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Abstract

Adsorption assisted desorption is an important phenomenon in catalytic cycles. It takes place when a desorption step is
not equilibrated. The surface concentration or fugacity of the desorbing species can be higher than its equilibrium value
because of a preceding adsorption step in the catalytic cycle. This results in an increased rate of desorption. Qualitative and
quantitative examples of this effect are discussed. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction: areminder of transition state
theory

In genera, the kinetics of elementary steps
with reactants and products in Maxwell-Boltz-
mann equilibrium can be described by Transi-
tion State Theory (TST). For adsorption a and
desorption d, of a molecule M to and from a
site *:

s Me 5 +M (1)

Va

the net desorption rate, v, is:

V=YY, 2)
with:
vy = kg[ * M] and v, = K[ +][M] 3

where brackets denote values of concentration,
fugacity, or activity, and the rate constants K,
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and k, are obtained by TST. In particular, in the
spirit of TST, values of k, do not depend on the
presence or absence of the reverse step of ad-
sorption. Indeed, the TST value of k, is ob-
tained by assuming that * M reaches its transi-
tion state from energy equilibrated reactants
without any account of reaction products formed
when the reacting system crosses the transition
state: from the viewpoint of TST, the systems
that cross the transition state just fall in a black
hole to join other reaction products.

Before the formulation of transition state the-
ory, the independence of forward and reverse
rates was postulated in 1882 by Hertz, who
boldly proposed that the rate of evaporation of
liquid mercury into a vacuum at temperature T
should be equal to the rate of condensation of
mercury vapor in equilibrium with the liquid at
the same temperature T, as calculated by the gas
kinetic theory. Forty years later, and after sev-
eral aborted trials, the Hertz equality was estab-
lished experimentally by Volmer and Estermann
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over a broad range of temperatures. Details can
be found elsewhere [1]: The difficulty in verify-
ing the Hertz assumption was two-fold: surface
contamination and surface cooling due to evap-
oration into a vacuum. The good luck of Hertz
was that, as found later, the condensation coeffi-
cient of mercury atoms on a liquid or solid
surface of mercury is very close to unity in a
broad range of temperatures. As remarked by
Tulley [2], ‘it is only when desorption occurs
on a time scale faster than energy equilibra-
tion times that the presence or absence of the
gas phase could be of any appreciable conse-
quence.’”’

2. The concept of adsorption assisted desorp-
tion

From the preamble on transition state theory,
it seems unlikely that a phenomenon called
adsorption assisted desorption (AAD) would
have been discovered and recognized. Yet it
was, by Tamaru and coworkers [3-5], in careful
studies of desorption of CO from polycrystalline
surface of palladium and rhodium. The authors
used a method first proposed by Tamaru [6] in
which a gaseous C'®0 molecules in equilibrium
with a surface are replaced suddenly by C'°O
molecules and the rate of desorption of C'®0
molecules is followed with time. This powerful
method, named isotopic switch by Tamaru [6],
or isotope jump [7], or steady state isotopic
transient kinetic analysis [8], is most revealing
when the isotope jump is probing a working
catalyst running at the steady state. In the work
of Tamaru and coworkers [3-5], it was found
that the rate of desorption of C'°0 in the pres-
ence of C*°0 in the gas phase was faster than in
vacuo, hence the appellation of AAD.

In the case of the Hertz experiment with
mercury, the surface coverage is of course inde-
pendent of the vapor pressure in contact at the
surface. But in the case of CO in contact with a
metal surface, surface coverage depends on
gaseous pressure. Thus, the observations of

Tamaru et a. were interpreted by Zhdanov [9]
as well as by Lombardo and Bell [10] as a
consequence of the frequently found increase of
the rate constant k, with increasing surface
coverage, 6.

