
w

PfijQ
The Adsorption and Surface Reactlone 
of Hydrocarbons on Cle»n Iridium*

Boll
JOHN R. ARTHUR# JR.
Laboratories# f!urray Hill# Now Jersey

and

master

ROBERT 3. HANSEN 
Institute for Atonic Roeparch and Department of Chemistry

te~Univcrslty# Anes#~"Iowa

ABSTRACT
The adsorption of ethane# ethylene and acetylene 

on elean iridium in a field emission mioroooope has been 
found to souse characteristic changes in the work function 
of the iridium surfaoe. further changes# which are time and 
temperature dependent# result when such surfaces are heated. 
Flash filament experiments have shown that the changes in 
work function upon heating are due to desorption reactions 
and that the desorbed product consists principally of hydrogen. 
By assuming a linear relationship between surface coverage and 
work function# It has been possible to determine the desorption 
klnetlos from the observed rates of work function change at 
various temperatures. The results are consistent with a 
mechanism involving stepwise surface dehydrogenation in which 
a pair of hydrogen atoms is removed from the hydrocarbon 
molecule in each step# followed by desorption of the adsorbed

f
hydrogen. At very high temperatures the remaining carbon atoms 
are removed# presumably by evaporation.
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The A dsorption and Surface R eactions 
of Hydrocarbons on Clean Irid ium

The ra p id  advances in  the  technology of c lean  

su rfaces  have given the  chem ist some hope o f ev en tu a lly  

understanding  the  complex g a s -su rfa c e  in te r a c t io n s  involved 

in  heterogeneous c a ta ly s i s .  The f i e ld  em ission raleroseope 

in troduced  by f i l l e r  9 o f fe rs  a va luab le  to o l ,  h e re to fo re  

la rg e ly  u n ex p lo ited , fo r  studying  re a c tio n s  o f th i s  ty p e .

We have used th e  f i e l d  em ission microscope to  study a very 

fundamental a sp ec t o f c a ta ly t io  hydrogenation , namely the 

ad so rp tio n  and su rface  re a c tio n s  o f  hydrocarbons on 

t r a n s i t io n  m etal su r fa c e s . S p e c if ic a l ly ,  e th an e , e th y len e , 

and ace ty len e  were s tu d ie d  on ir id iu m , a ty p ic a l  c a ta ly s t  

m eta l.

The image in  a f i e ld  em ission  m icroscope r e s u l t s  

from v a r ia tio n s  in  th e  in te n s i ty  o f em itted  e le c tro n s  from 

the  various su rface  reg io n s o f the e m itte r .  A dsorption of 

gas on the aurfaoe g e n e ra lly  causes changes in  both o v e r -a l l

em ission and r e la t iv e  em ission  from neighboring  reg ions on%
the  su rfa c e . Thus from changes in  th e  em ission p a t te rn  

one can in f e r  the  e x is te n c e  o f a d so rp tio n  and d eso rp tio n  

p ro cesse s . U n fo rtu n a te ly , i t  I s  no t p o s s ib le  to  determ ine 

the  a c tu a l co n c e n tra tio n  o f adsorbed sp ec ie s  from th ese  

changes. I t  i s ,  however, p o ss ib le  to  fo llow  the  r a te  a t  

which the  em ission v a r ie s  and from th i s  o b ta in  in fo rm ation  

about the k in e t ic s  o f th s  su rfso#  p rocesses  Involved. One 

must prooeed c a u tio u s ly , however, f o r  i t  i s  no t always c le a r  

how changes in  em ission correspond to  changes in  coverage.
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2% should also ho noted that information based on changes 
la emission current la obtain** principally fro* the ragIona 
of lou voile function, generally the high index crystal faaea.

The Microscope used in this work m i  ao designed 
that It could be totally immersed In liquid holloa.* This 
had the twofold advantage of cooling the salttar and Main
taining nearly perfect vacuum conditions. Hie temperature 
of the emitter could then be raised to any desired value by 
electrical heating of the supporting fllament, while the 
resistance of this filament provided an accurate indication 
of the emitter temperature. The emitter was dosed with the 
gas to be studied from a molecular beam produced by warming 
a aIdaarm containing a small amount of the condensed gas.
With this arrangement, gas impinged on the emitter from one 
side only, and only when the sldeam wee warmed. Zt Is 
important to note that at no time was the adsorbed material 
In equilibrium with the vapor| desorption was completely 
irreversible sines the gas leaving the surface was taken 
up by the eold walls of the tube.

