alumina in a glass bowl and stirred
until a thick Rlack paste was obtained, The pasgte was spread intoc a
thin layer over the inuer surface of the bowl and frozen solid using
‘liguid nitrogen. Th bowl was then put intc a dessicator which was
evacuated :pntinnusly by a mechanical pump. The dessicator was jmmwmersed
in a iee bath, and evacuatico continued fﬁr two days. &f the end_nf the
freeée—drying period the bowl was femnved'frnm the dessicator. It was
observed that the Burfa;e.ﬂf the dried catalyst cake was Eligh£ly darker
than the interior. Thie euggested that there was some nonhomoreneity
in the distribution of the RuCly in the alimina.

The dried catalyst cake was crushed and placed in 2 carborundum
tube which wae hung in 2 guartz tube located in & reductioh furnace.
The catelyst was first swept with B, for 30 min and then with R,
for an additional 30 min. After that the furnace was slﬁwly heated
up to 673%K in & 1 hr perioed, and was beld at 673°K for 2 hrs in
100 ce/min (S5TP) of Hy. At the end of the reduction periocd the catalyst
was ground and sieved through & 325 Tyier mesh Bcreen. The catalyst
sampies used in all experiment= conelsted of particles smaller than

4.3 pm.



_..35_

A catalyst blank was made by following the same catalyst preparation
procedures, except that distilled and deionized water was used instead

af the saturated Eull, splution. .

n, Catalyst characterization

4 catalyst sample and a blank sample wers sent to Amerlean
Spectrographic Laboratory for semi-guantitative spectrographic elemental
analysis. The rTesults shown in Table 3 indicate that the catalyst did
aot contain significant contaminants, and the Bu cantent of the catalyst
was 5 wr Z.

A catalyst sample was also sent Lo Facific Serption $ervice tg determine
the BET surface area and the Ru suriace area_by.HE chem;snrptian. The
BET surface area dastermination vielded a galu& of lDU.mzfg of catalys:.
The adseorption of H, was paerformed art lDD“C*ac a B, partial pressure of
400 totr. The amount of Hy adserbed was 71 ymoles/g of catalyst. Iz
it iz assumed that cne surface Ru atom chenisarbs one nydrogen atom,
tnen the ratig of the surface Ru atoms to the total Ru atoms in the
catalyst 1s 0,23, Using an average value of B.iV iz [536] 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

calgulated tge he 30 5.

* . .
Chemisorption of Hs 15 too slow at room Lemperature.



Table 5., Major Impurities in Ru/Al.0. Catalyst and Blank (except

for En, the reported values are wt X of the oxides of the element).

Element _ Ru!ﬁlzﬂ3 Al 404 (blank)

Al a5, 106

Ru 5. {as metal) ' m—
Fe 0.1 : ¢.025
Hi ' 0,025 C 0,010
51 G.025 0.004
Mg : ‘G. 008 0.008
Cr : 0.008 0.004
Ca 0006 -f'.
Mn - 0.001 | 0.001
Ce 0.001 ————

Ti ——r —_—
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I11 Besults aﬁd Discussiaona

4. Temperature-Frogrammed Desorption of CO

Fig. 5 shows the TPD spectra for the desorption of CO ar five different
heating rates. .Prior to taking gach spectrum, the catalyst was saturatad
with CO by exposing it te 10 pulses of CO at 303°K. A He flow vate of
30 co/min (STP) was used during desorption. Two distiner CC desorption
seaks, labelled a8 2; and %y in Fig. 5(a), wera obsarved Jor sll the
TPD spectra. In addition, €O, was formed during the desgrptien of CO,
and two GO, peaks were observed. The positions of the desorptionm peaks shifted
to lower temperaturse as the heating rate decreased, in agreement wirh
the prediction of Eq. {1) and {2J.

