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Abstract—Quantitative description for turnover frequency dependence on the metal cluster size for a two-
step catalytic cycle was performed based on a thermodynamic approach, which accounts for changes of the
chemical potential upon adsorption depending on the metal cluster size. Such analysis revealed a possibility
for turnover frequency to exhibit a maximum. A very good correspondence between calculated and experi-
mental data in hydrogenation and decarboxylation reactions over palladium was achieved.
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Structure sensitivity, i.e. dependence of the reac-
tion rate on particle size, is currently under intensive
investigation [1— 5]. Such dependences are observed
typically in the cluster domain of 2—20 nm. Although
size depended rates are often reported in the literature
on a qualitative level, quantitative kinetics is very
rarely described.

A quantitative thermodynamic approach was con-
sidered in [6, 7] with the aim to describe the size
depended Langmuir—Hinshelwood mechanism in the
two-step catalytic cycle. The general treatment takes
into account surface energy excess due to an intrinsic
increase in chemical potential with size decrease as
discussed by Parmon [8] as well as the changes in
chemical potential upon adsorption.

It was previously demonstrated [6] that for catalytic
reactions over nanoparticles not only the rates but also
reaction orders can differ from those obtained for large
nanoclusters. Comparison with experimental data for
Fischer—Tropsch synthesis on cobalt supported on
carbon nanofibers, as well as for croton aldehyde
hydrogenation over gold supported on TiO, was uti-
lized for illustrating applicability of the thermody-
namic analysis for the explanation of nanoparticle size
effect on kinetics.

In the current work we would like to extent the
treatment developed in [6, 7] to hydrogenation of
ethene on supported Pd catalyst [9] and decarboxyla-
tion of fatty acids [10].

! The article is published in the original.

KINETIC MODEL

The change in the Gibbs energy (AG) upon adsorp-
tion is given by equation

AGads,oo = AGads(r) + 5im’ (1)

where AG,; ., is the Gibbs energy of adsorption on

infinite clusters, AG,; ., is the Gibbs energy of adsorp-
tion on nanoclusters and J;,, is the intrinsic chemical
potential increment due to excessive surface energy.
Equation (1) is based on an assumption that the excess
of surface energy present in nanoparticles is relaxed
upon adsorption. In the simplest treatment the chem-
ical potential increment is inversely proportional to
the particle radius r

6int(r) = 8'int/r? (2)

where §;,, is the size-independent term in intrinsic
chemical potential increment, which value is twice as
high as 6V, (here o is the surface tension and V,, is the
partial molar volume of the substance forming the
condensed phase). Note that the surface tension of
metals is within a range of 1—2 J/m?, while the molar
volume of catalytically active metals is within a range
of 6—10 cm?/mol. For this case lower adsorption rate
is observed for larger particles explaining the decrease
of turnover frequency (TOF) with particle size, if the
rate is determined by adsorption.

Alternatively, when there is stress imposed by
adsorbed species, the corresponding change in the
Gibbs energy is expressed by

AGads,oo = AGads(r) - 8exl(”)’ (3)

where J.,, is the external (induced) chemical potential
increment for nanoclusters with adsorbed species in
relation to clusters of infinite size. This assumption
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leads to larger adsorption constant and higher adsorp-
tion rate for larger particles.

In the two-step mechanism with two kinetically
significant steps [11], one of the several surface inter-
mediates is the most abundant, while all the others are
present on the surface at much inferior concentration
levels:

(H)Z+A =7ZI1+B,,

(2) ZI+A2<:Z+B2,

A1+A2<:B1+B2,
where A, and A, are reactants, B, and B, are products,
Z is the surface site and I is an adsorbed intermediate.