The emission patterns resulting fro* the adsorption 
of ethane, ethylene, or acetylene and the changes in these 
patterns resulting from heating have been reported in detail 
elsewhere.* From an analysis of tha patterns and work 
functions resulting from various treatments we have been able 
to draw a number of conclusions about the interactions of 
these hydrooar bone with iridium. Kthane is only weakly 
adsorbed! heating to 100*K is sufficient to desorb most of it.

*  W
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though ai small fraction remain* whioh it not removed below 
2000* K. Sthylene and acetylene adsorbed above 50*K are 

1 strongly bound to the surface, being substantially immobile
below 700*K. Ethylene and acetylene adsorbed at 4*x, however, 
are quite mobile and appear to be only weakly bound. We 
conclude tiere is a slight activation energy, 0.1 ev, fry 

( strong adsorption of the unsaturated hydrocarbons, which raa;-
be associated with opening of the carbon-carbon bond. Pron 
about 400* — 700*K both ethylene and aoetylene undergo surface 
reactions which causa marked changes in the work function.
Above TOO* the decomposition products from both species begin 
to migrate over the surface and agglomerate, eventually 
building up sharp fldges before being removed around <J000*JC. 
Below 700* the emission patterns are remarkably uniform, 
indieating that the surface is fairly homogeneous for adsorption.

Heating iridium covered with ethylene cr acetylene 
caused marked irreversible changes in the work function.
Figure 1 shows the ohanges in work function treasured after 

 ̂ flashing surfaces covered with ethylene and acetylene to suc
cessively higher temperaturee for 10 aeoonda. The curves bear 
certain similarities, yet there is an additional small peak 
centered at 250*K observed with ethylene. This peak la quite 
reproducible, and somewhat more pronounced for very light 
ethylene coverages.

C
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In order to test whether these work function 
changes wore produced by desorption processes, flash 
desorption experiments^'^ were conducted with ethylene on 
un iridium filament.^ Evolution of gas from the filament 
occurred from 250 • 700*Xj the pressure rise could partially 
(but not conclusively) be resolved into two bursts, one from

m

250 - 400*, the second from 400 - 700*K. The rapid pumping 
of the desorbed gas by the hot ion gauge filament suggested 
that the composition of both bursts was principally hydrogen,* 
Experiments with hydrogen alone showed th~t it was removed 
from iridium in the region 250 • 4pO*K.

On the basis of these results we have proposed^ 
that ethylene on Iridium undergoes s step-wise dehydrogena
tion, losing two hydrogen stoms around 300* st e rate 
controlled by the desorption of hydrogen from the metal.
Sires the residue from dehydrogenation of adsorbed ethylene 
at 300*K loses hydrogen above 400*K in the same manner aa 
adsorbed acetylene, it Is presumed that this residue îs 
adsorbed scetylsne.

In an effort to check this hypothesis ve have 
measured the rate of the work function changes at various 
temperatures between 4(0 • 650*K for both ethylene and 
acetylene. The experiments were conducted by dosing the

• 7Motet Preliminary results' of experiments using an omegatren 
mass spectrometer to analyze the desorption products appssr to 
verify our conclusion th&t hydrogen la the principal desorption 
product.
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microscope tip with hydrocarbon to produce a uniform,
t

saturated layer, then heating the tip to t pre-set 
temperature until the rate of work function change 
became very small, interrupting the heating periodically 
for measurements of emission.

The experimentally determined variations of work
function with time and temperature were used to infer the 
kinetic mechanism of surface reactions by ne-ns of the 
following assumption* and theoryi

1. Since work function change A? is our measured
quantity rather than fraction of surface 9 
covered with urreacted specie*, it is necessary 
to infer 9 from .9. We have assumed that 9 is 
related to .9| i.e..

where the extreme values of At are assumed to 
correspond to 9 - 1 and 0 - 0 .

2« We assume that the isothermal rate of desorption 
le given by the Polanyi-Wigner equation

* $? ■ IT (2)

in which x is the kinetic order of the surface 
reaction and AH le lta activation energy.