Dalla Batta [4#6] and Arai and Tominaga [53] have observed that €O
aﬂsnrhs on alumina; ctherefore a blank run ﬁas performed in ordar.to
determine the aeffect of support adsorption on the TPD results. The spectrum

=

far the TFD of CO frqm an alumina sample 1s shown in Fig. 9. The amount
ﬁf CO desorbed from the alumina sample was less than 3% of the total
amount of €0 desorbed from an egqual weight of Rqul233; therefore the
adsorptiocn of CO on the alumina support does not sigmificantly alter the
main features of the TPD spectra of (0 on Ru/Al.04.

In order to test whether readsorptiom of the adsoTbate Ras a significant
effect on the TPD results, a desorption run was performed using 2 He flow
rate of 210 ce/min (STP)., In Fig. 7 the TPD spectrum for this run 1s compared
with a TPD run with a He flow Tate of 3ﬁ ¢e/min {STP}, 4 heating rate
of 1%K/ sec wﬁs used in both runs. The peak temperatures im Fig. 7{a)

(He flow tate = 30 cc/min (STP))} are much higher than the peak temperatures
in Fig. 7 (b) {(He flow rate = 210 cc/min {(S8TP}}. This result clearly

shows that readsarption of adsorbate does sccur during the desorptlon
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of CO at He flow rate of 30 ce/min (8TP}. Therefore Eq. {(2J, which

was derived for a desorption procesg with freely occuring readsorpiion,
wis used to calculate rhe heats of desorption using the data from the

TPD rums shown in Fig. 5 in which 2 He flow rate af 30 cc/min {STPﬁ

was used, Plotes of in T%IE versus L/T_ for the twﬁ CO desorpticon

peaks ate shown in Figs. & and 9. A least square fit was used to generate
the slope of each line, The calculated valuas of the heat of desorption
Ior the oty and oy peaks gre 11 and 18 keal/mele respectively.

The sctivation enetpies of desorption were calculated using Eg. {3},
using a value of 1013 sec t fuf the preezponential factor. The TFD
data obtained in the TPD run with a He flow rate of 210 cc/min {STF)
was used in this calculation because Eq., (3) was derived for a deserpilon
process with no teadsorption. The calculated values of the activation
energy of desorption are 27 and 37 keal/mele for the two CO peaks.

The valu;s for the activation anergy agree quite well with the
literature valuss listed in Table 4. Especially close ag}eement was obrained
with the E4 values calculated from the TEFD data of MeCarty et al. [353].
Slightly h;gher sctivation enerples were obtained for the TPD of <0
from supperted Bu than for flash desorption of GO from Ru single crystals.
"This 15 because it 1s impossible to completely aliminate the #ffact of
readsorption during the desorprion from a layer of powdared catalyst.
Readsorption causes the desorption peaks to shift to higher temperature,
resulting in an increase In the calculated values aof the activation energy
of desarption. The exact cause for the large difference observed batween
the calcﬁla:ed values for the activation energy and the heat of desorption

is not kmown. 1t 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 0 from Ru/&l1505 1=

not & simple preocess. The disproportionatien reaction of CO coceurs as

a parallel process during the desorption of (0; therefore the simple
relationship between the change in peask temperature and the change in
heating rate predicted by Eq. (2) was not valid.

When the-presént TPD reéults are compared with those in the
literature, good agreement ig obtzined (see Table 4). Flash desorptiom
studies of CO on Ru(001), (101), and {100) surfaces [52-35] showed
two 00 desorption peaks having desorption temperatures corresponding to
the desorption temperatuTes of the oy and oy pesks observed
in this study. However only one OO desorption peak was observed on
En{l1l0} [42]. €0, was mever observed during the flash desorption of
CO Irom Ru single crystals under vacuwm conditions. A& TPD study by
Mclarcy EE_EE' {35} found three C0 desorption peaksrfcr Eu!Al203, and.
they observed C0, formation during the TPD of CO. The low and intermediate
temperature {0 peaks in rheir grudy corresponded to our %, and 4y pesk,
respectively, but their high temperature ¢0 pezk was not clearly
observed in our study, although the slight broadening at the high
temperature shoulder of the @, peak observed in the spectra shown in
Fige. 5 and 7 can be attributed to the existence of a poorly rasolved
"high temperature peak. |
Based on the evidence from LEED and XPS [42, 52-55] studies, it is