The rate of the reaction v in the case of ideal sur-
faces under steady-state conditions is given by [11]

v _ kIPA]kZPAZ - k—IPBlk—2PBZ
k\Py, + kyPy, + k_ Py + k 1Py,

('010‘)2 - 0\)710\)72

4

00,0 tO,
where P, , P,,, Py, Py, are partial pressures (for gas-
phase reactions) or concentrations (for liquid-phase
reactions), k; is kinetic constants, and «; is frequencies
of steps (i.e., ; = kP, , etc.).

If use of the relationship between thermodynamics
and kinetics expressed by Brgnsted equation k = gK*
[12], where £ is the rate constant, K is the equilibrium
constant, g and o (Polanyi parameter, typically equal

to 0.5) are constants, the rate constants for the steps
are given as

k](r) — klealABI/r, kfl(r) — kfle(alil)AS'/r,
ko) = ke T k() = ke,
where Ad' = §;,(r) — 0.(r). Note that the values of
Ad(r) could be either positive or negative depending

on which type of surface energy excess is dominating,
internal or external. Assuming for the sake of clarity

that o, = a, = a and that the overall reaction is irre-
versible the following rate expression can be obtained:

ki,Py, PAze(Za—l)AS'/r

(&)

v(r) = , —
kP e 4 (kyPy, + ki Py )e " "
“D)AS' “1)AS' 6
~ (oze(a A8 /r B plew A8 /r 6)
= DV A/
1+(,02+(D_le AS'/r 1+p2e
W,

where p, = o, and p, = (®, + ®_;)/®,. Equation (6)
can account for a maximum of the rate (TOF) as a
function of the particle size.

To find the position of the maximum let us analyze
a reciprocal dependence of the rate and search for the
minimum of the reciprocal function:

F} _ [le(l—u)AS'/r +&e—m5'/r:l -0. 7
4 P P
KINETICS AND CATALYSIS Vol. 51

No. 6 2010

829

TOF, s!

8t

0 2 4

r, nm

Fig. 1. TOF versus Pd particle radius for Pd/TiO, at H, :
C,H, = 1: 1 in ethene hydrogenation at 293 K and ethene
concentration 8.6 x 10~% mol/l. Points are experimental
data, curve—calculation according to Eq. (6).

Straightforward analysis shows that at rate maxi-
mum the value of the cluster radius for Ad' is given by
equation

AS'
In-%P2
l-a

If external surface energy excess is dominating,
e.g., there are differences in the changes in the chem-
ical potential upon adsorption depending on the clus-
ter size, Ad' <0 and

®)

(r)atmax =

Ay
I-o
ap,

©)

(r)at max —
In

COMPARISON WITH EXPERIMENTAL DATA:
HYDROGENATION

In [9] hydrogenation of ethene on nanoscale cata-
lyst particles at atmospheric conditions was reported
with special emphasis on the influence of the Pd parti-
cle size on the reactivity at industrially relevant process
conditions varying the support and the hydrogen to
ethene ratio. The structural sensitivity of the hydroge-
nation of ethene is under debate as outlined in [9]. The
apparent discrepancies could be attributed to the vari-
ation in experimental conditions and materials.

The authors [9] presented TOF values as a func-
tion of Pd particle size for Pd/TiO, catalyst at
H,:C,H, ratios 1 : 1 and 5 : 1. Hydrogenation of
ethene was carried out at atmospheric pressure at
reaction temperature of 293 K and ethene concentra-
tion of 8.6 x 10~* mol/I1.

Experimental data from [9] are redrawn in Fig. 1
demonstrating a very clear maximum at the stoichio-
metric ratio between hydrogen and ethene. Several
explanations for the maximum were advanced in [9]
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Fig. 2. TOF versus Pd particle radius for Pd/TiO, at H, :
C,H4 = 5:1in ethene hydrogenation at 293 K and ethene
concentration 8.6 x 10~% mol/l. Points are experimental
data, curve—calculations according to Eq. (6) with
parameters Ad' and o as in Fig. 1.

taking into account either a requirement of a unique
configuration of several metal sites or involvement of
subsurface hydrogen. In the present contribution
chemical potential changes depending on the size of
the metal cluster serve merely as a thermodynamic
descriptor of these more mechanistic explanations.