In a substantial extension of work by Takagi
et al. [11], Lauterbach et al. [12] investigated the
rate of desorption of CO from an 1r(111) surface
between 390 and 460 K into vacuum and under
¥c®0 pressure in an isotopic switch from
2C*0 to **C*®0 with the CO surface coverage
determined by FT-IRAS. By presenting their
extensive data in two different ways, the authors
obtained two sets of curves: those of surface
coverage vs. time that look qualitatively like
those of Tamaru and coworkers [3-5] and also
the curves of the logarithm of surface coverage
vs. time. Comparison between these two sets of
curves leads Lauterbach et al. to the following
conclusion: ‘‘Careful evaluation of our data
shows that taking into account the coverage-de-
pendent rate coefficients of desorption (...), it
is possible to describe the results of desorption
under equilibrium conditions very well with
data measured for desorption into vacuum.’’

With the evidence reviewed above, one strong
statement can be made: adsorption assisted des-
orption exists. Whether all existing measure-
ments of desorption rates in a non-catalytic
adsorption—desorption situation can be ex-
plained by the effect of surface coverage 6 on
the rate constant for desorption k, remains an
open question. Perhaps AAD could be ex-
plained by ligand exchange, a SN,-like mecha-
nism, by which an entering phosphine ligand
displaces carbon monoxide bound to molybde-
num hexacarbonyl [13]. But, as just discussed,
the effect of 6 on k, certainly explains quanti-
tatively recent data on AAD phenomena. In
view of the importance of desorption in any
catalytic cycle, AAD must be important in
catalysis. This is enough motivation to explore
further the role of AAD in catalytic cycles, as
will be done in this paper. Before starting, a
reminder of general aspects of catalytic cycles
will be presented first.
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3. Adsorption assisted desorption in catalytic
cycles

For any elementary step that conforms to
TST, for instance the desorption step of Eq. (1),
we can write a relation:

vd/va = exp( A/RT) (4)

where A= —AG is the Affinity of that step.
This relation was first written by De Donder
[14], and used later by myself in explaining
kinetic coupling in catalytic cycles [15]. The De
Donder relation says that the kinetic irre-
versibility of the step is equal to the exponential
of its thermodynamic driving force. It tells us
that an elementary step is adways a two-way
step, i.e., reversible thermodynamically (symbol
2); but it can be kinetically a one-way step
(symbol —) if, for instance, vy;> v,, or an
equilibrated step if v,=v,; (symbol <&=)
when A= 0. In a catalytic cycle at the kinetic
steady state, the net rate, or turnover frequency
of the cycle, v, is equal to the net rate v, ; — v_;
of each step, when v is multiplied by the stoi-
chiometric number o; of the step, i.e., the num-
ber of times the step must occur for one cycle of
the catalytic reaction to occur:

gV=v, —U_; (5)

Because of the kinetic coupling between steps
in the catalytic cycle, these steps may be one-
way, two-way, or equilibrated, at the kinetic
steady state. In particular, a desorption step may
not be equilibrated in a catalytic cycle, as postu-
lated in the classical Langmuir—Hinshelwood
mechanism where both adsorption and desorp-
tion are assumed to be equilibrated, while a
surface reaction step is rate determining.

Let us explore how a desorption step can
operate in excess of equilibrium, when vy > v,
Clearly, one way to increase v, at constant
product pressure and constant temperature is to
increase the concentration or fugacity of the
adsorbed species above its equilibrium value.
This can be done through a kinetically coupled
preceding adsorption step in the catalytic cycle.

With the fugacity of the adsorbed species higher
than that corresponding to equilibrium with the
desorbed species, the latter is not an inhibitor of
the desorption step if u;> v,. The lack of
inhibition of the rate of a catalytic cycle by a
desorption product is therefore an indication
that adsorption assisted desorption has taken
place.

In fact, kinetic coupling between steps in a
catalytic cycle works in both ways through the
Le Chatelier principle. A thermodynamically
unfavorable step is helped either by removal of
a product through a subsequent step faster than
the rate at which the product can return to
reactant; or by accumulation of a reactant
through a preceding step. The latter case is that
of AAD in a catalytic cycle.

In fact, soon after Yamashita et al. [16] pub-
lished their work on AAD, they found that a
similar phenomenon was observed in the de-
composition of methanol on Cr,O,. In that case,
adsorbed formate ions formed by adsorption of
methanol decompose to reaction products much
faster under ambient pressure of methanol than
in its absence. This is the first reported case of
AAD in a catalytic cycle, athough other exam-
ples were reported previously, but not recog-
nized as cases of AAD. Let us describe briefly
four such cases as well as a carefully docu-
mented case of AAD in the sense of the Tamaru
school.