penerally agreed that the two desnrﬁtion peaks observed in the flash

* The activation energy of adsorption is equal te the difference

between the activation energy of desorption and the heat of descrption.
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desorption studies are due To thne ﬂesurptinn of melecularly adsorbed CO. -
Therefore the oy and aj peaks observed in this stuay ;re probably due

ta the descrption of molecular CO from the Ru surface. However it is
still unclear whether the two peaks arise from the desorption of CC
from twe distinct adsorption sites or are merely dus to G0=-C0 repulsive
interactions. Madey and Menzel [52] supgested that the two

adsorbed states of OO observed on Ru (G01) are due fo COU-CO repulsive
interactianﬁ; but Reed et al. [54] argued that the two adsorbed states
af CO ohaserved on Bu{lOl} are due to adsorption ou different sites.
There has been ne evidence which suggests the existence of a third GO
peak in all the flash desorption study nf CO on Bu single crystals under
vacuun conditions. The nature of the high temperature CJ pealt

which was observed by McCarty et al. [35] and in this study will be
discussed in greater detail latef;

In this study and the study by MeCarty et al. [33], {0, was always
formed during the TPD of €0, The dispraperticnation reaction of £0 was
srudied further in a continucus $%ow TPR Tun. A gas mixture in which
the CO/He ratio was (.09 was passed over the catalyst while the
temperature of the reactor was increased from 3103°K te 9739K ar 1%/ sec.

- The concentratiom of CO, in the gas stream was monitored. The result is
shown in Fig. 10. CO, began to appear at 415°K and the concentration
reached a maximum at approximately 700K, The decline in Gﬂz ;oncentratinn
at high temperature wai= probably due to the saturation of the Ru surface
by carkon, a product of the disprupurtianation.reacticn.

4s mentiomed earlier (O, was not observed during the flash &esﬂrptian

of C0 from Ru single crystals under vacuux conditions, and atiempts io
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thermally induce the disproportipmaticn of CO on Ru sipgle crystals in

iow partial pressure of CU have bpeen unsuccessfnl. Hearing a Ru{llﬂ}
erystal in 10 2torr of CO at 630°K for 30 min [42] and heating a Ru{191)
arystal in lﬂf?turr of CO to lﬂ?BdK [54] had failed to disproportionate

6. However when z layer of adsorbed ﬁD was bombarded by the electron
beam frem a LEED gun, deserpticon and digsociatien of (O were observed
[52-54]. GSubszequent flash desorption of the bombarded CO adlayer.

resulted in the appearance of a new desorption peak with a peak tfemperacure
in the range of 350-600 K [53]. XPS evidence showed that the new state

was disgoclated €0 occupying two surface sites.

One must now address the question of why was CO, formed during the TPD
of a C0 from Rufﬁlzﬂ3 in a flow system but not during the flash desurﬁtion
of C0 from Ru single crystals In a vacuwm system. The formation of EOZ
is clearly not a support effect since S5ingh and Gresga [59]
have observed that by expoesing a polycrystalline Ru sphere to 760 tory
of €O at 823%K, garbon was deposited on the Ru surface. This.suggests
rhat the partial pressure of {0 over tha catalyst is an imporiant
factor im determining whether CO disproportionatiocn takes place or not.

An Eley~Rideal mechanisﬁ for 00 disproporticnmation ig proposed hers 1n

arder to explain the pressure dependency of the reactiomn.