The calculations done using Origin 7.5 software
demonstrate a good correspondence between experi-
ments data [9] and calculations according to Eq. (6).
The value of Polanyi parameter is close to 0.5 often
observed in heterogeneous catalytic reactions [11],
while the value of AJ' is also in very good correspon-
dence with the surface tension of palladium (1.7 J/m?
[13]) and its molar volume (8.56 cm?/mol).

Theoretical analysis in accordance with Eq. (8)
clearly shows that the position of the maximum in
turnover frequency as a function of cluster size
depends on the frequencies of steps (e.g. on the ratio of

M) , and thus on the partial pressures of the reac-
®

tantsl. According to experimental data [9] the maxi-

mum activity for Pd/TiO, shifts from a Pd particle size

of 3 nm (i.e. radius 1.5 nm) for stoichiometric condi-

tions to larger particles sizes of about 4.2 nm (i.e.,

radius 2.1. nm) for excess of H,.

Calculated values for TOF in ethene hydrogenation
on Pd/TiO, as a function of the Pd particle radius in
H, excess (H,: C,H, = 5 : 1) are given along with
experimental data [9] in Fig. 2. Since at these condi-
tions there is only one data point after maximum and
moreover Ad' and a should not depend on the partial
pressures, the same values of these parameters as for
the stoichiometric conditions were used in numerical
data fitting. Figure 2 demonstrates applicability of
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Fig. 3. TOF versus Pd particle radius for Pd/C in decar-
boxylation of palmitic and stearic acids mixture [10].
Points are experimental data, curve—calculations accord-
ing to Eq. (6) with parameters Ad' and o as in Fig. 1.

Eq. (6) for description of TOF experimental depen-
dences on palladium cluster size (radius).

COMPARISON WITH EXPERIMENTAL DATA:
DECARBOXYLATION

In the catalytic deoxygenation of fatty acids the
effect of metal particle size on activity has been previ-
ously investigated by the present authorsin [10], where
the main aim was to systematical study of metal parti-
cle size and dispersion effects on catalytic deoxygen-
ation of a mixture of palmitic and stearic acids. Four
different 1 wt % Pd/C catalysts supported on a syn-
thetic mesoporous carbon Sibunit were prepared by
deposition of palladium hydroxide yielded by hydroly-
sis of palladium chloride at pH 8—10. The different
metal dispersions were achieved by changing the pH of
the palladium hydroxide solution. The metal cluster
size was determined using high resolution TEM. More
details of the experimental set-up, catalytic experi-
ments and catalyst characterization are given in [10].

The catalysts were tested in palmitic and stearic
acid deoxygenation at 300°C under 17.5 bar pressure
of H,—Ar mixture (Fig. 3). As can be seen from Fig. 3
a sharp maximum was obtained for the catalyst with
dispersion of 65%. Since no quantitative analysis of
the data was performed in [10] it was interesting to
evaluate applicability of the thermodynamic
approach, proposed by Parmon [8] and further devel-
oped in [6, 7] to describe structure sensitivity in decar-
boxylation. The results of calculations are presented in
Fig. 3 as well fixing once again A8' and a to the same
values as determined for palladium catalysts in ethene
hydrogenation. This procedure was utilized since oth-
erwise due to an insufficient number of experimental
points the system is overparametrized. As clearly visi-
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ble from Fig. 3 the thermodynamic approach advo-
cated in the present work is capable to explain a very
sharp dependence of the reaction rate on the radius of
palladium particles.

Thus, quantitative description for turnover fre-
quency dependence on the metal cluster size resulting
in optimum metal dispersions in hydrogenation and
decarboxylation reactions over palladium was per-
formed. A thermodynamic approach, based on the
differences in the changes of chemical potential upon
adsorption depending on the metal cluster size, was
utilized, showing a very good correspondence between
experimental and calculated data.
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