3. We aaauaie that tha aotlvation energy for deaorptlon
verlee linearly with work function. Hlguchi, Ree 

3and Erring have dlacuaaed a theoretical baala for 
thla assumption. In view of assumption 1 thle la 
equivalent to the aaaumptloni

AH - /H - i* o

Combining Eqa. 2 and 3 we obtain

" HI " *r«*P l*hR yRT]exp a$/ftr (4)

Thla haa the form of the Becker-Zeldovltch equation (9)

-1| - . » < * . )
whose general validity haa been dlacuaaed by Hlguohi, Ree 
and Eyrlng.10 Equation (4) nay be Integrated to obtain

F(rf)- F(Tl) If * - 1 (5a)
££ expl-AH0/RT)t -

l/RT Ĵ»_!. i_i. Jjif x - 2 (5b)

m  m j

where yf - a9(t)/KT0 ri - a#(o)/fcT, and F(x)« J dy - -El(-x)

Valuea of 11(x), the exponential integral function, have been 
tabulated.**

‘ipi i mg, | igj-
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This treatment was applied to work function-time- 
temperature data obtained in the temperature range 400 - 700*K, 
which according to our mudei should reflect the dehydrogena
tion of adsorbed acetylene (whether acetylene or ethylene has 
Initially been adsorbed). Equation (1)was used to convert
work fanetIon data to surface fractional values of 67 andmax
A*ajn for ethylene and aoetylene were taken from Figa. 1*
and lb, respectively and were substantially the values of
69 at 700*K (&?,,,) and 30O*K (^min)• Dependence of surface
fyrttlon of unreacted species on time end temperature thus
calculated Is presented as experimental points in Figs. 2a
and 2b. Values of AHQ, a and x were selected to obtain best
fits, through Eq.(5)# for the experimental data at each
tempartture. Temperatures and values of the parameters
and n are presented in Table 1. The solid curves in Fig. 2
were obtslned in this manner. Because the dependence of 9
on t at a given temperature reflects a rather small variation
in #, precision in estimation of AH • H -  frera thiso
dependence is greater than that for estimation of aH0 or a 
only} the data of Table 1 can be used to construct graphs of 
the viriation of AH with §, which according to our model 
should be linear and the same whether ethylene or acetylene 
were initially adsorbed. Figure 3 presents such graphs, 
which are in reasonable agreement with expectation.

t
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The limited variation In 9 in kinetic data at a 
given temperature alao mad® theoretical kin®tic isotherms 
insensitive to the parameter x. In Pig. 2a, for example, 
curves 1 and 1# w®r® calculated for first and a®cond order 
kinetics (x-1 and 2) respectively, and (by different 
choices of AH0 and a) can be made substantially coincident. 
If the seme parameters AHQ and a are used to calculate 
curves at a different temperature, the curve calculated 
using first order kinetics (x-1) is in much better agree
ment with experiment than that calculated using second order 
icineticsj (compare curves 5 and p', calculated using para
meters obtained from curves 1 and 1#).

We cen suggest three general mechanisms consistent 
with first order dehydrogenation kinetics. These are

- 9 -
3

A.# HC-CH h
^C2^adsorbed *

k-
B. HC-CH — 3L. ^C2^adsorbed 4 2”

2H•
fast Hj(«)

C. HC-CH *c HC-C* ♦  H
m m •  • •

»)* HC-C* fast
' *C2^adsorbed ♦  *

2H•
fast Jljtc)

or fe). HC-C* ♦ H e ' vC2 )adsorbed * *2^*)
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where the stare denote bonding to the metal,#
These mechanisms lead to identical Isothermal rate 

expressions, and hence cannot be distinguished from Isothermal 
rats data. Various possible transition states can be imagined, 
however, their plausibilities discussed and corresponding 
activation energies estimated and compared with experiment.
For each mechrnisra we have calculated activation energies based 
on the following transition states*

I. Carbon-carbon bonds those of initial state,
C-H bond(s) broken, H-H or H-Ir bonds not yet 
formed

II. Carbon-oarbon bonds those of final state,
C-H bond(s) broken, H-H or H-Ir bonds not yet 
formed

III. Carbon-carbon, H-H or H-Ir bonds those of final 
state in the rate determining process.

While lacidng complete knowledge of the bond energies involved, 
we have made reasonable estimations where neoessary. The 
energies of H-H and C-H bonds were taken as 103 and 98 kcal, 
respectively (the C-H bond energy was assumed the same as in 
ethane). the activation energy for deaorption of hydrogen 
from iridium la 17 kcal, while that for adsorption is negligible)^ 
from this ths hydrogen-iridium bond energy was calculated to be 
i(17+103) - 60 kcal. *nie energy of the carbon-carbon bond

*Y'e have previously presented arguments for supposing that 
adsorbed acetylene hat an ethanc-like structure.3
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ia (^adsorbed was assumed greater than that in HC-CH by an 
amount equal to tha difference between carbon-carbon double 
and single bond energies, namely 65 kcal.12 The activation 
energies calculated from the above data are shown in Table 2.