CO sy Crey + Ogy (slow stap)

The equilibrium for the dissociaticns of CO is nor favorable, but
the removal of surface oxXygen by gas phase GO ghifts the dissociation
reaction to the right. 1If the concenrractiocn of CO in the gas phase

ts very low, which ig true during the flash desorption of €O in a fast
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punping vacuum system, Ca, formation cannof oceur. Also the concentration
of dissociated {0 must be very small on the catalyst surface because even
-under a significant partial pressure of CD {10"3 torr}, disproportionation
does not occur on 2 Ru (110} crystal kept ar 630°K. Other evidence
which supports the Eley-Rideal mechaniem can be seen by comparing
. the relative amount of Cﬂé formed for the TPD rups with 210 co/min
{8TP) of He and 30 ce/min (STF) of He. The ratic of the anounht of Loy
formed te the swount of CC desorbed is (.08 for the run with 210 co/min
{STP} of He and 1g .15 for the run with 30 cofmin {ETP} of He. HRelatively
less COy was fofmed for the run with the higher the flow rate because
the concentration of CO in the gas phase 1s lower during this rum.

Larbon, accumulated on the catalyst surface during desorption,
can enhance the strength of adsorption 6f CO by donsting electrons to
increase the degree of back bpﬁding between the carbon atom of an adsorbed
CO molecule and the Ru surface atems [60C]. An increase in the degree .
¢f back bonding weakens the (-0 bond but strengthens the C-Ru bond. This
phenomenon was observed by Dalla Betta [40] in the infrared study of
CO on Rufﬁlzﬂ3. HE absarved rhat the prasence of czrbon on the ﬁﬁ surfacé.
lowered the stretching frequency of the adsorbed 0. Thie 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 adsorbed CO could explain
the fact that & high temperature pesk was observed during the desorption
of CO from Ru/&1,04 but not from Ru single crystals (Carbon was not formed
during the flash desorption of CO from Ru single crystals.).

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

the TPD of CO i shown in Fig. 11. The catalyst sample was first
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exposed to 10 pulpes of CU at the adsorption temperature and then céuléd
down to 303°K in flowing He. A desorption specttum was taken while the
temperature was increased to 973°K ar 1°K/sec. €0, was formed during
the adsorption nf.Cﬂ at an adsorption temperature af 423%K or grester,
and the amount of 002 trapped in the liﬁuid nitrogen trap increased with
increasing adsorption temperature. The results of these experiment s
showed that it is possible to preferentially adsorb only the strongly
bound O 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 desorprion of CO oceurrsd at very hipgh temperature.

E. Temperature-Programmed Reartion of CO in Flowing By

The reactivity of the CO adsorbed at different temperztures was
examined in the TPR rums shown in Fig. 12. The caralyst was first
exposed to 10 pulses of {0 ar the adsorption temperature and then
cooled down th 303°K in flowing He. The C0, formed during the adsorption
was trapped with the liquid nitregen trap and gusntitatively analyzed
uging the mass spectrometer. After the adsorption of CO, HBe flow was
stopped and H, wae passed over the cetalyst. The smount of Cky
formed at 303°K was monitored, and then the catalyst was heated up in
flowing Hy at a rate of 1%k /sec while the concentrations of CH; and CoH,
in the H, stream were reénrded.

No CO, was detected during the adeorption of CO at 303%K and only
2 small amount of C0, was detected at 423%K, The CO adsorbed at 303°K
and 423°¢ did not react with Hy at 303%g, CH, formation did not hegin
until the reactor was heated up. The rate of CR, formation reached a

maximom at 460°K. But when carbon was deposited on the catalyst by
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adsorbing CO at 523 and &239K, as indicated by the appearance of CO4 during
adserption, & large smount of CH, was formed when H, was introduced at |
303°K. A small amount of Colig was also detécted. The narrow spikes
in Figs. 12(c) and 12{(d} represent the rate of CH; formation at 303%k.
In Fig. lE(d} the jnitiel rate of CH, formation at 302°K ie an order of
magnitude greater than the maximum rate of CH, formation during the TPR
Tun. |

