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Preface

in recent years the research effort in heterogeneous catalysis has
shifted from studies of chemical reaction kinetics and mechanisms to
investigations of specific surface reactions, identification of surface
intermediates, and interpretations of catalytic processes in terms of
crystal structure, imperfections, surface coordination, and electronic
interactions between substrate and overlayer. Therefore, it is timely
to examine the problem of catalyst deactivation and poisoning on the
atomic level in an attempt to relate fundamental observations in surface
science to industrial experiences. Transition metal catalysts, which
are in widespread use by the petroleum and petrochemical industries,
are particularly prone to catalyst deterioration during prolonged opera-
tion. The main causes for deactivation can be identified as physical,
such as ecrystallite sintering, and chemical, such as deposition of feed
stream impurities or formation of surface residues by side reactions.
However, the physical or chemical steps involved in these processes
have not been elucidated in sufficient detail to understand the various
processes causing such debilitating effects.

During the last decade the availability of advanced surface-sensitive
analytical tools and the use of well-defined metal surfaces have
given considerable impetus to the study of surface phenomena. In
this book we focus primarily on chemically induced effects associated
with bonded surface species that cause catalyst activity decline and in
some cases a change in catalyst specificity. The offending surface
species may be in the form of feed impurities, as in metal poisoning, or
reaction intermediates, as in the case of coking.
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iv / Preface

In Chapter 1 the thermodynanmic aspects of sulfur-metal and carbon-
metal interactions are presented. The results obtained in experimental
studies with well-defined surfaces under well-controlled conditions are
analyzed in Chapter 2. The third chapter is devoted to the general
features of poisoning of dispersed metal catalysts, Chapter 4 treats
the important subject of coking of metal catalysts. The remaining
chapters address the problems of deactivation encountered with cata-
lysts used in petroleum refining and petrochemical processing.,

Throughout the book the authors attempt to relate the observations
made in catalytie processing to coneepts derived from surface studies.
The information presented reflects the state of the art in this impor-
tant area of heterogeneous catalysis. As a result, the book will be in-
valuable to research scientists engaged in basic or applied research
and, hopefully, will provide new approaches to the solution of the
problem of catalyst deactivation and paisoning.

Jacques Qudar
Henry Wise
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. INTRODUCTION

On metal surfaces the presence of adsorbed species containing sulfur,
carbon, and halogens is the most sérious cause of catalyst poisoning,
“The presence of such foreign species on the catalyst surface not only
* ean block reactions sites, but can induce changes in surface morphol-.
ogy due to faceting, result in preferential segregation of one compo-
“nient in a multicomponent metal catalyst particle, enhance sintering as
a result of adsorbate-induced diffusional transport of metal surface
tomponents, and modify metal-support interactions. )
In the following sections, the various phenomena assdeiated with
_catalyst deactivation by adspecies are examined in terms of structural
"' “phenomena and adsorption energetics. These studies carried out dur-
‘ing the last two decades with modern surface-sensitive techniques,
such as Auger electron spectroscopy (AES), low-energy electron dif-
fraction (LEED), and x-ray photoelectron spectroscopy (XPS), have
_ provided some insight into the causes of and cures for surface poison-
- ing of metal catalysts,

" M. THERMODYNAMICS OF ADSORPTION AND SEGREGATION

The thermodynamic properties of the surfaée~ad]ayer interface play
an important part in controlling the compositional and structural hetero-
genities caused by catalyst poisoning. ' Of primary interest to our sub-
ject is the adsorption equilibrium which is established between the gas
.phase in contact with the solid surface. Closely related to it is the
- segregation and dissolution equilibriim, which deals with the interface
.between the bulk solid and the surface region,
Equilibrium adsorption (or segregation) is accompanied by a decrease
~in the total energy of the system. Because of differences in local en-
_ vironment, the bonding of adspecies at the surface can exhibit con-
.+ figurations different from those encotintered in the bulk phase.

To obtain a rélatioriship between the equilibrium surface density of
adspecies and their concentration ifi the gas phase it is most useful to
employ the Gibbs "dividirig surface {1r,2]. 1t states that the total
value of any extensive property Y for ";ﬁ'é entire system, with reference
to a dividing plane parallel to the surfade, is the sum of that property
in the bulk phase YP, that in the gas phase YZ, and that of the sur-

' face Y8 (generally called the surface excess).* For a system with an
- interface, the surface excess internal energy ES is
B® = 15%+ 3 uN+ yA (1)

*The assumption is made that the vslue of Y° and Y® extend to the
~dividing' surface.
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where v is the surface tension of the surface,* Nis the surface excess
of component i, S¥ the surface excess entropy, and 4j the chemical
potential of component i.