While such calculations are certainly very approxi
mate, it appears significant that only the energies in 
column 1ZZ fall dose to the experimental range of 30-46 kcal. 
Thus to account for this activation energy it is necessary to 
suppose that the transition state fairly closely approximates 
the final state in character of bonds formed. If this is so, 
then mechanism A must be considered unlikely, for it does not 
seem reasonable that a well developed bond could be formed in 
the transition state between hydrogen atoms initially on 
adjacent carbons and therefore initially separated by about 
2.5 A. Furthermore, the desorption of hydrogen from graphite 
must involve a mechanism similar to A and should therefore 
require a comparable activation energy. Redmond and Walker1-̂ 
recently reported a value of 137 koal for the removal of 
hydrogen from graphite at low coverage, which is remarkably 
olose to the calculated energy, 131 keal, for mechanism A via 
transition state II.

We conclude that the experimental activation energy 
can be satisfactorily explained by either mechanism B or Cj 
JUe., the dehydrogenation of ethylene and acetylene Involves 
a surface dissociation followed by desorption of hydrogen.
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The a c t iv a t io n  energy fo r  the d is s o c ia tio n  process la  

approxim ately  equal to  the en thalpy) hence the  rev e rse  

re a c tio n  should re q u ire  a n e g lig ib le  a c t iv a t io n  energy.

V aria tio n  in  d eso rp tio n  a c t iv a t io n  energy with

coverage I s  u su a lly  asc rib ed  e i th e r  to  a heterogeneous

su rface  o r to  changes In  bond s tre n g th  produced by the
q

e le c t r i c  f i e ld  of the su rface  double la y e r . 'Die apparen t 

homogeneity o f the  Irid ium  su rface  fo r  hydrocarbon adsorp

t io n  has been described) hence we a t t r ib u te  the  dependence 

o f a c t iv a t io n  energy w ith coverage to  In te ra c tio n  w ith the 

f ie ld  o f the su rface  d ip o le s . According to  the mechanism 

we have p resen ted , th is  In te ra c t io n  must a c t  to  decrease 

th e  C-H bond energy and /o r In c rease  the  Ir-H  bond energy 

a t  high coverage (low work fu n c tio n ) In  o rd e r to  decrease 

the a o tlv a tlo n  energy. Since hydrogen ad so rp tio n  In c reases  

the work fu n c tio n  of Irid iu m , the  su rface  f i e ld  w ill  a l t e r  

the  C-H and Ir-H  bond en erg ies  In  the  op p o site  sen se . An 

In crease  In  work function  w ill then  produce an in c re a se  In  

re a c tio n  en thalpy  and a c t iv a t io n  energy, as  observed.

A r a th e r  simple model has been found adequate to  

ex p la in  the  changes in  f ie ld  em ission from Irid ium  covered 

w ith adsorbed hydrooarbons. I t  would be h ig h ly  d e s ira b le  

to  apply the pow erful to o la  o f f i e l d  Ion microscopy and 

slow e le o tro n  d if f r a c t io n  to  th ese  systems in  o rd e r to
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obtain detailed information about surface structure and 
orientation on an atomic scale. Khowledge of aurfaee 
structure and surface kinetics is essential for an under
standing of catalytic reactions.
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Table 1. Param eters used In  d eso rp tio n  curves o f P ig . 2

Curve No. Temperature

Ethylene

1
1 '

468 *K 40 koal 10 kcal
468

% ■’
10

477 10
494 40 10
602 40 10
553 40 10
553 39.5 10
579 41.2 12
587 41.2 12
638 42.5 20

Acetylene

462 8.5 20
501 18
540 49 18
579 *7 .5 16
617 47.4 16
656 46.5 14
695 46.5 14

*
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*1*. 1* -  Chang* In  work ArnetIon w ith f la s h  tem perature 

fo r  e thy lene  on irid iu m .

P ig . lb  -  Change In  work fu n c tio n  w ith f la s h  tem perature 

fo r  ace ty len e  on ir id iu m .

P ig . 2a -  n a e  dependence o f su rface  coverage a t  varioua 

f la s h  tem peratures fo r  e thy lene on ir id iu m .

P ig . 2b •  T iw  dependence of su rface  coverage s t  various 

f la s h  tem peratures fo r  ace ty lene  on ir id iu m .

P ig . 3 -  V aria tio n  o f a c t iv a t io n  energy fo r  d eso rp tio n  
with coverage.
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