Table b summarizes tﬁe TPR resuvits quantitatively. The guantities
listed in Table 5 are in units of uncalibrated area obtained by integrating
the TPR spectrum (The sensitivity of the mass spectfnmeter is different
for different masses, and this was not accounted for im Table 6.)}. Thg
greater the ;mount of carbon depasited_during €0 adsorption, the greater
the aﬁﬂunt of CH, was produced ar 303°K, These results strongly suggest
that carbon was the reactive species responsible for the formation of CiH,
at 303°K. One would expect that the amount of carbon deposited {or the
amount ¢f €0, formed during sdsorption) to'be equal to the amount of CHy
formed at 303°K. However such & mass bzlance was not observed g shown in
the last ecolumn of Table 6. Even though the areas are uncalibrated and
therefore the ratlo of CHA{@393°K}KC02 has no direct physical significance,
one should expect that this ratie to be constant st different adsorptiom
temperatures if the mass balance between carbon (or C0,) and CH&{@353°K}
holds. Thie discrefancy ig due to the fact that thermal aging of the
carbon deposit leads to 8 logs inm ite reactivity. Thermal tresatment
converts the resctive form of carboo {carbidic carbon) to an unresctive
form of carbon (graphitic carbon). The praphitic carbon is even lass
Teactive irn H, th#n ﬁolecular €O, and a vefy high temperature is required

to hydrogenate it tgo form CH,. The hydrogenation of this graphitie cirban
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leads to the appearance of a high temperature CH; peak, which can be seen
at 570°K fp Fig. 12 (:5 and at 660°K in Fig. 12(d). Similar deactivarion
of the reactive carbon at high temﬁerature has been reparted nn.Ni f24].

4 low temperature CH; peak can azlso be seen in Figé. 12{c} and 12{4)
at approximately 3509°K. 4As disnussed.in the previous section the presence
of surface carbon weakens the C-D bund of the adsorbed CO by donating
electrons to enhance the back bonding between the metal and the carbon atom
of the adeorbed CO. Therefore the “weakéned" CC cer dissociate at a lower
temperature Lo react with Hy to form CH,, which explains the appearanﬁé of
the low temperature CH, peak at approximstely 350°K in Figs., 12(ec) and 12(d).

The effect of thermal aging on the reactivity of the carbon deposit
wab further exsmined in the series of rums shown in Fig. 13. ‘The catalyst
wag exposed to flowing CO at 760 torr for I hr at the adsorption temperature.
The éxcess CO was ther swept away with He, and Ho was introduced to begin
the TFR run, the TPE spectra in Fig. 13(a} teo 13(3) are similar tc the
cnes shown in Pig., 12. Only one CH, peak was chserved for the funs with
adserption temperature at 303°KE and 373K, but three CH, peaks were observed
for the rune with adsorption temperature at 473%K and 573%K. The highest
femperature CH, peak first appeared.as a2 tail on the major CH; peek in
Figs. 13(a) and 13(b}, and it grew inro & major peak in Figs. 13(¢) ané
13(dy. 1In fact, f;r.the run with an adsorpticn temperature of 623°K, the
highest temperature CH; peak became the oniy peak as shown in Fig. 13({e).
The aged carbom was so unreactive that in Fig, lee) the rate of CH,
formation did mot reach a msximum until the temperature was B90°K.

The effect of temperature and HEICG Tati¢o on the rate of methanation
and product distributjon was investigated in a series of continuous flow

TPR runs. A CO-H; mixture diluted in He was pessed over the catalyst



‘ay { Jei uolIdiospe mo[] SNONMUTIUOY

Aq 2an1vaaduay JuaiafItp IB PIQICEPE ) 3O B4l CEE #an?d1g

- B0gl-20L 19X

. S_nz. . .
008 00X 009 00 00v OOEOCH GO¢ 009  (OS 0ov 00¢ 009 OO €09 005 O0v Q0%
I I i I [ i

(002) 001049

e

0011’

—55-

2xabyg !

§£Ex3__c;u i 1
Yaklg - L (0) ¢gﬁgfg+

_5po
b Ly =¥ (9)

0

[~ 7]

Y

=T

L

sjun AJDijigay



Arbitrary units

-56-

1 ¥ ] T i r 1

!
6 L () Tppe= ST3%

CIQ{XSJ

T .E — T I
f ..(E) Tﬁﬂﬂ * ETEDE _ CHq

31 3 -
I 10 % 10%mp

CQHE{xmm
i i

300 400 300 800 700 80O 90O 0G0
T(°K)

XBiL 787-1304

Figure 13. {Continued).