A small change in the surface properties yields for the surface
excess internal energy

dE® = Tdss+2uidN§+ydA (2)

which on subtraction from the differential form of Eqg. (1) results
in the Gibbs adsorption eguation

1 .s _—
dy = ~E(S dT + ¢ i\i dui) 3

At constant temperature one obtains the Gibbs adsorption isotherm

dy = -1 Ii dui €4)

where T; = Nis/A is the specific surface excess. In the case of an
adsorbate it represenis the surface coverage. For an ideal gas

= o 4 g - I
Hy s RT In P, (5

where yu; is the chemical potential of the gas and p; the partial pres-
sure of component i. Thevefore, for a single gas-phase component
the adsorption isotherm [Eq. (4)]) reads B

dy = ~RT T, d In p, | ‘ (6Y

or

__ 1 dy : ~ o
r, = RT(dei) s X2

;

T

The iscthermal change in surface tension in the presence of an éidfsore
_ bate is obtained by integration of Eq. (6): '

Y ® Yy ~RT [T ;dlnp, (8)

* The surface tension is defined as the work (dW) required for the .
reversible formation of an interfage area increment dA {i.e,,
vy = hmdA N 0(d“/dA)].

e
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For the case of Langmuir-type nondissociative adsorption the analyti-
cal expression between T, and p; reads

b,P
11

'y * 1T 7 (9)

1~ T+bP,

where by is a constant of the order of the adsorption site density,
and P1 = p1/p1, with p; the partial pressure of the gas-phase com-
ponent in equilibrium with the solid surface, and pl the partial pres-
sure of the gas-phase component at which saturation coverage of the
surface is attained. On integration of Eq. (8) one finds

Yy = yo—blR’l }n(1+P1) (10)

where vy, is the surface tension of the clean surface. It is quite ap-
parent that the adsorbed species cause a significant lowering in sur-
face tension with progressive adlayer coverage.

For dissociative adsorption, for which the Langmuir isotherm reads

bpil?

IV} (n
1 4
1+ bZPZ

the integrated form of the Gibbs adsorption isotherm reads

= a e 1/2
Y T W 2b2RT m(1+P2 )

(12)

For evaluation of ibe heat of adsorption we consider the change in
chemical potential of the system du, associated with the transfer of a.
small mass of component j from the ‘gas phase to the solid surface. The
term dy; is the sum of two terms, the partial molar entropy and the
partial molar volume*:

O M, du,
du., = —dar + —Ldp = -8.dT +RT d In p, (13
U507 3T 5p P § P )

For the surface at constant coverage I', the change in chemical
potential ist. ]

*For an ideal gas the partial molar volume is V= RT/p
fThe quantities with primes (superseript) refer to the surface.
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du, = —iar = -§j aT (14)
1)

At equilibrium d“j = du], so that

1,2 = :
dlnp, = —==(85 ~8) ,
@ p; ir (55— B ar as

. ] L
By defining the isosteric heat of adsorption as Aﬂa = T(S, ~S.) one
obtains } )

d In p, AH
—_ P - '
4aT - 2 (16
T, RT
3
An analogous expression may be derived for the isosteric heat of
segregation from the bulk phase to the surface
dinXx,  §-8> aH ‘
i oA ] seg
dat - TTRT T .2 (an
T, RT

]

where the superseript b refers to the bulk phase, and Xj to the mole
fraction of component j in the bulk phase.

Based on the Gibbs adsorption isotherm [Eq (8)] a surface adsor-
bate causes a decrease in the surface tension of a solid. The magni-
tude of the adsorbate effect on the surface tension of a metal has been
evaluated from the adsorption isotherms of sulfur on the low index
planes of silver [3]. For Ag(110) at 873 K the results indicate signifi-
cant changes in surface tension as the adlayer density exceeds one-
half saturation coverage (Table 1). Similar considerations apply to
the other low-index crystal planes of silver. Thus surface reconstruc- -
tion and surface transport would be favored with progressive surface
coverage.