4. The para-hydrogen conversion of tungsten

This is a historical, if not dramatic story of a
20-year quarrel that was settled by the recogni-
tion that the chemical conversion of p-H, to
0-H, on tungsten at liquid nitrogen temperature
was a case of what | call AAD in this paper.
The fact is that the catalyzed reaction:

p-H, = 0-H,

takes place at 90 K on metals, a rather extraor-
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dinary observation. A mechanism was proposed
by Bonhoeffer and Farkas [17] in 1931:

p-H,+ 2+ —2xH
2xH —>0-H,+ 2%

But in 1935, Roberts [18] showed that the heat
of adsorption of H, on a W filament started at
45 kcal mol~* on a bare surface and decreased
to 15 kcal mol ~! at what was believed to be a
complete monolayer of H on W at 273 K and
10~ Torr of H,. It is impossible for *H to
desorb at any measurable rate at 90 K with the
lowest heat of adsorption measured by Roberts.
Hence, Rideal [19], in whose Cambridge labora-
tory Roberts had performed the adsorption work,
proposed instead the mechanism:

p-H,+ *H—> *H+ 0-H,

This mechanism became known as the Eley—
Rideal mechanism [20] mentioned in most books
on heterogeneous catalysis.

But in 1950, at a Discussion of the Faraday
Society on Heterogeneous Catalysis, Rideal and
Trapnell reported a set of adsorption isotherms
at pressures of about 102 Torr. They found that
H, is atomically chemisorbed on W evaporated
films with a heat of adsorption of about 1.8 kcal
mol ~! corresponding to an almost complete
monolayer at 90 K. This is very different from
the results of Roberts at lower pressures and
higher temperatures. Very fairly, Rideal and
Trapnell concluded that ‘*these results make it
probable that the conversion proceeds by the
Bonhoeffer—Farkas mechanism.”” There is no
need for an Eley—Rideal mechanism: the obser-
vations at 90 K, of the high surface coverage by
hydrogen at that temperature with the corre-
sponding low value of the heat of adsorption of
dihydrogen, can be understood as a striking
example of adsorption assisted desorption.

5. Dehydr ogenation of methylcyclohexane (M)
to toluene (T) on platinum

The kinetic study of that reaction by the
group of Sinfelt et al. [21] provides a qualitative

but clear example of AAD. The reaction was
taking place sufficiently far away from equilib-
rium, so that the absence of inhibition of the
rate by toluene was an indication of a situation
where the fugacity of adsorbed toluene was in
excess of its equilibrium value. Moreover, the
rate of reaction was not depressed by substantial
addition of benzene to the reactant so that ben-
zene did not have access to the surface since the
latter was largely covered with adsorbed toluene
coming from previous adsorption steps in the
catalytic cycle. Another way to look at the lack
of inhibition by toluene or benzene is that the
enhanced surface coverage by toluene corre-
sponds to a pressure or fugacity of toluene in
the gas phase, frequently called virtual fugacity.
This virtual fugacity is higher than the actual
one. In other words, benzene has no chance to
compete with toluene at the surface because of
AAD and gas phase toluene itself does not
inhibit the rate of the overal reaction. The
phenomenon of AAD is due to kinetic coupling
between steps in the catalytic cycles. Its effect
is enhanced by the fact that, in general, the heat
of adsorption of a species decreases with in-
creasing surface coverage, as aready noted in
the case of hydrogen on tungsten, as well as the
suggested explanation of AAD in adsorption—
desorption phenomena.