_5?_

while the temperature of the reactor was imcreased at a rate of 1°K/sec
The concentrations of CH,, Czﬂﬁ, and Cailg or the concentration of CH,,
Coy, and CqHg were menitered as a funcrion of temperature. The results
are shown in Figs. 14 to 17.

CH; was the predominant preduct for zll the run. Only a small
amount of C2 products were detascted, and no C3 product was detecred
at all. Leow reactiomn température favored the formation of C2 praducts
over the formation of CH,, but the opposite was true at high reaction |
temperature. The rate of ﬁHﬁ formation decreased by three orders of
magnitude when t.:he ratia of HEKCG was changed from 3 to 1. The drop
ian the rate of of CH, formacion at very high tempetrature was due to
thermodynamics limitation because the methanation tate inersased when
the reactoer was cocled down. Tor the runs with HEICD ratic of 2.8 and
3.0, the large amount of heat rélea§ed during the formation of Ci,
affected the linearity of tha temperature ramp. Fer the runs with
HQICG ratic u:-l.ﬂ, 2 change in the rate of CH; production wWas observed
near 650°K. This observeé change in the methanation rate can be explained.
by the following discussion. At a Hq/CO ratle of 1.0, the conditions
of the reaction are such that the formation of carben by disproperticmaticn
of CO is favored. Because the partial prassure of Hy is low, the rate of
carbon removal by formation of CH; is lower than the rate of carben
_'fcrmatiun. A decreazse Iin the methanstion rare is obgerved when the
catalyst surface is covered with an uynreactive carbon lzyer. However,
at a suffigiently high temparature, the methanacion rate picks up again

because rthe ynreactive carbon can be hydrogenated, and the catalyet

surface is regemerataed for the reacticn to take place once again,
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1%, Conclusions

C0 adsorbs molecularly on Rujﬁlzﬂs at 303%K iﬁ two different states.
TED of CO from Ru/Al;03 gives rise to two distinct (O peaks with aetivation
energies of desorption of 27 and 37 kcal/mole. L0~ was observed during
the TFD of CO from Ru/al,0,, but €O, formation was mot observed during
the flash desorption of CO ftom Bu single erystals. This observation
was explained By postulating an Eley-Rideal mechanism for CGE formation
in which gas phaze C0 reacts with the adsorbed oxygen derived from the
diszociation of CO te form Cﬂz. farbon left on the c#talyst surface
oy the disproportionation reaction car enhance the stremgth 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 propased for the reaction of CC and Hy to form methane
and hydrocarbons. & reactive carbon can be depozited on the Ru/&ls0g
catalyst by the disproporticnation of CO at high tempersture (T > 415°K).
This carbon gan react feadily with #y at 303°K te produce Ch, and small
amounts of CoHg, but adserbed CO was inart to Hy at this temperature.
The reactive carbom can be easily converted into an unreactive carbon
by thermsl treatment. This unreactive carbon is even less Teactive toward
H- than CO. These reszults strengly suggest that carbop is the reactive
intermediate in the methanation Teartion. The rate determining step in
the formation af CH; is the dissociation of €0 on the catalyst surface.
in the presence of Hy the disseclated CO reacte rapidly to form CH,
and Hy0. The mechanism of CO disproportiomation is similar to the mechanism

of CH, formation. The dissociation of €0 is alsc the rate determining
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step in the disproportiomation of CO: Once dissociated CO is formed
on the catalyst surface, the CO in tﬁe gas phase reacts ﬁith the
surface oxygen to form CGE, leaving carbon on the catalyst surface.

The mechanism of chain growth I{n the formation of higher molacular
hydrocarbons cannot be deduced from the results of this study. The
fact that a small amount Ezﬁﬁ Was ﬁnrmed when the carbopecovered catalyst
was exposad to H, at 303°K zeems to indicate that a possible mechanism
for chain growth is the pelymerization of the CH, units, but furfher

studies are needed bafore a plausible wechanism can be proposed.
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