Similarly, for a multicomponent solid solution, such as a metal alloy
surface, enrichment is to be expected with the component of lowest
surface free energy. For a completely miscible binary alloy, whose
components (subscripts 1 and 2) have similar atomic radii (perfect
solution), the Gibbs adsorption isotherm reads

8 v
xﬁrxz [( Yq Yl)ai]
expl— =

RT
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.,fTABLE 1 Change in Surface Tension of Ag(110) at 873 K with
Sulfur Covemge

Gas‘—‘p‘hase Equlhbrmm adsorbate Surface tensidn difference

compositwn : density o~ Y.
PH ;S /PH, [(8atom/em?) x 10°14) (erg/cmz)
0 0 0
5.6 x 1070 0.75 0
7.4 x 1078 2,01 0
1.0 x 107 4.90 0
1.3 x 1072 6.41 , 31
1.8 x 1072 6.78 52
3.2 x 1072 6.97 A 95

-2

5.6 x 10 T. 00 152

Source: Lalcu]atxons based on data from Ref. 125.

where X represents the mole fractioh of the two components on the
burface (s) and in the bulk (b), and a; the average molar surface
area of the two components. For alloys with components of different
atomic radii, the elastic strain theory needs to be applied, as dis-
cussed in a recent review [4].

In addition, the surface composition will be affected by adspecies
whith preferentially form bonds with ihdividual components of an
alloy. Such adsorbate-induced e¢ffeefs have been examined for the Pt/
Sr alloy system [5] in the presénce of oxygen and hydrogen. The
componernts of this system have considérably differerit surface free
energies, as evidenced by their heats of sublimation* (300 kJ/mol for
$n and 510 kJ/mol for Pt). Also, they exhibit different affinities for
Hy and Oy. As could be expected, the surfaces of PtSn and Pt3Sh
bevome enriched with tin on annealing in vacuum. The adsorptioh of
oxygen causes a further enrichment with tin to which oxygen is more
strongly bonded. Reduction of the alloys in hydrogen carries the ex-
cess of tin back into the bulk &nd causeés an enrichment of the surface
with Pt relative to the annealed state. _ ‘

Also, chémges of substrate surface composition induced by sulfur
adatoms have been observed, with surface segregation of coppér in

*The heat of sublimation is related as a first approximation to the
surface freg energy of a metal.

R
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' . CugAu and CugAug auoys [6] hiekel in Cu-Ni alloys {71, and pal-

ladium in Pd-Ag alloys [8].  For the lattér system a thermodynamic
model has been propoaea [9,10] based on the approkimations-of &

' binary regular solution with solute»solute and solute solVent ‘inter-
a¢tions.,

. In addition, the surfac}e composmon changes’ may depend cm the sur-
face orientstion, as has been showh by scanmng Auger électron spec-
troscopy in the case of Cu-Ni alloys [7]. Single-crystal studies with
ngFe havé shown no changes in the surface composition compared to
the bulk for the cléan (111) {100), and ¢110) planes, as well as for
the (100) and (110) pianes covered with sulfur [11]. However, re-
versible changes in the surface composition oceur between 873 and-
1023 K with sulfur adsorbed on the (111) plane. They may be re-
latéd to order-disorder transitiohs [11} (Fig. la and 1b).

Hi. ADSORBATE-INDUCED SURFACE MODIFICAT]GN

The adsorpuon of a strongly bonded specles may induece complex
changes in the structure of a metallic substrate. Thus the inter-
planar spacing normil to the surface may be altered (surface relaxa-
tion). - Also, rearraﬁgement of the atoms ini the topmost plang of the
crystal may occur (surface reconstrucuon) Finally, the adsorbate
can eause drastic changes in the equlhbrlum shape of the crystatl,
which can induce instabllity of certain moriatomic steps (two-dimeai -
sional faceting) or planes (three- -dimensional faceting). The unstable
steps or planes break up intod segments or planes of new orientations,
In general these phenothens are reversiblé and on removal of the sur-
face impurity the surface recovers to its original struecture.

A. Surface Relaxation

Because surface atoms are in an asymmetrical environment compared
to the bulk atoms, the first interplanar spacing normal to the surface
is different from the bulk spacing. In most cases a contraction has
beern obsérved by electron diffraction or ion seattering. It appears
that adsorption restores the first interlayer spacing to a value nearly
identical to that of the bulk crystal. In some cases an expansion of
the latticé has been observed. Thus, for the Ni(110) surface an in-
ward relaxation of 4 *+ 1% for the clean surface and an cutward rélaxa-
tion of 6 + 3% for a surface covered with 0.5 monolayer of sulfur have
been measured by low-energy ion scattering [12]. Similar effét:ts have
been observed {13] in LEED analysis of C/Ni(109) and O/Fe(lOO)
[13,14].
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