6. The decomposition of germane GeH, on
germanium films

A series of publications describe work car-
ried out by Kenzi Tamaru in the 1950s in
Princeton in the laboratory of Sir Hugh Taylor,
with my occasional participation. They are sum-
marized in Tamaru's book [22] with appropriate
references. Here is a summary. The rate of
decomposition of GeH, on Ge is zero order.
This suggests that the Ge surface is completely
covered with adsorbed hydrogen, as verified by
stopping the reaction by quenching it and mea-
suring the amount of chemisorbed hydrogen. By
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contrast, the surface coverage by hydrogen dur-
ing the H,—D, exchange was way below a
monolayer, under partial pressure of H, or D,
comparable to those present during the decom-
position of GeH,. Correspondingly, the rate of
H,—D, exchange was less than that of decom-
position of GeH ,, suggesting AAD of hydrogen
during the decomposition of GeH ,. Finaly, dur-
ing the decomposition of GeH, in the presence
of D,, no HD appeared among the products. On
the contrary, during the decomposition of mix-
tures of GeH, and GeD,, the three isotopic
species H,, HD, and D, were observed. Note
again that the rate of decomposition of GeH , is
not inhibited by gas phase hydrogen since the
fugacity of surface hydrogen is so much higher
than that in the gas phase.

Thus, during decomposition of GeH, on Ge,
AAD of product is observed, and D, separately
introduced species during the decomposition of
GeH , has no access to the surface. The lessons
learned from these studies exerted a profound
influence on further work by Kenzi Tamaru and
myself. In particular, they were responsible over
the years for the continuing emphasis by Tamaru
of the necessity of studying catalysis, surface
species, and kinetics during the catalytic process
itself, under dynamic conditions, for instance by
the isotope jump technique [22]. As to the case
of GeH ,, it is perhaps the first clear example of
AAD in a catalytic cycle, since the desorption
of adsorbed H from a practicaly complete
monolayer on Ge is assisted by the adsorption
of H in preceding steps. Thus, these preceding
steps create a virtual pressure of H,, far above
that of H, at the steady state of the decomposi-
tion of GeH,. A similar case is that of the
decomposition of NH ; as described in the next
section.

7. The decomposition of ammonia far from
equilibrium

This is a case where AAD can be quantified.
Let us return to a desorption step and ask how

far from equilibrium it takes place in a catalytic
cycle, irrespectively of its detailed mechanism.
All we want to know is how we can measure
the affinity A that drives desorption, as in Eq.
(D:

M2« +M

At the steady state of the catalytic reaction, the
affinity A for desorption is by definition:
A=y, — iy —px (6)
where the us are the chemical potentials of the
species M =, M and = at the steady-state. Let
us define a virtua fugacity of M, denoted by
M,v that corresponds to equilibrium between
M on the one hand, and M * and * on the
other hand, at their steady-state value of fugac-

ity. Since this corresponds to equilibrium, the
affinity is zero and Eq. (6) becomes:

O:/J‘M*_I"LM,U_M* (7)

Subtraction of Egs. (6) and (7) side by side
yields:

A=y, — My (8)

But, with the superscript 6 standing for stan-
dard state, we have:

g = 7+ RTIN[M] ©
pn, = p’+ INRT[M, 0] (10)

where the quantities between brackets are val-
ues of fugacity. Substitution of Egs. (9) and (10)
into Eqg. (8) gives finally, with the help of the
De Donder relation (4):

[M.o]/[M] =exp(A/RT) = v/, (11)

Thus, if values of virtual and real fugacity in the
gas phase can be measured at the same value of
surface coverage, the affinity of the desorption
step can be obtained, and with it a measure of
the one-way behavior of the adsorption step. In
particular, with alarge value of A, the desorbed
product will not appear as an inhibitor of the
turnover frequency of the catalytic cycle, since
Ud > Ua'
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The decomposition of ammonia was studied
a low pressures and high temperatures on foils
of W [23] and Mo [24] in the laboratory of
Tamaru. Because of the low pressure, the sur-
face coverage by adsorbed N could be deter-
mined by AES during the reaction and in a
series of equilibrium adsorption isotherms of
nitrogen. From the latter, the heat of adsorption
was obtained: it decreases with increasing sur-
face coverage. As an example of AAD for Mo,
the value of A for desorption of N, at 1000 K
and a number of N, molecules per cm® equal to
8.2 x 108, was found to be equal to 41 kJ
mol ~* by using Eq. (11) with values of [M,»]
and [ M ] determined at the same value of sur-
face coverage during reaction and from the
equilibrium isotherms. This corresponds to
v,/ u, = 142. Thus, desorption is assisted appre-
ciably by the high coverage of the surface by
nitrogen as a result of steps preceding desorp-
tion. The kinetic assistance is enhanced by the
decrease in the heats of adsorption of N, with
coverage.

8. Decomposition of ethanol to acetaldehyde
and hydrogen on a niobium molecular het-
erogeneous catalyst supported on silica gel

In any study of solid catalysts, the main
obstacle to quantitative understanding is the
non-uniformity of the surface as well as interac-
tions between adsorbed intermediates. In other
words, there are too few examples today of
what are called heterogeneous molecular cata-
lysts [25], or also single site catalysts. In the
case of AAD studies, the work of lwasawa and
coworkers [26—30] on a niobium molecular sup-
ported catalyst must be singled out not only
because of its quantitative content but also for
the originality of its observations.

In brief, the facts are as follows. First, the
authors prepared a complex of niobium attached
on a silica surface; they determined its structure
and, in particular, showed by EXAFS that there
were no Nb—Nb bonds observable so that the

complexes are indeed molecular. Second, they
found that this catalyst dehydrogenated ethanol
readily and selectively to acetaldehyde and di-
hydrogen through OH and OC,Hg intermedi-
ates co-ordinated to Nb. Third, they discovered
that the reaction stopped when ethanol was
pumped out at the temperature of the reaction;
in the pumped-out conditions, the bound inter-
mediates decomposed to ethene and diethylether
as the temperature was raised. Fourth, the nor-
mal reaction, once stopped, could be restarted
by introducing t-butanol or six other nucle-
ophiles: the initial rates of acetaldehyde produc-
tion could be correlated with the donor number
of these adducts, defined as the logarithm of the
equilibrium constant between these molecules
and SbCl.. Fifth, kinetic isotope effects ob-
served by reacting C,H,OH, C,H-OD, C,H.-
OD, or C,D 0D imply that the rate determin-
ing step is the C—H bond scission in the ethyl
group. Sixth, after the reaction is started with
C,H-OH and is switched to C,D;0OD, products
H,, HD, and D, appear successively in that
order by ligand exchange between the seven
ligands in the coordination sphere of Nb before
the last step of desorption to products; the ap-
pearance of H,, HD, and D, could be described
by a simple kinetic model. Seventh, the mecha-
nism based on a first reversible stronger addi-
tion of C,H;OH to the Nb complex, followed
by a second reversible weaker addition, could
be modeled with only four adjustable parame-
ters.

The authors interpretation of this ‘self-as-
sisted’ dehydrogenation is simple: the second
C,H;OH molecule appearing in the co-ordina
tion sphere of Nb interacts with the metal in
such a way that it promotes the 3-C—H bond
scission of the first appearing ligand, the mech-
anism of this promotion being as described in
the literature. In my own words, and in the
language of heterogeneous catalysis, the reac-
tion is bimolecular: it is a reaction limited by
desorption and the second co-ordinated mole-
cule, as it is adsorbed, assists the desorption of
the first one.
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9. Postscript

The concept of adsorption assisted desorption
(AAD) has come of age. It was latent in the
Princeton work of the 1950s, dealing with the
catalytic decomposition of germane. The con-
cept of AAD attracted considerable attention as
it was first proposed by the Tamaru group, first
in an adsorption—desorption elementary step,
then as a means of assistance at the end of a
catalytic cycle. This latest development was fur-
ther developed by the Tamaru school currently
led by Professor Iwasawa, a former student of
Professor Tamaru. | like to think that AAD is
particularly important as an illustration of Kki-
netic coupling in catalytic cycles. The latter is at
the root of the doctrine of Kenzi Tamaru as
illustrated by many of his investigations. what
matters is to study the dynamics of catalytic
reactions while they proceed, at the steady state,
through kinetic and spectroscopic probes, that
peer into the ‘black box’ surrounding the reac-
tor space.
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